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Abstract

The Vanuatu Subduction Zone, which runs along the San Cristobal Trench and New
Hebrides Trench, is an active tectonic region with a history of moderate to large tsunamigenic
earthquakes. While over 40 earthquakes of Mw 7.0 or stronger have occurred along the New
Hebrides trench within the past quarter-century, the subduction dynamics, tsunamigenic
potential, and coastal risk of tsunamigenic earthquakes emanating from the southern trench
remain understudied. We compare the tsunami signals from the 2021 and 2023 Mw 7.7 thrust-
fault and normal-fault earthquakes along the South New Hebrides Trench. The 2021 megathrust
earthquake was determined to have a relatively shallow slip patch with a focal depth of 10.0 km.
The 2023 outer-rise normal-faulting earthquake occurred westward of the 2021 event at a depth
of 18.1 km. The comparable moment magnitude and proximity of their epicenters provide an
opportunity to examine the influence of fault mechanisms and bathymetric features at the
Southern New Hebrides Trench on the tsunami waveform throughout the Southwest Pacific. The
preferred finite-fault rupture models for each earthquake event were determined through iterative
inversion of teleseismic P-waves and forward modeling of the tsunami waveform to match
measurements at DART and coastal tide gauge stations. Analysis of the computed tsunami
waveforms reveals that the 2021 and 2023 tsunamis are primarily influenced by the location of
the seafloor deformation with respect to major bathymetric features in the near-field. The width
of seafloor deformation and source water depth influence the subsequent period of tsunami
waves, which has a strong effect on far-field energy lobes guided by seamounts and small
islands, but the overall wave patterns exhibit similarities because the effects of bathymetry and

resonance dominate at a larger scale.
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1. Introduction

Understanding the complexities and uncertainties of various Pacific subduction zones is
crucial for enhancing our knowledge of earthquake and tsunami threats. Significant seismic and
tsunami events associated with the ‘Pacific Ring of Fire’ can cause widespread casualty,
extensive damage to infrastructure, and disruption of essential services near and far from the
source. In the Southwest Pacific, island nations and coastal communities are particularly
vulnerable to earthquakes and tsunamis due to geographic proximity and exposure to historically
active subduction zones. Critical geological structures in this region include the San Cristobal
Trench and the New Hebrides Trench, collectively called the Vanuatu Subduction Zone (VSZ),
formerly the New Hebrides Subduction Zone. Therefore, governments, scientists, and

stakeholders are motivated to understand the hazards and risks of earthquakes and tsunamis to

support comprehensive risk management strategies (https://oceanexpert.org/
downloadFile/56301).

The tectonic plate margin in the Vanuatu-New Caledonia region is notably complex
(Figure 1). It is generally characterized by the interaction between the subducting Australian
plate and overriding Pacific plate, with varying rates of tectonic convergence along its ~1800 km
span from the Solomon Islands (10°S, 165°E) to the Hunter Fracture Zone (HFZ) (23°S,173°E).
Along this expansive, curved subduction zone, multiple volcanic arcs have developed adjacent to
the trench, forming island groups such as the Solomon Islands, Vanuatu, and the Loyalty Islands.
The movement of the Pacific plate with respect to the Australian plate is generally perpendicular
to the trench, with convergence rates varying significantly from a high of 170 mm per year at
Solomon Islands, to a low of 27 mm per year near the D'Entrecasteaux Ridge in the north-central

VSZ (Bergeot et al., 2009). In the central portion of the VSZ, convergence rates have been found
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between 90-120 mm/yr. Further south, near Matthew and Hunter Islands, the convergence rate is
48 mm/yr (Roger & Pelletier, 2023). When measured against the Pacific plate (PP), this motion
shows the arc is divided into segments. The northern and southern back arc sections are
spreading in northeast and southwest directions, with the northern part rotating counterclockwise
and the southern part clockwise (Bergeot et al.,, 2009). The tsunamis in the region are
predominantly generated by earthquakes, where volcanic and non-seismic generation modes
represent less than <5% of documented events (Roger & Pelletier, 2023).

The northern region of the VSZ has produced several large earthquakes (Mw > 7.0) in the
past century, the largest of which was the Mw 8.0 February 6, 2013, Santa Cruz Islands
megathrust event. The earthquake exhibited a thrust faulting mechanism with shallow dip, while
the plate motion here is primarily characterized by interplate strike-slip and normal faulting (Lay
et al., 2013). The tsunami waves reached several villages on the Island of Nendo, where waves of
greater than 1 m claimed 10 lives and caused extensive damage to the town of Lata in the Neo
Georgia Islands Group, Solomon Islands (Romano et al., 2015). On April 1, 2007, approximately
700 km west-northwest of the 2013 Mw 8.0 Santa Cruz Islands epicenter, a Mw 8.1 regional
earthquake event was recorded. This event occurred along the San Cristobal Trench near the
Solomon Islands, where the tectonic convergence is estimated at 90-105 mm/yr. Similarly to the
2013 Santa Cruz Islands event, the 2007 Mw 8.1 event exhibited a thrust-fault focal mechanism
and occurred at shallow depth (Fisher et al., 2007). The earthquake and subsequent tsunami near
the Solomon Islands caused significant devastation. Fifty-two people lost their lives, and several
villages were destroyed. The disaster further destroyed approximately 6000 homes and multiple
schools and hospitals in Sasamunga and Gizo, underscoring the severe impact on regional

infrastructure and communities (Fritz & Kalligeris, 2008). Several other tsunamigenic
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earthquakes of > Mw 7.0 have also been observed in the northern zone (21 September 1920 Mw
8.1, 4 October 1931 Mw 7.8, 7 October 2009 Mw 7.8, 19 July 1934 Mw 7.7, January 2010 Mw 7.1,
July 2015 Mw 7.0). Excluding the 21 September 1920 Mw 8.1 event, which was not reported to
impact Vanuatu or New Caledonia, these tsunamis were limited to the near-field with notable
discrepancies in reporting across the larger Vanuatu-New Caledonia region (Roger & Pelletier,
2023).

