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Abstract Most great earthquakes on subduction zone plate boundaries have large coseismic slip
concentrated along the contact between the subducting slab and the upper plate crust. On 4 March 2021, a
magnitude 7.4 foreshock struck 1 hr 47 min before a magnitude 8.1 earthquake along the northern Kermadec
island arc. The mainshock is the largest well-documented underthrusting event along the ~2,500-km long
Tonga-Kermadec subduction zone. Using teleseismic, geodetic, and tsunami data, we find that all substantial
coseismic slip in the mainshock is located along the mantle/slab interface at depths from 20 to 55 km, with the
large foreshock nucleating near the down-dip edge. Smaller foreshocks and most aftershocks are located up-dip
of the mainshock, where substantial prior moderate thrust earthquake activity had occurred. The upper plate
crust is ~17 km thick in northern Kermadec with only moderate-size events along the crust/slab interface. A
1976 sequence with My, values of 7.9, 7.8, 7.3, 7.0, and 7.0 that spanned the 2021 rupture zone also involved
deep megathrust rupture along the mantle/slab contact, but distinct waveforms exclude repeating ruptures.
Variable waveforms for eight deep M6.9+ thrusting earthquakes since 1990 suggest discrete slip patches
distributed throughout the region. The ~300-km long plate boundary in northern Kermadec is the only
documented subduction zone region where the largest modeled interplate earthquakes have ruptured along the
mantle/slab interface, suggesting that local frictional properties of the putatively hydrated mantle wedge may
involve a dense distribution of Antigorite-rich patches with high slip rate velocity weakening behavior in this
locale.

Plain Language Summary On 4 March 2021, a magnitude 8.1 earthquake struck northern
Kermadec, the largest well-documented thrust event along the Tonga-Kermadec boundary. It was preceded by a
magnitude 7.4 foreshock 1 hr 47 min earlier. We find that all substantial slip is located at depths >20 km, with
the foreshock nucleating down-dip of the mainshock. A moderate number of small events occurred between the
two events, mainly concentrated up-dip of the mainshock large-slip zone, where prior seismicity and most
aftershocks are also located. The M8.1 mainshock is most notable for having all large coseismic slip lie along
the mantle/slab contact, distinct from typical great subduction zone earthquakes with most rupture along

the crust/slab contact. The ~300-km long portion of the plate boundary interface in northern Kermadec is the
only documented region where the largest modeled interplate earthquakes have ruptured along the mantle/slab
interface. A prior major sequence in 1976 overlaps the 2021 rupture zone, but the difference in seismic
waveforms indicates heterogeneous interplate coupling. The occurrence of frequent large earthquakes on the
mantle/slab interface and the temporal clusters of major ruptures in 1976 and 2021 requires unusual frictional
properties, possibly with velocity weakening in a patchy distribution of serpentinite phases along the interface.

1. Introduction

Great earthquakes, which have seismic magnitudes >8, are most commonly located on the shallow plate
boundaries in subduction zones where oceanic plates underthrust overriding oceanic or continental plates
(Figure 1). The depth range of the contact between the upper plate crust and underthrusting oceanic slab varies
accordingly from <30 km for island arcs to 25-45 km for continental arcs (e.g., Laske et al., 2013; Szwillus
et al., 2019). At greater depths in both island and continental arcs, the forearc mantle wedge is in contact with the
slab surface, and silica-rich aqueous fluids released from the slab due to dehydration reactions can interact with
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Figure 1. Schematic setting and rupture style in subduction zones. (a) Conceptual model for megathrust rupture and deep (>70 km) earthquakes modified from
Oleskevich et al. (1999) and Gerya et al. (2006). (b) Schematic characterization of megathrust friction and rupture modified from Lay et al. (2012) and Ye, Lay,
Kanamori, Yamazaki, and Cheung (2021), with Domains A-D corresponding to different depth ranges along the megathrust from the shallow trench to the downdip
brittle-ductile transition. Small bright red, flat red, and brown patches indicate small to major seismicity, great earthquakes, and shallow tsunami earthquakes,
respectively. Large domain C earthquakes are highlighted. (c—e) Schematic cross-sections of megathrust rupture with Moho depth for continental Arc (Chile), mature
Island Arc (Honshu, Japan), and Island Arc in Tonga, Izu, and Marianas subduction zones, respectively. Labels A-C correspond to the Domains A—C in panel (b).

the forearc mantle material to produce hydrous minerals such as serpentine, talc and chlorite (e.g., Bostock
et al., 2002; Blakely et al., 2005; Deschamps et al., 2013; Hyndman et al., 1997; Hyndman & Peacock, 2003;
Moore et al., 1987; Moore & Lockner, 2007; Peacock, 1993; Peacock & Hyndman, 1999; Reynard, 2013; Wada &
Wang, 2009; Figure 1) which usually exhibit a velocity-strengthening behavior. Previous research indicates that
the mantle wedge corner is typically rich in weak hydrous minerals in relatively warm environments resulting in a
downdip limit to megathrust ruptures. Serpentinization and temperature increase along the mantle/slab contact is
expected to modify frictional behavior, abetting a progressive transition from velocity-weakening and stick-slip
failures along the crust/slab contact to slow slip events and/or ductile deformation and melange development
along the mantle/slab contact (e.g., Guillot et al., 2015; Hyndman, 2007; Wang et al., 2020, 2025).

Analyses of the coseismic slip distributions from great earthquakes on subduction megathrusts indicate that large-
slip regions are primarily located along the crust/slab contact, with secondary extension along the mantle/slab
contact for some great events, as in Figures 1c and 1d (e.g., Lay, 2018; Lay et al., 2012; Wang et al., 2020). A few
deep major thrust earthquakes have ruptured mostly or entirely below the crust/slab contact beneath continental
arcs or mature island arcs, such as the 1978 My, 7.7 Miyagi-Oki, Japan, 2007 My, 7.9 Kepulauan, Sumatra (Ye,
Lay, Kanamori, Yamazaki, & Cheung, 2021), and 2007 My, 7.7 Tocopilla, Chile (Chlieh et al., 2011; Delouis
et al., 2009) events (Figure 1b). These earthquakes ruptured the deeper megathrust in regions of relatively thick
upper plate crust where great events have occurred at shallower depths. The mantle wedge is relatively low
temperature in these cases, but most island arcs will tend to be warmer at corresponding depths, and deep ruptures
should be less common (Figure 1e). However, this study demonstrates that the northern Kermadec subduction
zone is an unusual island arc with great earthquake occurrence deeper than the upper plate crust, involving an My,
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Figure 2. Major earthquakes along the Tonga-Kermadec subduction zone and the 2021 M, 8.1 Kermadec sequence. (a) Major earthquakes since 1900: blue circles show
M7+ earthquakes from the USGS-NEIC catalog from 1900 to 1975, and focal mechanisms show M6.9+ events from the GCMT catalog since 1976 color-coded with
source centroid depths. Red stars indicate the epicentral locations of the My, 7.4 and My, 8.1 events on 4 March 2021. The inset map shows the large-scale plate tectonic
setting with the Pacific plate underthrusting the Australian plate along the Tonga and Kermadec subduction zones. The white vectors indicate the relative motion of the
Pacific plate for a fixed Australian plate. (b) Major earthquakes around the 2021 Kermadec sequence along with 60-day aftershocks (small focal mechanisms) from the
GCMT catalog plotted at the USGS-NEIC epicentral locations (except for the My, 7.4 and My, 8.1 events, which are plotted at the GCMT centroid locations). The focal
mechanism for the 1974 M, 7.3 earthquake is from Chapple and Forsyth (1974). Yellow stars show epicenters of events between the My, 7.4 and My, 8.1 events (USGS-
NEIC and ISC catalogs). (c) Time sequence of earthquake magnitudes in the 2021 sequence from the USGS-NEIC catalog. Yellow stars indicate the events between the
My, 7.4 and My, 8.1 events, while blue circles are early aftershocks, along with GCMT mechanisms for large events.