The Northern and Southern VSZ is segmented at the center by the d'Entrecasteaux Ridge,
defined by two dominant east-west trending ridges forming the northern extensions of the New
Caledonia and Loyalty Islands arcs. Here, the convergence rate decreases drastically to 27
mm/yr, whereafter rates gradually increase to 90-120 mm/yr at the southern arc. At the southern
terminal of the VSZ, there is a reasonable risk of tsunamigenic thrust earthquakes due to active
subduction, which is estimated to terminate within the Hunter Fracture zone between 169°E and
172°E. In the Southeastern extent of the VSZ, plate motion becomes predominantly strike-slip,
where convergence is estimated at ~50 mm/yr (Calmant et al., 2003; Power et al., 2012). The
deformation in the region is primarily associated with the underthrusting Australian plate, which
experiences a high degree of intraplate stress as it converges normally to the arc. This seismically
active region, shown in Figure 1, produced over 30 Mw 7.5+ earthquakes in the last century and
is known for strong and long-duration aftershock sequences (Ye et al. 2021). Sahal et al. (2010)
cataloged several events, including the March 1875 Mw 8.0, September 1920 Mw 7.5-7.8,
December 1950 Mw 7.9, October 1980 Mw 7.2, and May 1995 Mw 7.7 events. Eyewitness
accounts and observational records of some of these events suggest tsunami run-up of 1 - 2.5 m
on parts of Lifou and Port Vila Islands, with wave arrivals within 20 minutes to ~1 hour of the

reported earthquake origin times. More recently, the region has observed the 2003 Mw 7.3, 2011
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Mw 7.1, 2017 Mw 7.0, and the 2018 Mw 7.5 event. Though the region is suggested to have many
unreported events, there is little evidence that > Mw 8.0 earthquakes have occurred between

170° and 175° (Gusman et al., 2022).
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Figure 1. Historical earthquake epicenters in the Vanuatu Subduction Zone (> Mw 7.5) since 1900. Red stars indicate
the epicenters of the February 2021 and 2023 earthquake epicenters, while yellow stars other major events. For Figure
1: SCT = San Cristobal Trench, NHT = New Hebrides Trench, HFZ = Hunter Fracture Zone, SI = Solomon Islands,
VN = Vanuatu, DER = D'Entrecasteaux Ridge, LI = Loyalty Islands, NC = New Caledonia, FJ = Fiji, Pv = Port Vila,
Tan = Tanna, Ay = Aneityum, Lif = Lifou Island, Ou = Ouinne, M1 = Matthew Island, HI = Hunter Island.
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The 2021 and 2023 Mw 7.7 earthquakes are the two largest, well-recorded events in the
southern VSZ in the past quarter-century. According to the USGS, the February 10, 2021 Mw 7.7
earthquake occurred at 13:19:55 UTC with an epicenter at 23.051S, 171.657E

(https://earthquake.usgs.gov/earthquakes/eventpage/us6000dqg77/finite-fault). The USGS NEIC

W-phase solution described a double-couple mechanism with a strike of 246°, dip of 17°, rake of
65°, and a seismic moment of 4.364 x 102° Nm (Mw 7.69) at a centroid depth of 25.5 km.
Meanwhile, the GCMT solution offered a double couple with a strike of 88/277°, dip of 68/22°,
rake of 87/98°, and a seismic moment of 4.12 x 102° Nm (Mw 7.7). This solution noted a centroid
depth of 21.0 km. The Global Centroid Moment Tensor (GCMT) and USGS W-phase Moment
Tensor (WMT) analyses reveal that thrusting motion initiated the earthquake's rupture at the
plate interface. According to the USGS, the tsunami waves reached 78 cm at Lenakel, Tanna, 48
cm at Kingston, Norfolk Island, 29 cm at Ouinne Bay, New Caledonia, and 19 cm at Wé, Lifou
Island. The May 19, 2023, event is the largest in the region since the Mw 7.7 February 10, 2021
Loyalty Islands earthquake. The USGS estimated the event’s origin time at 02:57:03 (UTC),
with its epicenter at 23.206°S, 170.742°E. The USGS NEIC W-phase solution described a
mechanism with a strike of 80°, dip of 51°, and rake of -90°. The seismic moment was estimated
at 4.011 x 10 Nm (Mw 7.67) at a centroid depth of 15.5 km. The GCMT solution indicated a
strike of 66°/275°, dip of 46°/48°, rake of -111°/-70°, and a seismic moment of 4.364 x 102° Nm
(Mw 7.7). This solution noted a centroid depth of 20.1 km. Both focal mechanisms are
characteristic of normal faulting.

In areas close to the earthquake epicenter, the height and period of tsunami waves depend
highly on the seafloor displacement caused by the earthquake as well as the local water depth.

Water-level stations (Figure 2) with appropriate sampling rates and positioning with respect to
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the source can provide reliable constraints to infer the seafloor deformation and the slip extent.
Prior studies have explored the complementary features of tsunami and seismic records to
deduce source models for major earthquake events through a combination of seismic inversion
and tsunami forward modeling (e.g. Yamazaki et al., 2011 b, 2018; Li et al., 2016; Bai et al.,
2023). Due to the lack of self-consistent source models and historical tsunami data from sources
in the Southeastern segment of the VVSZ, as observed in Figure 1, there is remaining uncertainty
regarding the regional tsunami wave characteristics of the 2021 and 2023 Mw 7.7 events. Their
proximity permits the comparison of distinct high-resolution earthquake source mechanisms and
adjacent seafloor features on wave patterns in the Vanuatu-New Caledonia region.