8.1 thrust event on 4 March 2021. This provides a unique opportunity to explore the rupture mechanism on the
mantle/slab contact.

2. Tectonic Setting of the 4 March 2021 Kermadec Sequence

The Tonga-Kermadec subduction zone extends from ~15°S to ~38°S with the convergence of the Pacific plate at
the trench involving rates from 5 to 24 cm/yr (Bevis et al., 1995; DeMets et al., 2010; Pelletier & Louat, 1989).
The Louisville Ridge on the incoming Pacific plate disrupts the convergence zone, separating the Kermadec and
Tonga portions of the island arc, and produces local large interplate and intraplate earthquakes (e.g., Christensen
& Lay, 1988; Eissler & Kanamori, 1982; Figures 2a and S1 in Supporting Information S1). There is reduced
seismicity near 36°S, where the Hikurangi Plateau converges and delimits the southern Kermadec trench. The
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northern Kermadec region (28°S-31.1°S) has hosted the largest recorded (M, 7.5-8.2) earthquakes along the
Kermadec subduction zone, and there is a secondary concentration of My, 7.1-7.5 events at the southern end of
the Kermadec arc from 37°S to 38°S, just northeast of the incoming Hikurangi Plateau (Figure 2a). Along the
Kermadec subduction zone, back-arc basin spreading in the Havre Trough west of the Kermadec Ridge began
about 5.5 million years ago and may still have slow active spreading (Tontini et al., 2019). A seismic reflection
profile near 29°S indicates an upper plate with a buried Tonga Ridge in the forearc seaward of the Kermadec
Ridge and an upper plate crustal thickness of ~17 km (Bassett et al., 2016). The Tonga and Kermadec Ridges
account for the thickened upper oceanic plate. The incoming Pacific plate age is >80 Ma (e.g., Miiller
etal., 2008), so arelatively low-temperature regime is expected along the shallow megathrust, but the recent back-
arc spreading suggests significant deformation in the mantle wedge.

On 4 March 2021, an My, 8.1 earthquake (19:28:33 UTC, 29.723°S, 177.279°W, hypocenter depth 28.9 km; U.S.
Geological Survey National Earthquake Information Center (USGS-NEIC), https://earthquake.usgs.gov/earth-
quakes/eventpage/us7000dflf/executive) struck the northern Kermadec subduction zone, preceded by an My, 7.4
foreshock (17:41:23 UTC, 29.677°S, 177.840°W, hypocenter depth 43.0 km; USGS-NEIC, https://earthquake.
usgs.gov/earthquakes/eventpage/us7000dfk3/executive). The My, 8.1 event is the largest recorded event known
to be on the plate interface along the entire Tonga-Kermadec subduction zone. No local detectable anomalous
seismicity preceded the large My, 7.4 foreshock, but at least 15 small events occurred in the 1 hr 47 min between
the two large earthquakes and there was extensive aftershock activity with some events exceeding magnitude 4.5
(Figure 2c). An My, 7.3 event (13:27:34 UTC, 37.479°S, 179.458°W, 10.0 km deep; USGS-NEIC, https://
earthquake.usgs.gov/earthquakes/eventpage/us7000dftl/executive) occurred within the slab in the active region
just northeast of New Zealand 6 hrs before the northern Kermadec My, 8.1 mainshock (Figures 2a and 2c). The
distance between the events is ~885 km, so any interaction is unclear.

Prior to the 2021 rupture, the interface had been inferred to be locked based on sustained interseismic westward
ground velocity at GeoNet GNSS Station RAUL on Raoul Island (Figure 3a), installed in 2009 (Power
etal., 2012; Wallace et al., 2009). The limited seismic record and uncertainty of source locations in early catalogs
make it difficult to determine the recurrence time for large earthquakes in the northern Kermadec region from
28°S to 31.1°S (e.g., McCann et al., 1979). Historically, this region experienced very large events on 1 May 1917
(ISC-GEM Global Instrumental Earthquake Catalog: 31.080°S, 176.461°W, M, 8.1, My, 8.2) and 16 November
1917 (M 7.7); two interplate thrust events on 14 January 1976 with My, 7.9 and My, 7.8, along with My, 7.3, 7.0
and 7.0 events; and an intraslab oblique rupture on 20 October 1986 with My, 7.7 (Figure 2b; Houston et al., 1993;
Lundgren et al., 1989). As discussed below, there is substantial uncertainty in the location and mechanism of the
1917 activity, but a first-order estimate of ~60 years recurrence interval for large events in the region has been
proposed (e.g., Lythgoe et al., 2023; Nishenko, 1991).

The northern Kermadec region has also experienced large near-trench intraplate faulting in the bending Pacific
plate, east of the interplate region of the large 1976/2021 thrust faulting sequences in the vicinity of Raoul Island.
The outer trench slope faulting has involved temporally and spatially proximate pairs of large shallow normal
faulting and deeper compressional faulting events (e.g., Christensen & Ruff, 1983, 1988; Todd & Lay, 2013; Ye
et al., 2012; Ye, Lay, & Kanamori, 2021). The relatively rare occurrence of major deep compressional faulting
below the trench slope has been attributed to the build-up of compressional stress from the locking of the
megathrust being superimposed on elastic slab bending stresses, with the 2 July 1974 (Mg 7.3) intraplate
compressional event occurring two years ahead of the 1976 sequence on the megathrust (e.g., Christensen &
Ruff, 1988; Ye, Lay, & Kanamori, 2021). A ~45 km deep compressional event on 21 October 2011 (M, 7.4)
followed an My, 7.6 normal-faulting event at ~20 km deep on 6 July 2011, and the shallow megathrust expe-
rienced many smaller thrust faulting events in this sequence extending from 12 to 30 km deep (Todd &
Lay, 2013). This triggered thrusting indicates a strong susceptibility to moderate earthquake triggering in the
shallow region along the crust/slab contact where no major or great thrust events have been recorded and most
aftershock activity for the 2021 sequence was concentrated (Figures 2 and S2 in Supporting Information S1).
Extensive background thrust activity has occurred along the shallow crust/slab interface (Figure S3 in Supporting
Information S1), so it is very seismogenic, but it does not appear to be accumulating large strains to release in
great events. There were only minor effects of the large 2011 events and the triggered megathrust activity in the
Raoul displacement history (Figure 3a), so the slip deficit at this site was primarily due to megathrust locking at
greater depth.
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Figure 3. GNSS position at RAUL. (al-a3) Long-term final daily solutions for the cleaned GNSS position at RAUL in the IGS14 from 2009, produced by the Nevada
Geodetic Laboratory. The magenta vertical dashed lines indicate the 6 July 2011 My, 7.6 and 24 June 2014 M, 6.9 Kermadec earthquakes. The red vertical dashed line
indicates the 2021 Kermadec sequence, with a time gap of one week from March 4th to March 11th. The general westward and northward motion of the station indicates
accumulation of slip deficit on the megathrust boundary, with small offsets notable in 2011 and 2014, along with the large offsets on 4 March 2021, which captures the
combined deformation of the foreshock and mainshock along with post-seismic deformation. The early 1-week postseismic deformation was not resolved due to
instrumental failure. (b1-b3) 30-s solutions on 4 March 2021 processed by the Canadian Geodetic Survey of Natural Resources, Canada, Canadian Spatial Reference
System Precise Point Positioning (CSRS-PPP) service. We correct the average baseline from 0:00 to 6:00 with the daily solutions from panels (al, a2, and a3),
respectively. The red bars show the average levels before and after the My, 7.4 foreshock, and the estimated static offsets are 7.84 cm, —2.67 cm, and —2.42 cm in east,
north, and upward directions, respectively. Using the total offsets from March 4th to March 11th in panels (al—a3), we estimate that the static offsets are 35.89 cm,
0.41 cm, and —5.01 cm for the My, 8.1 mainshock (Figure 4).