The modeling tools and input datasets are readily available for a comparative study of the
2021 and 2023 Mw 7.7 events in this thesis. Tsunami waveforms are calculated using the
NEOWAVE model (Yamazaki et al., 2009, 2011a) which incorporates a vertical momentum
equation and a non-hydrostatic pressure component within the nonlinear shallow-water
equations. This approach helps to accurately represent the temporal sequence of seafloor
deformation and the propagation of weakly dispersive tsunami waves. The kinematic
deformations of the seafloor are determined using a half-space solution (Okada, 1985) from the
rupture models. Using finite-fault models as input, we forward-model the tsunami waveform for
the 2021 thrust-fault and 2023 normal-fault Mw 7.7 events with NEOWAVE. The computed
tsunami signals are compared with DART and tide gauge records until convergence on a single
source model for each event most consistent with the instrumental record. These final source
models are then used to assess the contribution of each source mechanism to the tsunami

waveform in the Vanuatu-New Caledonia region and across the Southwest Pacific.
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Figure 2. Coastal gauge (purple triangle) and DART (white dots) stations positioned around the February 10, 2021
(right) and May 19, 2023 (left) My 7.7 USGS Earthquake Epicenters (red stars). In the source region, specific
seamount and island features are indicated in cyan and magenta, respectively.
2. Methodology

Modeling megathrust earthquakes is challenging due to an inherently diverse range of
fault geometries along subduction zones, complex mechanics of seafloor deformation, and
differences in rise times and energy release rates across earthquake events. The magnitude of an
earthquake is influenced by the fault area and the amount of slip. The dimensions of the fault—
its length and width—and the slip can vary widely among earthquakes at different locations and

across event magnitudes. The variability in slip and rake, energy release rate, and fault geometry

significantly influence the resulting seismic shaking and deformation projection on the seafloor.



Therefore, accurately constraining the slip history—detailing what slipped, how much, and when
during the rupture—is crucial for understanding and responding to earthquakes and tsunamis.
While fault slip models can be developed from seismic and geodetic data alone, tsunami
waveforms can provide additional constraints on the tsunamigenic characteristics of earthquake
events (Lay et al., 2011; Yamazaki et al., 2011b). The sensitivity of forward tsunami
computations to fault model parameters guides the modification of fault models to improve the
agreement between computed and observed tsunami data while retaining adequate fit to seismic

and geodetic observations.

2.1 Finite fault inversion

Finite fault models represent a sophisticated approach to describing earthquake
kinematics, evolving significantly over the last half-century from simpler models that
conceptualized seismic events as energy radiation from a point source in homogenous, elastic
half-space (Madariaga, 2015). The 1960s marked a pivotal era in seismology with the
introduction of the double couple source model. This model enhances the representation of
seismic sources by conceptualizing them as two pairs of point forces, which simulate the stress
changes at the hypocenter of an earthquake. These traditional models fail to account for the
intricate fault geometries and the temporal features of ruptures, which are critical in explaining
the physical deformations caused by strong ground motions during large earthquake events.

The finite fault model addresses these limitations by breaking down the fault plane into
smaller segments or subfaults. When preliminary source parameters such as the location, depth,
and fault plane geometry are determined, finite fault inversions of recorded seismic waves can be
applied to constrain the time-varying slip distribution on each subfault (Hartzell & Heaton, 1983;

Kikuchi & Kanamori, 1982; Olson & Apsel, 1982).
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2021 starting model

The USGS finite-fault model for the February 10, 2021 event starts with an approximate
hypocenter to the initial NEIC solution, located at 23.054°S, 171.601°E, at a depth of 12.0 km.
The finite-fault model uses a moment tensor nodal plane with a strike of 264.0°, dip of 19.0°, and
rake of 65°. The total seismic moment release calculated from this plane is 4.395 x 10?° Nm,
corresponding to a moment magnitude (Mw) of 7.7. This calculation is based on a one-
dimensional crustal model derived from CRUST2.0 (Bassin et al., 2000). The fault model is
structured into a grid of 31 columns along strike, with 5 km length, by 20 rows along dip, with 5
km width, covering a total rupture area of 155 km x 100 km. The maximum slip over the finite
fault model is 5.7 m, primarily concentrated in the shallow portion of the fault. The fault extends
up to 75 km along dip, with the peak slip centered approximately halfway along the
strike. The average rise time was 4.2 seconds at a rupture velocity of 2.03 km/s
(https://earthquake.usgs.gov/earthquakes/eventpage/us6000dg77/finite-fault).

Ye et al. (2021) were motivated by the discrepancies between the strike and rake of the
USGS NEIC and GCMT solutions to conduct a w-phase inversion for source parameters
following the methods prescribed by Kanamori & Rivera (2008). The output indicated a centroid
depth of 25.5 km, a strike of 276.9°, dip of 21.2°, rake of 94.8°, seismic moment of 4.15 x 10%°
Nm (Mw 7.68), and a 27 s centroid time shift, which are comparable to the Global CMT solution.
In a preliminary finite fault inversion using the Crust 2.0, Ye et al. (2021) identified slip patches
at 10 km and 20 km depth for uniform dip angles of 23 and 21 degrees, respectively. Informed
by a realistic fault subduction zone geometry model, SLAB2 (Hayes, 2018), the dip of the plate
interface was revised to vary between 5° at the trench to 35° at 30 km down dip. The final 2.5D

finite-fault inversion used a grid of 22 7.5 km x 7.5 km subfault columns along-strike and 10
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rows along-dip (Figure 3). The USGS NEIC hypocentral parameters were adjusted to 22.93°S,
171.7°E, and 8.8 km depth to account for the updated fault geometry. The finite-fault inversion
with these parameters had a negligibly larger seismic moment at 4.17 x 102 Nm (Mw 7.68), peak
slip of 4.2 m, with a slip centroid depth of 17.6 km, which is shallower than the USGS NEIC
solution and the preliminary finite fault inversion with uniform dip conducted by Ye et al.

(2021).

2023 starting model

The preliminary USGS finite fault solution for the May 19, 2023 event was based on a
moment tensor nodal plane with a strike of 105.2°, dip of 66.5°, and a rake of 295° at a centroid
depth of 37.7 km. The seismic moment released from this orientation is calculated to be 4.7x10%°
Nm (Mw = 7.7). The total fault segment has a total area of 160 x 64 km, which is discretized by
8 x 8 km subfaults 25 columns along the strike and 8 rows along the dip. The model also
estimates a peak slip of 3 meters.

Using a slightly adjusted central moment tensor nodal plane and hypocentral depth
(strike = 105.2°, dip = 66.5°, depth = 37.7 km) in the USGS finite fault inversion, the seismic
moment increased to 4.7 x 10%° Nm (Mw 7.7) in the starting model. These results constrain the

slip to a maximum of 3 meters at a depth of 18.1 km as the starting model (Figure 3).

10
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Slip (m) Seafloor Excitation (m)
Figure 3. Starting finite fault model and vertical seafloor excitation for the 2021 (top) and 2023 (bottom) M 7.7
earthquake events.

2.2 Tsunami modeling
NEOWAVE

NEOWAVE, a numerical model developed by Yamazaki et al. (2009, 2011la),
implements a shock-capturing non-hydrostatic approach to the non-linear shallow water
equations that enables an accurate description of tsunami generation, propagation, and coastal
run-up processes. These model capabilities have been benchmarked against mathematical and
numerical models as well as laboratory and field measurements (Yamazaki et al., 2023 ). Modern

advancements in seismology have improved our understanding of the time-varying

11



displacements on the earth’s surface and interior caused by an earthquake. Moving bottom
boundary conditions and vertical water velocity components represent an important step forward
in modeling tsunami generation and propagation from earthquake rupture. Traditional
hydrostatic tsunami models based on non-linear shallow water equations do not account for the
influence of vertical gradients and frequency dispersion on wave propagation. Several studies
over the past two decades have revealed the importance of dispersion in the development of
tsunami fronts in time and over large distances, describing ‘trapping and scattering’ effects due
to bathymetric features and capturing the amplification of tsunami waves (Munger & Cheung,
2008; Baba et al., 2021; Bricker et al., 2007; Horrillo et al., 2006; Kirby et al., 2013). While this
has motivated the development of alternative approximations to the non-linear shallow
equations, such as in Boussinesq models, the high-order terms used to capture dispersion are
difficult to implement computationally, particularly for nested grid schemes.

The model NEOWAVE addresses the generation, basin-scale evolution, and coastal
transformation of dispersive waves through a semi-implicit finite difference scheme. The
implementation of a shock-capturing scheme greatly improves the model's ability to describe
near-discontinuous wave propagation within the non-linear shallow water equations compared to
non-conservative methods (Yamazaki et al., 2011a, 2011b). Here, an alternative momentum-
conserved advection formulation presented by Stelling & Duinmeijer (2003), modified with an
upwind finite difference scheme, is used to determine the advective speeds in the non-hydrostatic
horizontal momentum equations. These horizontal fluxes are derived from adjacent cells to
update the free surface elevation across cell interfaces. The imposed free surface and bottom
boundary conditions in this depth-integrated formulation constrain the vertical components,

ultimately driven by non-hydrostatic terms and the horizontal momentum equations.
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Grid setup

The accuracy and resolution of bathymetry and topography directly influence tsunami
modeling and prediction. Underwater features such as ridges, canyons, and trenches affect wave
speed, direction, and wave energy concentration, which are critical for evaluating the height and
impact of tsunami waves upon reaching coastal areas. Additionally, detailed bathymetric and
topographic data helps identify potential hotspots of tsunami amplification and effectively plan
for coastal defenses, evacuation routes, and disaster risk management.

In the study of the February 10, 2021, and May 19, 2023, earthquake events, multi-level
nested grids, shown in Figures 4 and 5, were developed to forward model the tsunami signal at
coastal tide gauge stations and deep-water DART stations across the Southwest Pacific. Due to
the depth at which DART stations are positioned, their locations can adequately be covered by
the level-1 grid at 2 arcmin (~4000 m), down sampled from a GEBCO14 global DEM at 30
arcsec (~926 m) resolution. This level 1 computational grid (2 arcmin), presented in Figure 4a
also covers the earthquake source areas and produces optimal model dispersion (Li & Cheung,
2019). The nested grids telescoping to each of the three tide gauges, located at Lifou Island
(LIFO) and Ouinne (OUIN), New Caledonia, and Norfolk Island (KJNI), Australia, were
developed using available data of varying coverage and resolution. For the modeling of LIFO
and OUIN, the 5.76 arcsec (~178 m) TSUCAL DEM from Roger et al. (2021) was used for grid
levels 2 centered on the Vanuatu-New Caledonia region to the west of the earthquake sources.
This 30 arcsec (~926 m) dataset, as shown in Figure 4b covers the islands of New Caledonia and
coastal areas surrounding the tide gauges stations. The level 2 grid for the study of Norfolk
Island, encompassing a region southwest of the earthquake sources, was developed using the 30

arcsec (~926 m) GEBCO grid (Figure 4c).
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Figure 4. a) Level 1 (2 arcmin) grid with level 2 (30 arcsec) grids outlined in white squares. b) The level 2 grid for
New Caledonia contains the level 3 (6 arcsec) grids outlined in white. c) The level 2 grid for Norfolk Island
contains the level 3 (6 arcsec) grid

14



The level 3 grids for LIFO and OUIN were interpolated from TSUCAL to 6 arcsec (~185
m) and the respective level 4 grids were developed using 25 m resolution grids (NCV25 m,
TSUCAL), down sampled to 1 arcsec (~31 m), that cover the bays and coastline around the
gauge stations (Figure 5a, b). For Norfolk Island, grid levels 3, 4, and 5 (Figure 5c) were
developed using a 1.8 arcsec (~56 m) and 0.36 arcsec (~11 m) DEM provided by Roger (2022).
The 1.8 arcsec DEM was down sampled into the 6 arcsec (level 3) and 1.5 arcsec (level 4)
computational grids around Norfolk Island, with the final nested grid (level 5) at a resolution of

0.3 arcsec.