We analyze the rupture process of the 2021 northern Kermadec sequence using well-established seismic,
geodetic, and tsunami modeling procedures, establishing that the large coseismic slip occurred along the mantle/
slab contact. We then compare seismic recordings for the 2021 My, 7.4/8.1 events with those for prior major
megathrust earthquakes in the northern Kermadec region, particularly for events in the 1976 sequence, estab-
lishing that those events similarly occurred along the mantle/slab contact but were not “repeaters” in the sense of
re-rupturing the same localized fault patches. We then consider the unusual frictional behavior indicated by such
deep interplate ruptures in this region and the implications for other island arcs.

3. Data and Methods: Megathrust Rupture Quantification in Kermadec
3.1. Rupture Process of the 2021 My, 7.4 Foreshock and M, 8.1 Mainshock

Both the My, 7.4 foreshock and M, 8.1 mainshock involved low-angle thrust faulting (Table 1), indicating rupture
on the subduction megathrust in northern Kermadec. For the foreshock, the W-phase inversion reported by the
USGS-NEIC has a purely double couple solution with strike ¢ = 196°, dip 6 = 33° and rake 4 = 82°, and seismic
moment M, = 1.465 x 10?° N-m (My;y, 7.38), with a centroid depth of 45.5 km. The GCMT solution has a similar
solution with ¢ = 201°, § = 29°, 1 = 98°, M, = 1.79 X 10%° N-m (My, 7.4), centroid depth 42.8 km, and 15.5 s
centroid time shift. For the mainshock, the W-phase inversion by the USGS-NEIC has an 89% double couple
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Table 1
Point-Source Solutions for the Foreshock and Mainshock

Lon. Lat. H (km) Strike Dip Rake M, (Nm) My,

Foreshock
USGS —177.10° —29.67° 455 196.0° 33.0° 82.0° 1.47 x 10%° 7.38
GCMT —177.01° —29.58° 42.8 201.0° 29.0° 98.0° 1.79 x 10%° 7.40
Mainshock
USGS —177.10° —29.53° 235 201.0° 16.0° 98.0° 2.03 x 10% 8.14
GCMT —176.73° —29.11° 339 199.0° 19.0° 97.0° 1.60 x 10%! 8.10
This study 40.5 191.7° 22.6° 85.6° 1.39 x 10% 8.03

solution with strike ¢ = 201°, dip & = 16°, and rake A = 98°, and seismic moment M, = 2.033 x 10*' N-m (Myw
8.14). The centroid depth is 23.5 km. The GCMT solution has a similar solution with ¢ = 199°,6 = 19°, 1 =97°,
My=16X 10*! N-m (M, 8.1), centroid depth 33.9 km, and 28.9 s centroid time shift. We perform a W-phase
inversion (Kanamori & Rivera, 2008) for the mainshock using ground motions from 80 channels at 37 stations
filtered in the bandpass 0.002-0.005 Hz, which gives a centroid depth of 40.5 km, with ¢ = 191.7°, 6 = 22.6°,
2 =85.6°, My =1.39 x 10*' N-m (M, 8.03). A very similar W-phase inversion with a centroid depth of 40.5 km is
obtained using a much larger data set of 176 ground motion channels from 77 stations. Thus, we conclude that the
centroid depth for the mainshock does appear to be deeper than the USGS-NEIC solution but shallower than the
foreshock.

The USGS-NEIC computed initial planar finite-fault solutions for both the foreshock and mainshock using
teleseismic body and surface waves, and we refine the source models for these two events by conducting joint
inversion of teleseismic body waves and static ground motion recorded at a GNSS station RAUL located on Raoul
Island, just to the west of both ruptures (Figure 3). We use the SLAB2 plate interface model (Hayes et al., 2018) to
set up a 2.5D fault model surface which varies in dip with depth along the fault, along with variable bathymetry
above the fault (Figure S4 in Supporting Information S1). Global broadband stations in the epicentral distance
range of 30°-95° provide the seismic waveform data, with ground displacement motions filtered in the 0.005—
0.9 Hz passband, used for finite-fault inversions. For the My, 7.4 foreshock, we use 92 P waves and 40 SH waves
with a good azimuthal distribution. For the mainshock, we use 92 P waves and 51 SH waves. Detailed waveform
modeling results are given in Figures S5-S7 in Supporting Information S1 for several models.

Raoul Island, which lies to the northwest of the epicenters of the large events, is the site of a broadband seismic
station (RAO) (Figure 2b) and GNSS station RAUL (Figure 4). The site was strongly impacted by shaking from
the foreshock, and both sensors lost power after the mainshock. RAO did detect foreshock activity prior to the
mainshock, although the BH1 and BHZ instrument masses were off-centered, and signals went off-scale for the
mainshock, as discussed below. The 30-s solutions for ground motion for the foreshock were recovered from
RAUL, but the coseismic motion of the mainshock was not recorded. By March 10, the power was restored, and
the offset at RAUL from the combined events and the first 7 days of any afterslip could be measured, along with
subsequent deformation from later afterslip (Figure 3). The coseismic slip of the mainshock is estimated by
correcting the daily solution upon restoration of power for the coseismic motion of the foreshock, recognizing that
there is likely some unresolved contribution from early afterslip in the mainshock measurement. Inversions are
thus performed using only the teleseismic data as well as including the single GNSS station data.

Finite-fault space-time slip distributions are determined for the My, 7.4 and My, 8.1 events using a least-squares
kinematic inversion parameterized with multiple rake-varying subfault source time function windows (e.g.,
Hartzell & Heaton, 1983; Kikuchi & Kanamori, 1991; Ye, Lay, et al., 2016) for the dip-varying 2.5-D model. We
adapt the local 1D source velocity structures from Model Crust 1.0 (Laske et al., 2013) with variable bathymetry
over the fault. Precise details of the source region velocity structure are not available, but this has a negligible
effect on the teleseismic inversions.