Due to the sensitivity of non-hydrostatic models to steep slopes, the raw bathymetric
grids were smoothed with a Gaussian function to generate the computational grids. Yamazaki et
al. (2009) developed this procedure to ensure that bathymetric variations less than the water

depth do not result in numerical instabilities.
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Figure 5. Nested Grid Setup for LIFO, OUIN, and KJNI. a) The level 3 (6 arcsec) grid for LIFO with the level 4 (1
arcsec) grid outlined in white (right). b) The level 3 (6 arcsec) grid for OUIN with the level 4 (1 arcsec) grid (right)
outlined in white. ¢) The level 3 (6 arcsec) grid for KINI with the level 4 grid (1.5 arcsec) and the level 5 (0.3
arcsec) grid for KINI.
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Observed Tsunami Signals

While not every coastal gauge or DART station listed in Figure 2 captured both events,
the distribution of available data around the source regions assists in constraining the source
mechanisms. This study identified 3 coastal gauge stations and 10 DART stations around the
2021 and 2023 Mw 7.7 event epicenters. DART stations employ a dual-mode sampling rate to
monitor ocean conditions and detect tsunamis. While transmitted data can contain time-averaged
data, the device itself continuously records the sea surface at 15-second intervals. The standard
15-minute transmission mode is intended to monitor the function of the devices and can provide
data on tidal fluctuations. A tsunami detection algorithm can place the system under event mode,
where data is transmitted at 15 seconds for 4 minutes after the triggering event. When this
occurs, the background 15-second recordings are averaged to 1 minute for the hour preceding the
event mode and the following three hours to resolve the tsunami signals and any precursors. The
coastal tide gauges have a consistent sampling frequency of 1 minute.

The provided raw signals from DART and coastal gauge stations are inherently
contaminated with tidal fluctuations unrelated to tsunami events. The tides were removed using a
7th-order digital Butterworth filter with a high-pass and low-pass cutoff of 2 hours and 4
minutes, respectively. The filter was applied to each station's 10-hour time series to capture the
background tidal oscillations, and wave amplitude spectrums for each station were computed

over 4 hours.

3. Seismic Source Model Selection
The finite fault models described in section 2.1 offer preliminary descriptions of the
February 2021 and May 2023 Mw 7.7 earthquake mainshocks. Ye et al. (2021) demonstrates that

an earthquake source mechanism can be evaluated through alternative seismic wave filtering and
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date quality checks in the W-phase inversion. Additionally, finite fault inversions can be
improved by carefully selecting and filtering seismic data and including more realistic slab
geometry. Tsunami forward modeling was conducted using NEOWAVE for the February 10,
2021, event to assess the agreement between computed and observed wave signals captured by
coastal gauge and DART stations. Given the systematically low tsunami waveform results from
Ye et al. (2021), multiple updated source scenarios were obtained from the University of
California Santa Cruz to increase tsunami excitation: altering the source velocity structure,
shifting the location of peak slip on the fault plane, and moving the hypocenter up-dip. These
models were again forward-modeled using NEOWAVE and evaluated based on their agreement
with the observed tsunami record.

Due to the recency of the May 19, 2023 Mw 7.7 event, no finite fault solution, other than
the one produced by the USGS, was identified. The USGS NEIC W-phase solution and finite
fault model produced indicated a rather deep hypocentral depth for a slab bending event on the
trench outer rise. Though this depth was further constrained in the USGS preliminary finite fault
inversion to an 18.1 km deep hypocenter, closer to the USGS NEIC hypocenter of 15.1 km, no
further refinement of the finite fault solution was conducted. A planar finite fault model using the
USGS NEIC W-phase solution without optimizing the moment tensor or hypocenter was
obtained from the University of California Santa Cruz. We then forward-modeled the two nodal

plane solutions generated in the inversion.
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Figure 6. Slip Distribution (left) and Seafloor Deformation (right) for the preferred 2021 (top) and 2023 (bottom)
Mw 7.7 Earthquakes models in the Vanuatu Subduction Zone

3.1 2021 Model C

Using the finite-fault model developed by Ye et al., (2021) as a basis, the preferred model
for the February 10, 2021, Mw 7.7 event was developed by moving the hypocenter up-dip to the
shallowest grid row with coordinates 23.0634°S, 171.682°E, at a depth of 0.8 km into rock
below 6 km of water to increase the short-period oscillations observed in the records. The
shallower rupture depth resulted in an increased peak slip of 7.5 m, concentrated in the center of

the fault grid (Figure 6). The seismic moment remained the same as the starting model at
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4.18 x 10%° Nm (Mw 7.68). The limit for rupture velocity across the fault surface was 2.5 km/s

for a subfault rise time of 13 seconds.
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Figure 7. Computed (red) and observed (black) tsunami signals for the February 10, 2021, Mw 7.7 Earthquake in the
Vanuatu Subduction Zone.

As demonstrated in Figure 7, the greater tsunami excitation in the fault model gives good
wave amplitude agreement at coastal and DART stations. The first-wave arrivals generally
match the observed record, except for NZI and NZH. These relatively weak tsunami signals are
not discernable due to the noise in the observed record. Station 51425’s observed signal appears
to drop in sampling resolution from 1 minute to 15 minutes at ~4 hours past the USGS origin
time. The waveform agreement for 51425, NZG, NZE, NZC, NZB, OUIN, and KJNI aid to

constrain the source mechanism.

3.2 2023 Model FFMO05

The preferred finite fault solution for the May 19, 2023, Mw 7.7 event was based on the
southward dipping nodal plane solution with strike 80°, dip 32.5°, and variable rake over the

fault. The dip for this model, optimized by minimizing residual variance over models with dip
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increments of 2.5° is significantly shallower than the USGS NEIC W-phase solution. The
hypocenter was located 13.6 km into rock under 4 km of water. The fault covers a total area of
152 km x 40 km and is subdivided into an 8 x 8 subfault grid with 19 columns along strike and 5
rows along dip. The peak slip is concentrated towards the NE of the fault (Figure 6). The seismic
moment is 4.23 x 10°° Nm (Mw 7.68). The limit for rupture velocity across the fault surface was
2.5 km/s for a subfault rise time of 15 seconds.

The model positioned at the USGS epicenter resulted in late arrival times on the eastern
water level stations and early arrival times on the western stations. Thus, the epicenter of this
event was shifted to 23.206°S, 170.922°E, ~20 km east of the USGS epicenter within the model
uncertainty, for optimal agreement across all water level stations (Figure 8). The shifted model's

slip distribution remained identical to the distribution at the initial epicenter.
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Figure 8. Computed (red) and observed (black) tsunami signals for the May 19, 2023, Mw 7.7 Earthquake in the
Vanuatu Subduction Zone
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This shallow slip model produces first-arrival waveforms that agree reasonably with
water level observations in time and amplitude. This is particularly true for the stations 51425,
NZF, LIFO, OUIN, and NZJ. Most DART station records to the southeast of the source region

exhibit high noise, and the signal is relatively weak (i.e., NZB, NZI, NZH, NZG).

4. Comparative study of the 2021 and 2023 Loyalty Islands tsunamis

The tsunami validation of the 2021 and 2023 Mw 7.7 earthquake source models in section
3 provides a robust basis for studying the tsunami patterns in the region in relation to their
mechanisms. This is elaborated in terms of the waveform in the source region, near field, and far
field as well as the distribution of the maximum positive, negative, and absolute wave amplitudes

for each event.
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4.1 Initial waveform
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Figure 9. Computed initial wave amplitude (cm) distribution of the February 2021 (top) and May 2023 (bottom) at

1, 5, 10, and 15 minutes after their respective origin times. Cyan circles indicate the location of Eva Seamount (left)
and Vauban Seamount (right). Magenta circles indicate the location of Matthew (left) and Hunter (right) islands.
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The 2021 megathrust earthquake occurred just to the north of the trench for a total time of
55 seconds. The event's shallow slip of 7.5 meters had a greater surface expression than the
USGS and starting finite fault models. The maximum seafloor uplift was computed as 1.31
meters, with a maximum subsidence of 0.78 meters. The seafloor deformation that generated the
tsunami was predominantly through uplift, evidenced by an initial waveform at 1 minute and
leading crest at 5 minutes (Figure 9). The maximum wave amplitude was observed perpendicular
to the trench, characteristic of an interplate megathrust earthquake. The plot clearly shows the
free surface oscillations generated by the initial uplift at the source. At 10 minutes, Vauban
seamount appears to refract and focus wave energy to the north. Shallow seamounts and insular
shelves are prone to trapping of tsunami energy (Cheung et al, 2013), and gradual release of the
trapped energy from Vauban Seamount as radiated waves is evident by 15 minutes. Although the
radiated waves spread over a 360° azimuth, the waves propagating in East-West directions are
amplified by shoaling and refraction over the margin. Additionally, small amplitude diffracted
waves generated by the leading crest are also observed to propagate east and west. There is
limited evidence of refraction and amplification near Eva Seamount.

In contrast, the 2023 earthquake had its source on the South side of the trench, southwest
of the nearest Matthew Island. The peak slip for the preferred model is 5.2 meters over a rupture
time of 45 seconds. The computed maximum uplift is 0.30 m, while the maximum subsidence
reaches 2.37 meters. This normal-fault earthquake primarily generated a tsunami through
subsidence, with a prominent drawdown of the water surface at 1-minute and a clearly visible
leading trough at the 5-minute mark. A vertical sea surface displacement from the upswing of the
initial subsidence is observed at the source location. The leading waves are also the strongest

perpendicular to the trench. By 15 minutes, refracted-diffracted waves near Matthew Island are
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observed with a similar, but weaker pattern in comparison to the radiated waves from Vauban
Seamount in the 2021 event. Additionally, Eva Seamount appears to focus wave energy through
refraction in a way not observed in the 2021 event. These observations highlight the differences

in tsunami generation and propagation in relation to local bathymetry.
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4.2 Near-field waveform
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Figure 10. Computed near-field tsunami wave amplitude (cm) distribution of the February 2021 (left) and May 2023
(right) at 30, 40, and 50 minutes after their respective origin times.
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Tsunami waves are strongly influenced by bathymetric features, with their speed and
direction primarily dependent on water depth and its variation, particularly in the near field
(Figure 10). At 30 minutes after the 2021 earthquake, the waves generated radiation of energy
trapped over Vauban Seamount can be seen traversing east and west along Hunter Ridge on the
north side of the trench. These radiated waves appear to be influenced by the epicenter location
with respect to Vauban Seamount. Refraction and diffraction of the initial tsunami waves around
Matthew Island also focuses wave energy to the north. The tsunami waves generated by the 2023
event do not refract and diffract around Matthew Island as intensely due to the location of the
deformation patch far to the southwest on the outer rise. However, the source location provides a
direct approach to Eva Seamount where significant wave amplification is observed. At 30
minutes, the smaller diffracted waves generated by the 2023 event do not follow the Hunter
Ridge as closely. Refraction of the tsunami around Eva Seamount and Matthew Island amplifies
the leading waves toward the north-northwest and north-northeast due to the source location
relative to the two features.

At 40 minutes, the northwest traveling waves from the 2021 and 2023 tsunamis exhibit
different characteristics in the area between Vanuatu and the trench. The northwest traveling
waves generated by the 2021 event appear to approach Vanuatu as coherent crests spanning from
Vanuatu to the trench. The 2023 tsunami does not appear to extend west of 170°E with the same
level of energy. This difference is related to the influence of the ridge and seamount features on
the tsunami close to the source. The westward propagating waves in the 2021 model appear to
refract and shoal off the trench as they approach Vanuatu, causing elevated wave amplitude to
the southern and western parts of the islands. By 50 minutes, the overall tsunami patterns look

similar despite the opposite polarity of the leading wave. The 2021 tsunami exhibits more
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concentrated wave energy wrapping around Vanuatu from the south and west. Generally, both
tsunamis appear to diffract through the passage between Aneityum and Tanna. Due to the
location and strike of both ruptures, neither event poses a direct tsunami threat to New
Caledonia. In comparison, the two tsunamis south of the trench are very similar due to the

absence of nearby bathymetric features immediately south of the sources.
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4.3 Far-field waveform
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Figure 11. Computed far-field tsunami wave amplitude (cm) distribution of the February 2021 (top) and May 2023
(bottom) at 1 hr, 2hr, and 3hr marks after their respective origin times.
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The far-field tsunami wave pattern for both events is similar, apart from the polarity of
the leading wave as shown in Fig. 11. The wave fronts appear to be preserved in three primary
directions related to the water passages between Australia, New Zealand, Fiji, and Vanuatu/New
Caledonia. Short crested waves observed at 2 and 3 hours west of the Kermadec trench suggest
the development of resonant oscillations generated by bathymetric features within the North and