For the My, 7.4 foreshock, the rupture model has 15 subfaults along strike and 9 along dip with dimensions of
10 x 10 km? for each grid. The source time functions of the subfaults are represented by 16 symmetric triangles
with 1.0-s rise times and 1.0-s time shifts, allowing maximum possible subfault durations of 17.0 s. Given the large
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Figure 4. Map views of our preferred finite-fault slip models for (a) the My, 7.4 foreshock and (b) the My, 8.1 mainshock from the joint inversions with the fit to the GNSS
station RAUL, along with USGS-NEIC aftershocks in the first 3 months. Red and blue stars indicate the epicenters of the My, 7.4 and M, 8.1 events, respectively.
Historical USGS-NEIC activity with M7.0+ around the 2021 sequence is shown with dark blue circles, scaled proportional to magnitude. Available focal mechanisms
from the GCMT catalog for 3-month aftershocks are shown in panel (a) at the GCMT centroid locations and aftershocks within the first 3 months from the USGS-NEIC
catalog are shown in panel (b) at their epicenters. Both are color-coded with source depth. Dashed curves indicate the SLAB2 plate interface depth in 20-km increments.
The inverted triangle locates GNSS station RAUL, with observed (black) and predicted (red) coseismic displacements. The horizontal and vertical displacements are
shown by vectors pointing southeast/east and downward, respectively.

centroid depth, an upper bound of 4 km/s was imposed for the rupture speed, corresponding to the kinematically
allowed rupture expansion. The joint inversion of seismic and geodetic data results in our preferred
My = 1.9 x 10*° Nm (M, 7.45), a slip centroid depth of 39.0 km, and large-slip (>1 m) concentrated between 30
and 45 km depth (Figures 4a and S5 in Supporting Information S1). We find a peak slip of ~2.5 m in a concentrated
slip patch located ~30 km northeast from the epicenter. For this slip model, the static stress drop estimates are
5.5 MPa for a slip-weighted distribution (energy-related stress drop) and 3.1 MPa for a circular model with area
computed for the subfaults with more than 15% of the peak slip (following Ye, Lay, et al., 2016). The radiated
energy estimated using the spectrum of the moment rate function for periods longer than 20 s and the average of
propagation-corrected spectra of many broadband P waves for periods of 1-20 s is 1.63 X 1007, giving a moment-
scaled value of 9.1 x 107, typical of interplate thrust events (Ye, Lay, et al., 2016). Data fits are good for both
seismic waveforms (Figure S5 in Supporting Information S1) and the coseismic displacements measured at the
GNSS RAUL station (Figure 4a). The finite fault solution reported by the USGS-NEIC also features a dominant
large-slip patch with up to 3 m slip located northeastward from the epicenter (https://earthquake.usgs.gov/earth-
quakes/eventpage/us7000dfk3/finite-fault). A finite-fault solution by Lythgoe et al. (2023) places a similar large-
slip patch at larger depths from 50 to 60 km. The inclusion of the static deformation at the RAUL station is unique in
this study, which provides a strong constraint on the downdip limit for the coseismic slip distribution.

For the My, 8.1 mainshock, the grid network is comprised of 22 subfaults along strike and 13 along dip with
dimensions of 10 X 10 km?. The source time functions of the subfaults are represented by 14 2.5-s rise time
symmetric triangles, with 2.5 s time shifts, giving maximum possible subfault durations of 37.5 s. We again
assume a maximum rupture expanding speed of 4 km/s. The effective rupture speeds can be lower due to the
multiple subfault subevents allowed, but there is very little resolution. Our preferred slip model from the joint
inversion of seismic and geodetic data (Figures 4b and S6 in Supporting Information S1) has M, = 1.62 X 10%!
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Nm (M, 8.07) and a slip centroid depth of 34.8 km. A peak slip of ~6 m is found in a concentrated large-slip patch
extending down-dip and northeastward from the hypocenter. Slip exceeding 2 m extends from 20 to 55 km along
dip. Negligible slip is located at shallow depths less than 20 km, similar to the foreshock. A similar slip model is
obtained from teleseismic inversion by Zeng et al. (2025). The static stress drop estimates for this model are
6.6 MPa for the energy-related stress drop and 5.2 MPa for the equivalent circular model. The radiated energy
estimated is 9.5 x 10'° J, giving a moment-scaled value of 5.9 x 107°, somewhat low relative to other interplate
thrust events (Ye, Lay, et al., 2016). Inversion of just the seismic data gives a similar solution with a concentrated
large-slip patch extending to the northeast of the hypocenter (Figure S7 in Supporting Information S1), and some
weak shallow slip. The comparison between observed and predicted seismic waveforms for the joint inversion
model is excellent (Figure S6 in Supporting Information S1) as are the waveform fits for the seismic data
inversion only (Figure S7 in Supporting Information S1). While there is some uncertainty in the magnitude of the
coseismic offset measured at the GNSS RAUL station due to the power outage interval, the direction of
displacement (Figure 3a) provides a helpful constraint on the placement of slip on the fault for this event, and we
prefer the joint inversion result. The USGS-NEIC finite fault solution has a slip patch with up to 4 m of slip
downdip from the hypocenter extending northward in a similar location to our model, but also includes an up-dip
slip patch south of 29°S, with up to 3 m that is not present in our inversions (https://earthquake.usgs.gov/
earthquakes/eventpage/us7000dflf/finite-fault). A solution by Lythgoe et al. (2023) places a similarly shaped
large-slip patch between 24 and 50 km depth, with minor patchy slip at <10 km depth. The primary mainshock
slip is resolved by these finite-fault models, and the large slip is consistently deeper than the upper plate Moho
depth at 17 km.

3.2. Tsunami Observations and Modeling for the 2021 My, 8.1 Kermadec Earthquake

The My, 8.1 mainshock produced a modest tsunami well recorded by the recently deployed New Zealand DART
network (Fry et al., 2020; GNS Science, 2020) and by several tide gauges in New Zealand, Australia, Tonga,
Vanuatu, New Caledonia, and southern New Hebrides (Wang et al., 2022). Romano et al. (2021) inverted 12
tsunami waveforms (DART and tide gauges) for a slip model with M, = 1.15 x 10*' Nm (M, 8.0) featuring a
dominant large-slip patch with peak slip of 5 m northeast of the hypocenter; the main asperity was concentrated
from 20 to 30 km deep, generally similar to our finite-fault model. The seafloor deformation was less than 1.1 m,
resulting in relatively weak tsunami excitation, ranging up to ~60 cm at the Kingston Jetty tide gauge on Norfolk
Island to the west. As an independent verification of the seismo-geodetic slip model, we compare the closest
tsunami observations (Figure 5) with the tsunami predicted using our preferred slip model (Figure 4b). The slip
model is used to compute the coseismic seafloor deformation through the Okada (1985) analytical formulas, low-
pass filtered to approximate non-hydrostatic tsunami generation (Kajiura, 1963), and used as the static initial
condition for the simulation of tsunami propagation. The numerical simulation is performed with the multi-GPU
Tsunami-HySEA code (de la Asuncion et al., 2013; Macias et al., 2017), solving the nonlinear shallow water
equations. Here, we adopt a system with two levels of nested grids to better account for shoaling tsunami
wavelength reduction; a coarse grid (1 arc-min spatial resolution, SRTM15, http://topex.ucsd.edu/www_html/
srtm30_plus.html) for the tsunami modeling in the open ocean, and a finer one (15 arc-sec) for the areas around
the tide gauges.

Overall, the tsunami simulation provides a reasonable agreement between observed and predicted tsunami
waveforms in terms of amplitudes and shapes of the signals. The fit to DART observations is, as generally ex-
pected, better than for the tide gauges where the records are influenced by the interaction with the coastal
morphology (Figure 5). A larger mismatch in time and amplitude can be due to a lack of resolution and inaccuracy
of the bathymetry models adopted around the tide gauges or instrument clock issues (e.g., Romano et al., 2020),
other unmodelled physical effects (Watada et al., 2014), and the trade-off between the propagation time and the
absolute slip position. In particular, the time mismatches are in the range of several minutes for all of the stations,
with the largest offsets observed at some tide gauges (Figure 5). Using ad-hoc cross-correlation time-shifts to
align the waveform maxima, a common practice when bathymetric information is limited, we find that the data
waveform fit is quite good (Figure 5). We note that the time shifts are, on average, several minutes greater than
those found in the tsunami inversion by Romano et al. (2021) using the Optimal Tsunami Alignment approach
(Romano et al., 2016, 2020). The slip model obtained by inverting only tsunami data does have the main slip patch
displaced by ~10 km northwestward (Romano et al., 2021) with respect to the slip model obtained by jointly
inverting the seismic and geodetic data in this study. The seismo-geodetic slip model only accounts for the minor
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Figure 5. Waveform fitting of tsunami data by our preferred slip model for the My, 8.1 mainshock. Black and red lines, respectively, show observed and predicted
tsunami recordings at the tide-gauge and DART stations. The station locations are shown in Figure 1 in Romano et al. (2021). The model predictions are shown without
(dashed red lines) and with (solid red lines) time shifts in minutes (indicated at the top of each panel) obtained by cross-correlation alignment. The comparisons validate
our preferred slip model (Figure 4b).

discrepancies in modeling tsunami data. The tsunami predictions give a first-order validation of the seismic
moment and the overall spatial extent of the source, including the lack of significant shallow slip, estimated by the
seismo-geodetic inversion, although there is limited resolution of lower slip features in the model. Joint inversion
of tsunami, seismic, and geodetic data in the future can be undertaken to fully reconcile all of the observations.

3.3. Other Inferences of Limited Shallow Slip During the My, 8.1 Mainshock

The up-dip extent of megathrust slip is typically difficult to resolve in finite-fault inversions without having
nearby tsunami observations (e.g., Bai et al., 2022). If some significant slip occurs at shallow depths close to the
trench, strong water multiples (pwP) will be excited in the deep water. This generates ringing in the teleseismic P
wave coda that exceeds the level excited if the slip is confined to greater depth (e.g., Lay et al., 2019). We
examined azimuthally distributed P wave coda amplitudes relative to direct P amplitudes for the My, 8.1
mainshock at epicentral distances from 80° to 120°, finding median ratios (~0.7) only slightly elevated relative to
events for which no slip occurred on the shallow megathrust (Lay et al., 2019), but the larger values are dominated
by stations at eastward azimuths toward which the water multiples are expected to sense the deep Kermadec
trench. The median mgz = 7.58 for a period of 3.55 s (52 channels from 30° to 80°), and the coda magnitude
m_coda median value of 7.08, gives m_coda-myp = —0.49, which is more negative than the values for events with
shallow slip (Lay et al., 2019). These observations are consistent with the primary large slip in the mainshock
being located deeper on the megathrust as in our slip model (Figure 4b), and as also found in the tsunami inversion
by Romano et al. (2021), although the latter model does have minor, weakly tsunamigenic slip of up to 0.5-1 m
extending to the trench. Ruptures with large slip on the shallow megathrust often induce concentrations of outer
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(b) Foreshocks from the ISC Catalog

-

Minutes since M7.4

Figure 6. Locations of earthquakes following the My, 7.4 foreshock and preceding the M, 8.1 mainshock. (a) Events from the USGS-NEIC catalog are shown as circles,
with small events color-coded by time after the My, 7.4 foreshock. The USGS-NEIC foreshock epicenter is the red star, and the slip distribution of our preferred
foreshock model is in red contours with 0.5-m interval. The USGS-NEIC mainshock epicenter is the blue star, and the slip distribution of our preferred mainshock model
is in blue contours with 1-m interval. (b) Events from the ISC are shown as circles, with small events color-coded by time after the My, 7.4 foreshock. Red and blue stars
show the USGS-NEIC epicenters for the My, 7.4 foreshock and the My, 8.1 mainshock, and diamonds show the epicenters from the ISC catalog.

rise extensional faulting aftershocks up-dip of the shallow slip region (e.g., Sladen & Trevisan, 2018; Wetzler
et al., 2017; Ye, Lay, & Kanamori, 2021). Only a handful of normal faulting aftershocks, all with My, < 5.5,
occurred seaward of the large-slip zone in the first 3 months (Figure 6a). This adds to the inference that coseismic
large slip did not occur on the shallow megathrust along the crust/slab interface.

3.4. Aftershocks and Seismicity Between the Two Large Events

There is a clear paucity of prior seismicity in the vicinity of large-slip areas in the down-dip portion of the
megathrust for both My, 7.4/8.1 events (Figure 4). Almost all aftershocks along the megathrust are located
shallower than ~30 km depth, up-dip of the slip zones of the two ruptures. There is a cluster of shallow crustal
activity located further to the northwest. The large-slip zone of the foreshock overlaps a region that has moderate
slip in the mainshock, and a secondary area of low slip in the foreshock overlaps the large slip zone in the
mainshock (Figure 6). Despite the constraint offered by the inland GNSS stations, the resolution of absolute slip
placement is limited (e.g., Romano et al., 2010). The vertical and horizontal displacements at RAUL do indicate
that there is likely some overlap of slip between the two events, although the models of Lythgoe et al. (2023)
without the constraint from the GNSS data have no overlap.

Comparison of the mainshock slip distribution with the spatial distribution of historical GCMT locations re-
inforces the complementarity of the smaller, shallow activity and the coseismic slip in the mainshock (Figure S3
in Supporting Information S1). A lack of aftershocks within the large-slip zone (Figure 4b) is a common
observation for megathrust ruptures (e.g., Wetzler et al., 2018). Similar shallow aftershock distribution for a fairly
deep rupture on the megathrust is also observed in the recent 2021 Chignik My, 8.2 sequence (Ye et al., 2022),
although fewer aftershocks occurred in the up-dip region for the 2020 My, 7.8 comparably deep Shumagin rupture
(Ye, Lay, Kanamori, Yamazaki, & Cheung, 2021).
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Figure 7. Seismic waveforms for events occurring between the My, 7.4 foreshock (E00) and My, 8.1 mainshock (E23) recorded by the broadband seismic station RAO on
Raoul Island. The north component (BH1) failed in this <2 hr interval. Raw seismic data of vertical (BHZ) and east (BH2) components are filtered in the frequency band
of 2.0-12.0 Hz. Earthquake magnitudes from the USGS-NEIC catalog are labeled in panel (a). Station azimuth and distance labeled in panel (b) are calculated with
earthquake origin from the USGS-NEIC catalog.