South Fiji Basins (Bai & Cheung, 2015).
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4.4 Maximum wave amplitude distribution

Maximum Surface Elevation (cm)

Figure 12. Maximum crest amplitude distribution for the February 2021 thrust-fault (left) and May 2023 normal-
fault (right) earthquakes. Red circles indicate the earthquake epicenter locations. Magenta triangles indicate the
location of coastal gauge stations, and white circles indicate the location of DART stations.
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The maximum crest amplitude distributions for the February 2021 thrust-fault and May
2023 normal-fault earthquakes reveal distinct characteristics (Figure 12). For the 2021
earthquake, the wave amplitude pattern is typical of a thrust fault, with the main energy directed
normal of the trench with higher amplitude northward due to shoaling over the slope. The
majority of energy appears to be carried in the crest for the 2021 tsunami. In contrast, the 2023
earthquake generates a split wave pattern with prominent lobes to the north-northeast due to
refraction around Matthew Island and Vauban Seamount and to the north-northwest due to Eva
Seamount. The tsunami has comparably lower crest amplitudes because of the smaller seafloor
uplift. For both tsunamis, the direction of the energy lobes south of the sources appear very
similar. This is due to the absence of prominent seamounts and bathymetric features that might
redirect energy from the source. However, the 2023 tsunami has more focused energy lobes

based on the crest.
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Figure 13. Maximum trough amplitude distribution for the February 2021 thrust-fault (left) and May 2023 normal-
fault (right) earthquakes. Red circles indicate the earthquake epicenter locations. Magenta triangles indicate the
location of coastal gauge stations, and white circles indicate the location of DART stations
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The trough of the leading wave in the 2021 thrust-fault event is generated by dropdown
of the initial crest from seafloor uplift and is affected to a greater extent by the local bathymetry
in particular over Vauban Seamount. Its amplitude in Fig. 13 a,c appears less uniformly
distributed normal to the trench than the crest amplitude shown Figure 12 a,c. In contrast to the
pattern of wave crests, the trough amplitudes appear greater in magnitude immediately
southward of the trench. The trough amplitudes in Figure 13a shows a stronger lobe to the
southwest than the crest amplitude in Figure 12a.

The 2023 event has a leading trough generated by seafloor subsidence followed by wave
crest from rebound of the initial drawdown. The maximum trough amplitude (Figure 13 b,d)
displays a relatively even spread normal to the trench, with evidence of wave splitting north of
the Hunter Ridge as observed in the crest amplitude pattern in Figure 12 b, d. The event also
produced a beam of trough amplitude in the direction of Ouinne, which was otherwise not
observed in the weaker crest pattern in either event. The distribution of the 2023 trough
amplitudes appears more concentrated directly around the source location, with larger amplitude
waves not observed traveling as far North or South compared to the 2021 event. This is likely
due to more rapid attenuation of the shorter period waves generated in deeper water by a

narrower deformation patch.
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Figure 14. Absolute maximum wave amplitude distribution for the February 2021 thrust-fault (left) and May 2023
normal-fault (right) earthquakes. Red circles indicate the earthquake epicenter locations. Magenta triangles indicate
the location of coastal gauge stations, and white circles indicate the location of DART stations.
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Because the two tsunamis have prominent leading crest and trough, it would be more
appropriate to compare its energy propagation pattern from the absolute maximum surface
elevation computed from either the crest or trough (Figure 14). The tsunami generated by the
February 2021 earthquake exhibits typical megathrust tsunami behavior, with a strong and well-
defined wave propagation pattern normal to the trench (Figure 14 a, ¢). In contrast, the May 2023
earthquake exhibits less spatial uniformity, likely due to the diffraction and refraction of waves
upon reaching the Hunter Ridge and seamounts to the north of the epicenter (Figure 14 b, d).
This splitting results in wave energy primarily directed towards the north-northwest and north-
northeast of Eva Seamount and Matthew Island and Vauban Seamounts from the source. The
narrower deformation area and deeper water at the source of the 2023 tsunami result in shorter
period waves that shoal and refract more with seamounts and ridges to the north of the source
region. Both events display similar characteristics to the south of their respective origins, though
the longer-period 2021 tsunami waves result in less dispersion and higher amplitude reaching
further from the source region. The similarity of the tsunamis to the south attests to the absence

of major bathymetric features near the source that might redirect the energy through refraction.

5. Discussion

Tsunami forward modeling in NEOWAVE has been used to study the influence of the
February 2021 and May, 2023 Mw 7.7 normal and thrust-fault earthquake mechanisms on wave
patterns in the Vanuatu-New Caledonia region as well as to constrain the ruptures of the
earthquakes that generated them. While seismic analysis and forward tsunami modeling provide
an efficient and highly effective approach to defining potential rupture scenarios and describing

weakly dispersive wave propagation over irregular bathymetry, incorporating additional
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geophysical observations and modeling techniques could provide a more robust understanding of

earthquake mechanisms and their tsunamigenic potential.

Deep water DART stations, particularly to the West of the 2021 and 2023 Mw 7.7
earthquake source region, provided limited observations of the tsunami signal. While there are
several coastal gauge stations in the Vanuatu-New Caledonia region beyond what is included in
this thesis, the lack of high-resolution bathymetry around them were major obstacles that
prevented their inclusion in the forward tsunami modeling. With more observations of the sea
surface (i.e. satellite altimetry), validation of the wave characteristics as well as the location and

timing of seafloor deformation could be improved.

The tsunami observations function in the forward process to resolve some of the
uncertainties associated with seismic analysis in determining the characteristics of earthquakes,
such as depth, location, and slip. While the 2021 and 2023 Mw 7.7 earthquake fault mechanisms
are described by non-uniform rupture over 3D slab geometries, the representation of material
properties and spatial heterogeneity within the earth’s interior iS coarse but stable for
implementation in seismic inversion algorithms. Local ground motions and GPS of the seafloor
could provide important constraints on ground acceleration and seafloor deformation at the
source region, thereby enhancing our understanding of the source characteristics on tsunami

generation.