For seismicity that occurred in the time between the foreshock and the mainshock, we consider both the USGS-
NEIC and ISC (International Seismological Center) catalogs (Figure 6). There are 15 events in the USGS-NEIC
catalog with magnitudes from 4.3 to 5.3, and 7 more events with magnitudes from 3.5 to 4.6 in the ISC catalog
(Table S1 in Supporting Information S1). We confirm the existence of most reported events by inspecting the
RAO waveforms (Figure 7). We then apply the EQTransformer algorithm for P and S arrival picking (Mousavi
etal., 2020) and the REAL association algorithm (Zhang et al., 2025) to continuous waveform signals at RAO (the
two working components) and at the next 23 closest three-component global stations (all more than 1,000 km
away) (Figure S8 in Supporting Information S1). We identify 41 local events, 16 of which correspond to events
from the ISC catalog (Figure S9 in Supporting Information S1). Attempts to relocate the 41 events with Non-
LinLoc (Lomax et al., 2000) prove very unstable due to the poor signal quality and emergent waveforms (Figure
S10 in Supporting Information S1), which make it hard to ensure that the same arrival is picked teleseismically, so
we do not succeed in refining the catalog location estimates. For both USGS-NEIC and ISC catalogs, most events
lie eastward (up-dip) from the foreshock and mainshock hypocenters, and only a few events overlap the large-slip
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Figure 8. Focal mechanisms for earthquakes in the northern Kermadec subduction zone. (a) Map view of focal mechanisms for all earthquakes from the GCMT catalog
since 1976 along with the slip distribution (contours and color palette) of our preferred model for the My, 8.1 mainshock (Figure 4b) with hypocenter indicated by the
blue star and the gray slip contours for the M, 7.4 foreshock (Figure 4a) with hypocenter indicated by the red star. Large events with M, > 7.0 are highlighted by blue/
purple perimeters. (b) The time sequence of earthquake focal mechanisms for all earthquakes in panel (a) with the focal mechanism for 1974 My, 7.2 and M 6.6 events
from Chapple and Forsyth (1974). (c) Vertical cross-section for all focal mechanisms in panel (a) projected along AA’. The purple and dashed blue curves show the slab
geometry adapted from the Slab 2.0 model (Hayes et al., 2018) and Lythgoe et al. (2023), respectively.

zone of the mainshock (Figure 6). About five of the events are in close proximity to the mainshock hypocenter,
suggesting that the mainshock nucleation might have been influenced not only by the slip of the My, 7.4 fore-
shock, but also by the cluster of shallow foreshock activity occurring within ~100 min beforehand. Given the
limited information and uncertain locations of the foreshocks occurring between the My, 7.4 foreshock and My,
8.1 mainshock, the salient feature is the concentration of activity near the edge of the mainshock asperity, favoring
a cascading sequence with stress triggering (e.g., Mignan, 2014).

3.5. Frequent Large Deep Megathrust Ruptures With Variable Dynamics

The depth-varying rupture characterization for megathrust ruptures (Lay et al., 2012) would identify the 2021
sequence as a Domain C rupture of the deep megathrust zone. The depth-varying focal mechanism distribution
from the GCMT catalog suggests continuous thrusting activity along the megathrust, with larger events in a
downdip region at depths from 30 to 50 km (Figure 8). While there may be minor along-strike variations in the slab
interface position that contribute to the spread of locations, there is at least a 5 km scatter in the depths for thrust
events relative to any interface, and some events have even larger deviations of up to 30 km. Given the lack of
nearby seismic stations, it is plausible that most of these involve mislocations from a single surface, but the pos-
sibility remains that there could be some intraplate activity with focal mechanisms similar to those of interplate
thrusts. This has been found, for example, for the 3 May 2006 M, 8.0 Tonga earthquake (Meng et al., 2015). The
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Figure 9. Sampled broadband teleseismic P waveforms for 8 major megathrust earthquakes in the Northern Kermadec since 1990. (a, b) Map view of earthquakes, 5
broadband seismic stations used in panel (c), and 2 seismic stations used for Figure 10. (c) Teleseismic P wave ground displacements filtered in the frequency band of
0.005-2.0 Hz. Waveforms are aligned with handpicked P arrivals with predicted pP (purple bars) and sP (cyan bars) time difference with source depths from the USGS-
NEIC catalog and the IASP91 model. Waveforms are self-normalized with amplitude given at the end of each trace. Variations in waveforms might result from the
difference in source depths and rupture complexity, thus they are not repeating or quasi-repeating ruptures.

outer trench normal and compressional faulting (Figure 8c) indicates that intraslab faults may be available for
deeper reactivation of faulting, although not clearly with geometry similar to the plate boundary. Lythgoe
et al. (2023) relocated larger aftershocks for the 2021 sequence using cut-and-paste inversions, P wave modeling,
and surface wave master event locations, finding improved localization onto a dipping surface that supports the idea
that mislocation blurs the slab interface (Figure 8). The same is true for large events in the 1976 sequence. Within
relocation uncertainty, Lythgoe et al. (2023) infer substantial overlap of the 1976 and 2021 large ruptures. They
conclude that the time history of My, > 5.5 activity in the northern Kermadec region (Figure 8b) appears to
comprise a 45-year-long seismic cycle in northern Kermadec. We also note that major interplate ruptures in
northern Kermadec are spread through the 300 km long region from 28°S to 31°S with 8 events with My, > 6.9 from
1990 to 2023 including the 2021 My, 7.4/8.1 events, in addition to the 1976 thrusting sequence (Figure 9b). Given
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Figure 10. Comparisons of seismic waveforms with the SRO instrumental response between the 1976 and 2021 major earthquakes. (al-a3) and (b1-b3) Three-
component records at stations GUMO and ANMO, respectively. Waveforms for the 2021 events are simulated from the GSN broadband records by deconvolution of the
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1976 My, 7.3 and 2021 My, 7.4 multiplied by 4. Waveforms are cut before the clipped segment for the 1976 events (see the raw data in Figure S12 in Supporting
Information S1). Similar arrivals and relative amplitudes for different phases between the 5 major earthquakes are consistent with proximate location and magnitude

difference, but not as repeating or quasi-repeating ruptures.

the location uncertainties, in order to assess whether there have been repeated ruptures in some areas, we consider a
direct comparison of broadband seismic waveforms for those 8 events since 1990 (Figure 9). While the waveforms
are all consistent with underthrusting, the waveforms vary in detail, supporting the notion that there are discrete
patches of slip distributed throughout the region. We do not observe unambiguous repeating waveforms with very
high waveform correlations for these large events.

Given that it appears that the 1976 sequence spanned about the same region as the 2021 sequence, it is also of
value to compare waveforms from that sequence to those for the 2021 sequence. Fortunately, a good number of
digital recordings are available for the major events in 1976 (Figure S11 and Table S2 in Supporting Informa-
tion S1). Surface waves from the larger 1976 My, 7.8 and 7.9 events clip at most stations (Figure S12 in Sup-
porting Information S1), and some stations lack co-located broadband recording for the 2021 events, so a nearby
station had to be used for comparison. The 2021 recordings were adjusted to have the same instrumental responses
as the 1976 recordings following the procedure in Ye, Lay, et al. (2016), Ye, Kanamori, et al. (2016). We show
comparisons of unclipped three-component body wave intervals for the three largest 1976 events with the two
largest 2021 events at stations GUMO and ANMO (Figure 10). The P and S waveforms at both stations show
significant differences, with the two, partially overlapping, 2021 events having the most similarity despite their
size difference. Additional comparisons are shown for stations fairly closeby for the 2021 sequence in Figure S13
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Figure 11. Seismic comparisons between the 2021 M, 8.1 earthquake and historical great earthquakes in 1917 and 1976 in the northern Kermadec subduction zone.
(a) Comparison of the moment rate function for the 14 January 1976 M 8.0 (likely My, 7.8 at 15:56:33 UTC) (middle row) obtained by deconvolution of the single long-
period Benioff (1-90) vertical component recording at station PAS (top row) by Hartzell and Heaton (1985), and the moment rate function for the 4 March 2021 M, 8.1
mainshock from the joint inversion in this study (Figure 4b). The peak amplitude of the 1976 PAS seismogram is in microns for unit gain. (b) Vertical component
Gallitzin recording at station ZKW in Shanghai, China, for the 1917 M 8.1 earthquake with the first P arrival indicating downward motion. Prediction of the Gallitzin
recording for the 2021 My, 8.1 mainshock with the ground motion at nearby SSE station in Shanghai (bottom row) has initial upward P motion at ~73 s, suggesting
different focal mechanisms between the 1917 and 2021 events.

in Supporting Information S1. Lythgoe et al. (2023) show additional comparisons at station MAT. Recordings at
the High Gain Long Period network stations experienced extensive clipping (Figure S14 in Supporting Infor-
mation S1) and only a few components can be compared for the My, 7.9 event due to contamination by the coda
from the 51 min earlier M, 7.8 event (Figure S15 in Supporting Information S1). Waveforms from two additional
stations operating in 1976 that lack instrument information are shown in Figure S16 in Supporting Informa-
tion S1. The differences in waveforms between the 1976 and 2021 sequences argue against simple re-rupture of
persistent isolated asperities in the two sequences.

Finite-fault solutions for the 1976 doublet events have not been produced due to the limited data availability. The
GCMT centroid for the 14 January 1976 My, 7.8 event is near Raoul Island with a large depth, and this event has
the closest relocation relative to the 2021 mainshock (Lythgoe et al., 2023), so it is possible that rupture did partly
overlap the 2021 sequence. A single-station moment rate function deconvolution of the long-period (1-90 s)
Benioff record (Hartzell & Heaton, 1985) assumed to be for the 14 January 1976 (15:56:34 UTC) My, 7.8 event
shows two main subevents (Figure 11a) with a total duration of ~75 s and a peak moment rate of ~3.2 x 10'° N-
m/s (Hartzell & Heaton, 1985). In contrast, the moment rate function from the finite-fault inversion for the 2021
My, 8.1 mainshock has a single large pulse with a duration of ~70 s and a peak moment rate of 7.8 X 10'® N-m/s.
The total moments for the two earthquakes are similar, but assuming that the PAS deconvolution is reliable, the
ruptures are very different.

3.6. The 1917 M 8.1 Event

The other large historical northern Kermadec earthquake of interest is the 1 May 1917 event with Mg 8.1, My, 8.2
(ISC-GEM). The epicenter of this event from ISC-GEM, as reported by the USGS-NEIC, is (31.080°S,
176.461°W), placing it east of the trench south of the 2021 rupture zone (Figure 2b). A review of Gutenberg's

YE ET AL.

15 of 21

8518017 SUOWILIOD BA 81D 8|qedl|dde auy Aq peusenob ae ssjolie YO ‘@SN JO SaINn 10} A%eid1 78Ul IUO A8 |1 U (SUORIPUOD-PUR-SLLIBY WD A3 1M ARe.d][BU [UO//:StNY) SUORIPUOD pue swie 1 841 88S *[5202/70/20] Uo Afid1aulluo A8|IM ‘@08 10s JO AVSIBAIUN YINoS Aq 9260808rY202/620T OT/I0P/W00" A3 1M Areid 1 pul|uo'sgndnfie//:sdny Wwoy pepeojumoa ‘v ‘520z ‘95866912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/20247B030926

Notepads 32 and 77, currently archived at the Seismological Laboratory at California Institution of Technology,
shows that he initially estimated an epicenter of (29.2°S 177°W) (Notepad 32), which was relocated to (31°S,
179°W), but the location using some additional data in Notepad 77 gives (29°S, 177°W), close to the initial
estimate. Okal et al. (2011) relocated the event at (29.39°S, 179.29°W), about 100 km west of Raoul Island, but
the large uncertainty ellipse overlaps the subduction zone. Overall, there is substantial uncertainty in the location
of this event.

We collected and examined several recordings of the 1917 event, comparing the historical records with pre-
dictions from the 2021 mainshock using the broadband seismic record at the nearby SSE station equalized to the
same instrument responses (following the procedure in Ye, Kanamori, et al., 2016) (Figure 11b). The vertical
component Galitzin recording at station ZKW in Shanghai, China (31.19°N, 120.43°E) indicates a sharp
(impulsive) downward motion for the first arrival, whereas a positive arrival would be expected for a shallow-
dipping thrust mechanism, as shown for the 2021 My, 8.1 mainshock with an emergent upward beginning of
the SSE record at around 6075 s. This raises the possibility that the 1917 event had a different focal mechanism.
Okal et al. (2011) show a PKP arrival at De Bilt (DBN), which is compressional, which they interpreted as fa-
voring a thrust mechanism. We note that the large My, 7.7 event in 1986 to the northeast involved oblique
compressional intraslab rupture (Figure 2b), which could account for such variable first-motion observations. The
overall information has substantial uncertainty, and it remains ambiguous whether the 1917 event ruptured the
same region as the 1976 and 2021 sequences, or is even an interplate rupture.

4. Discussion and Implication: Rupture on the Mantle/Slab Contact

The Moho depth of the overlying plate around the My, 8.1 mainshock in the 2021 northern Kermadec sequence
near 28°S is determined by several studies, with estimates of ~17 km from a seismic reflection profile near 29°S
(Bassett et al., 2016), ~15-17 km from OBS data and gravity data (Funnell et al., 2017), and ~17 km from
multiple channel seismic data (Funnell et al., 2013). The 2011 My, 7.4 foreshock and My, 8.1 mainshock thus
appear to have ruptured with the large slip located at greater depth than the overriding plate Moho, and this
appears to have been the case for the major events in the 1976 sequence as well as for other major thrusts between
28°S and 31°S (Figure 8). Aftershocks for the 2021 sequence are located at shallower depths on the megathrust
along the crust/slab boundary. Along with shallow megathrust aftershocks following large intraplate events in
2011 (Todd & Lay, 2013), this activity indicates a strong susceptibility to triggering with relatively weak and
patchy coupling along the shallow crust/slab interface. Figure 12b schematically illustrates these attributes of the
northern Kermadec plate interface, with it being the only documented subduction zone for which the largest
interplate thrusts have been located along the mantle/slab interface.

Given the large age (>80 Ma) of the underthrusting oceanic plate, the temperature structure is relatively low in the
northern Kermadec arc, but this should not preclude serpentinization of the shallow forearc mantle wedge and
along the plate interface as long as aqueous fluids are released by the slab. It is plausible that no metamorphic
fluids have been released from the slab locally, causing this region to be anomalous. However, the occurrence of
large outer rise faulting, which can abet hydration of the slab and provide pathways for subsequent release of
aqueous fluids at depth, and the presence of recent back-arc spreading with attendant circulation within the
wedge, support the likelihood of hydration of the forearc mantle by slab fluids released due to porosity collapse
with increasing pressure.