The nested grid setup used in NEOWAVE to study the 2021 and 2023 tsunami have a
direct impact on the accuracy of the waveform results and stability of NEOWAVE’s numerical
procedure. As bathymetry and topography are often gathered using different instruments and

methods, merging grids of different resolutions involves significant tailoring of the original
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digital elevation models to resolve disagreements between datasets. Additionally, all bathymetric
grids require Gaussian smoothing.  This approach might downplay small-scale seafloor
irregularities, particularly at grid boundaries, and their role in wave scattering and energy
distribution. A more granular analysis of bathymetric influences would enhance the reliability of
the tsunami hazard assessments. Addressing these uncertainties by incorporating high-resolution
bathymetric data and more detailed coastal topography could provide a more accurate

representation of tsunami wave behavior.

6. Conclusions and Recommendations

The 2021 and 2023 Loyalty Islands tsunamis were generated by thrust-fault and normal-
fault earthquakes with distinct seafloor deformation. This difference in fault mechanism and
subsequent seafloor deformation resulted in a leading crest wave for the 2021 tsunami, and a
leading trough wave for the 2023 tsunami. While vertical seafloor displacements, either in the
positive or negative direction, are what primarily set tsunami waves in motion, most destructive
tsunamis are typically generated by large thrust-fault earthquakes. This is related to the
magnitude potential of interplate events, the relatively shallow dip angle of thrust-faults, and
proximity of the slip to the seafloor, which directly influences tsunami excitation. Leading crest
waves generated by primarily positive seafloor displacement, with their energy above the mean
free surface, can often cause more sudden and extensive runup and inundation in coastal areas.
Leading trough waves, which characteristically induce a temporary retreat of the coastal
shoreline, can expose substantial areas of the coastal seafloor and result in turbulent bore

formation further offshore. For the same earthquake magnitude, the 2021 and 2023 tsunamis
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produced similar amplitude signals despite the 2023 event displacing the seafloor ~1 m greater in

magnitude than the 2021 event.

The location of seafloor deformation with respect to surrounding bathymetric features
strongly influence the near-field tsunami wave propagation patterns and far-field tsunami energy
distribution. While the east-west trending ruptures result in primary directivity for the 2021 and
2023 tsunamis to the North and South, the southern lobes of both tsunamis are very similar due
to the absence of large seafloor features near the sources. However, the earthquake location with
respect to the Hunter Ridge significantly affects the directionality of tsunami waves northward.
Eva Seamount and Vauban Seamount to the northwest and northeast of the 2023 deformation
patch lead to refraction and focusing of the tsunami energy in the respective directions from the
source. The 2021 deformation patch located immediately south of Vauban Seamount and
Matthew Island produces a prominent energy lobe to the north. This highlights the importance of
the precise placement of slip and seafloor deformation in tsunami hazard assessment and the
complementary advantages in joint seismic and tsunami analysis of earthquake sources. Near-
field tsunami measurements would be instrumental in improving the description of earthquake

source mechanisms.

Despite these differences in the local distribution of the energy and leading wave polarity,
the far-field pattern remains consistent between the 2021 and 2023 tsunamis with similar overall
energy distributions. This similarity is attributed to the many seamounts, which act as
waveguides across the North Fiji Basin, but the wave period also plays a role. The width of
seafloor deformation and the local water depth have strong influence on the period of the
generated tsunami waves from an earthquake. The 2023 earthquake, characterized by narrower

seafloor deformation in deeper water, resulted in shorter-period waves. This led to more intricate
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and narrow energy lobes as shorter-period waves shoal and refract more significantly around
seamounts and small islands. In contrast, the 2021 earthquake, with more extensive and uniform
seafloor deformation on the overriding plate, produced wider energy lobes and longer-period
waves.

The hazard posed by the 2021 and 2023 tsunamis cannot be adequately addressed without
runup and inundation calculations. However, several factors from this study can be considered.
The 2023 normal fault earthquake produces wave amplitudes comparable to the 2021 thrust
earthquake at coastal gauge and DART stations, and therefore may present comparable coastal
risk to populated areas in the far-field. The 2021 tsunami appears to spread more to the West of
the source region due to strong radiation from trapped energy over Vauban Seamount, enabling
stronger energy to approach the southern islands of Vanuatu. In contrast, the 2023 event
influences Vanuatu from the East, with a dominant energy lobe from refraction over Eva

Seamounts directed at Aneityum and Tanna that is not apparent for the 2021 tsunami.

In principle, larger earthquake events in the historical record that are located further north
along the trench between Vanuatu and New Caledonia, such as the 1875 Mw 7.6 and 1920 Mw
8.1 earthquakes, pose a more direct regional tsunami risk to local islands because of the
proximity and orientation of the trench. Tsunamis similar to those generated by the 2021 and
2023 Mw 7.7 events present minimal threat to New Caledonia but can potentially impact Vanuatu
and land masses in the path of the main tsunami energy lobes to the north and south. Several
measures are recommended to mitigate the threat posed by tsunamis in the southern VSZ.
Increasing seismic and tsunami monitoring near populated areas is essential, particularly due to
the lack of DART stations within an hour of travel time from the source regions, which limits

early detection capabilities for these island communities. Conducting more paleo-tsunami studies
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will help identify past major events, even beyond the last 100 years, providing valuable insights
into future risks. Extending the time history analysis of seismic and tsunami events will enhance
our understanding of potential hazards. Additionally, simulating seismic events, including
normal faulting events, further north will help determine hazard levels in relation to the source
region, as northern events are suspected to pose a greater threat. Implementing these measures

will improve preparedness and reduce the risk to vulnerable populations in the region.
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Data availability
Coastal gauge and DART station observations were accessed through the 10C water level
monitoring website: (https://www.ioc-sealevelmonitoring.org/). DEM resources include

GEBCO14 and the TSUCAL project associated with Roger et al., 2021, 2022.
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