To illustrate rupture on the mantle/slab contact, P-T trajectories of the subduction interface are calculated based
on the thermal model for northern Kermadec from Gao and Wang (2014) with preferred effective coefficients of
friction (0.07) and another two values (0.04 and 0.10), relative to the serpentine phase diagram (Figure 12a). The
phase transition diagrams of the serpentine minerals along the Kermedec megathrust are complex. We indicate
some published conditions for the phase transition from low-temperature lizardite to high-temperature antigorite
from Evans (2004) and from Schwartz et al. (2013) based on Alpine serpentinite, and the P-T conditions of the
antigorite breakdown reactions are from Schmidt and Poli (1998) and Kitahara et al. (1966), following Wang
etal. (2020). For the depth range of the large slip in the 2021 sequence, transition from lizardite to antigorite might
have occurred, and antigorite is likely widespread along the mantle/slab contact, especially if the friction coef-
ficient is 0.07 or higher (Figure 12a). Further studies with more appropriate slab geometry, fault zone rheology,
rupture dynamics, and phase transition diagrams for serpentine minerals for the Kermadec subduction are
warranted.
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Figure 12. Rupture characteristics in the northern Kermadec subduction zone. (a) Simplified phase diagram of serpentine phases adapted from Wang et al. (2020).
Atg = Antigorite, Brc = Brucite, Chr = Chrysotile, Fo = Forsterite, Liz = Lizardite, Tlc = Talc. The brown band shows the low-temperature Liz + Chr to high-

temperature Atg phase transition as proposed by Evans (2004). Paired brown and green lines show the P-T domains of the start (left) and end (right) of the phase

transitions from the Liz/Chr to Atg either without aqueous SiO,(®) or with aqueous SiO, (®), adapted from the more recent work of Schwartz et al. (2013). The black
dashed lines show antigorite breakdown reactions by Schmidt and Poli (1998) and Kitahara et al. (1966). Blue, red, and black curves show temperatures predicted by
thermal models for the northern Kermadec megathrust with different effective coefficients of friction from Gao and Wang (2014). The dashed brown line indicates the
Moho depth of ~17 km from Bassett et al. (2016). The depth range for major earthquake ruptures for the northern Kermadec megathrust is shown by the blue band. (b, ¢)
Schematic pattern of earthquake rupture along the northern Kermadec megathrust. The Moho depth of the overlying plate with contact with the slab is ~17 km, as shown
in panel (c). The slip model contours for the 2021 sequence foreshock (red curves) and mainshock (blue curves) from our preferred models (Figure 4) are shown. Red
patches depict approximate main asperity areas of the 1976 sequence and other major earthquakes to the SSW of the 2021 sequence (Figure 8). Yellow and blue patches
indicate the up-dip concentration of aftershocks for the 2021 sequence as shown in Figures 2 and 4, approximately along the mantle/slab (yellow: 17-25 km deep) and

crust/slab (blue, <17 km deep) interfaces.

At low strain rates, lizardite has been shown to have plastic deformation with no evidence of brittle failure (e.g.,
Amiguet et al., 2012; Kaproth & Marone, 2013). Laboratory friction studies of antigorite initially showed that it is
velocity-strengthening when loaded at tectonic slip rates (e.g., Moore et al., 1987; Reinen et al., 1994), and
serpentinization has been invoked as a source of slow slip events (e.g., Goswami & Barbot, 2018; Liu et al., 2023;
Okazaki & Katayama, 2014). However, at the high rate, the slip of antigorite-rich fault gouge is accompanied by
dynamic strong drops in coefficients of friction to as low as 0.1 (Hirose & Bystricky, 2007; Kohli et al., 2011;
Proctor et al., 2014), possibly due to flash heating (Brantut et al., 2016; Hirose & Bystricky, 2007). At tem-
peratures 450°C and higher antigorite gouge has been found to change from flow behavior to stick-slip behavior
(e.g., Takahashi et al., 2011). Proctor and Hirth (2016) find that antigorite-rich serpentinite gouge undergoes a
transition from ductile to brittle deformation with temperature increasing from 300°C to 500°C. Albeit large
uncertainty exists in laboratory results with variable in-situ conditions, we can infer that antigorite at certain
temperatures may facilitate rupture along the mantle/slab contact. A fuller discussion of the serpentine mineral
frictional behavior in this context can be found in Wang et al. (2025) which used the Chile margin for a case study
of ocean-continent subduction, and we have considered whether similar concepts can work for ocean-ocean
subduction zone (island arc) in the northern Kermadec region.

The investigation of the slip and seismicity distributions reported here cannot establish the mineralogy along the
mantle/slab contact in the northern Kermadec region nor the extent of fluid release from the slab without the in-
situ composition of the mantle/slab contact zone, but it is reasonable to speculate on the relationship between
seismic observations and the thermally predicted serpentine mineralogy; the relatively low temperature (300—
400°C) environment influences serpentinization and coupling on the boundary. It appears that the regions
accumulating strain for large and great earthquakes on the mantle/slab interface are quite heterogeneous over a
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300-km-long region based on waveform comparisons. Precisely why this results in distinct behavior from
elsewhere along the Tonga-Kermadec zone and other island arc environments that also feature an old subducting
slab is unclear, but possibly patchy high slip velocity failure of strong dynamic weakening antigorite-rich gouge
can account for the local behavior.

5. Conclusions

The 2021 northern Kermadec interplate thrust sequence involved the largest known megathrust rupture along
the Tonga-Kermadec subduction zone. Interseismic strain accumulation had been documented in the source
region geodetically. Prior large earthquakes have struck the same general region in 1976 and 1917, but it does
not appear that the earthquakes are strict repeaters based on seismic waveforms and locations for the earlier
events. The large-slip regions of the 2021 My, 7.4 foreshock and My, 8.1 mainshock are located at depths of 20—
55 km, along the mantle/slab interface below the 17 km deep upper plate Moho. The forward tsunami pre-
diction by our seismo-geodetic slip model for the My, 8.1 mainshock validates to the first order the seismic
moment and the rupture extent of the finite-source model. The relatively large depths of slip on the megathrust
reduced the tsunami excitation and regional tsunami hazard. The shallower megathrust has hosted extensive
prior moderate seismic activity as well as most aftershock activity. As much as 2.7 m of slip deficit could have
accumulated since the 1976 ruptures, but the peak slip in the 2021 events appears to be about twice as much,
which further suggests that the ruptures do not involve simple recurrent failure of a persistent asperity. This is
further supported by the discrepancy in their seismic waveforms. The 1917 event has a highly uncertain
location and mechanism, but available waveform evidence favors it being an intraplate rupture north of the
2021 sequence. This leaves uncertainty in any assessment of the recurrence interval for the failure of any given
portion of the megathrust. Eight M6.94+ deep megathrust earthquakes since 1990 in northern Kermadec are
spread through the 300 km long region from 28°S to 31°S, in addition to the 1976 thrusting sequence, but
display variable rupture dynamics. The occurrence of this frequent deep megathrust rupture in an oceanic
subduction zone demonstrates that large earthquakes are not necessarily constrained to the shallow depth range
of the crust/slab contact, and that extensive weakening of the deeper interface cannot be assumed when an old
ocean plate is subducting. This enigmatic earthquake sequence raises concerns about the rupture potential for
the deep portion of the megathrust with mantle/slab contact in island arcs, such as the Izu, Marianas, and Tonga
zones, to accumulate large strain and produce infrequent great deep megathrust ruptures despite the lack of
historical events in those regions. A specific explanation for the high rate of large events on the deep mega-
thrust in northern Kermadec remains to be clarified.

Data Availability Statement

All body wave and surface wave recordings from global seismic stations that were used were downloaded from
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the National Science Foundation under Cooperative Support Agreement EAR-1851048. Earthquake source
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from IOC UNESCO (2025); New Zealand DART data are from GNS Science (2020). This work made use of
GMT (Wessel et al., 2019) and SAC (Goldstein et al., 2003).
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