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Abstract Determining the up‐dip extent of slip during large megathrust earthquakes is important for
understanding tsunami generation, potential for subsequent failure of the shallow megathrust, and plate
contact depth‐varying frictional properties. Recent measurements of early Pcoda amplitudes relative to direct
P signals for the period range 7 to 15 s find high Pcoda/P ratios for many events with finite‐fault rupture
models that have slip extending to near deep trenches, resulting in enhanced pwP (water‐reverberation)
generation. However, some events with high Pcoda/Pmeasures have finite‐fault model solutions that vary in,
or lack, shallow slip. We reexamine six large megathrust earthquakes with unexplained high Pcoda/P ratios
(30 July 1995 Chile, MW 8.0; 17 November 2003 Aleutian, MW 7.7; 12 November 1996 Peru, MW 7.7; 7
October 2009 Vanuatu,MW 7.6; 5 May 2015 Papua New Guinea,MW 7.5; and 5 March 2002 Mindanao,MW

7.5), inverting for slip models with depth‐varying dip and varying bathymetry, adjusting kinematic
parameters to better allow for the possibility of late shallow slip with associated strong pwP excitation. We
confirm that modest patchy late shallow slip (~1 to 3 m) occurred near the trench for the 1995 and 2003
events, accounting for observed high Pcoda levels and minor tsunamis. The 2009 event appears to have minor
shallow slip, whereas the 1996, 2002, and 2015 events do not; their coda amplitudes are likely enhanced
by early aftershocks. Refined modeling of the later stages of large megathrust ruptures, guided by Pcoda
levels, improves resolution of the up‐dip limit of co‐seismic slip.

1. Introduction

Most of Earth's largest earthquakes involve rupture of plate boundary megathrust faults in subduction zones
(e.g., Allen & Hayes, 2017; Bilek & Lay, 2018; Kanamori, 2014; Lay, 2016; Lay et al., 2012). The seismogenic
depth range of these shallowly dipping thrust faults typically extends from 12 ± 2‐km to 45 ± 9‐km depth
(Hayes et al., 2018), although some events involve rupture that extends up to the seafloor near the trench
(~2 to 8 km below sea level). When rupture occurs near the shallow toe of the overriding plate, usually in
relatively low rigidity material, fault displacement can be atypically large and resulting seafloor deformation
enhanced, resulting in strong tsunami excitation. If rupture does not extend to shallow depth in a large
megathrust event, the shallow portion of the fault must accommodate the plate displacement either by aseis-
mic slip or by occurrence of separate shallow ruptures. When isolated shallow ruptures occur, the low rigid-
ity of the rocks above the megathrust produces low overall rupture velocity, weak radiated short‐period
energy, and, again, enhanced slip for a given seismic moment, with strong tsunami excitation (e.g., Lay &
Bilek, 2007). These attributes are characteristic of a “tsunami‐earthquake” (Kanamori, 1972). Establishing
the up‐dip limit of faulting in large megathrust ruptures is thus essential for understanding the strength of
tsunami excitation, the potential for isolated tsunami‐earthquakes to occur in the shallow portion of a sub-
duction zone that either does or does not rupture in large deeper events, and the nature of depth‐varying
properties of the physical environment and/or intrinsic frictional variations along the megathrust.

Resolving the up‐dip extent of rupture for largemegathrust earthquakes is quite challenging. The subduction
zone trench is far offshore, so regional on‐land geodetic and seismic signals have limited resolution of the up‐
dip rupture, especially if deeper coseismic slip close to land dominates the rupture (e.g., Lay, 2018; Lay et al.,
2012). Strong interference of direct down‐going body waves with quickly following surface‐reflected waves
further limits the resolution of teleseismic signals. Low rupture velocities in the near‐source environment
at shallow depth can delay arrivals from shallow slip, producing a tapering tail in the event's moment‐rate
function for which typical simplified Green's functions and rupture model parameterizations may not
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provide good resolution. Thus, finite‐fault inversions and moment‐rate function deconvolutions for large
ruptures often differ in the later stages of the source models (e.g., Bilek & Lay, 1999; Hayes, 2017; Meier
et al., 2017; Vallée & Douet, 2016; Ye et al., 2016) due to their model parameterizations. Only recently have
numerical methods advanced to allow accurate calculation of 3‐D Green's functions in subduction zone
structures including varying water depth (e.g., Qian et al., 2019; Wu et al., 2018) and such analyses are not
yet routinely applied for constructing finite‐fault models of large events. Rapid determination of the up‐dip
extent of faulting to assist in early tsunami warning by recognition of the potential enhancement in
tsunami amplitude due to shallow slip thus remains a particularly difficult challenge.

A recently proposed approach to determining whether rupture reached shallow depths below a deep trench,
with potential for rapid application for tsunami warning as well as to guide subsequent finite‐fault modeling,
exploits the tendency for slip under deep water to produce low frequency ringing in the P wave coda (Pcoda;
Lay & Rhode, 2019; Lay et al., 2019). This results from excitation of pwP signals, which involve acoustic
reverberations in the water column generated by up‐going P wave energy that reaches the seafloor above
the slip zone. Themultiple acoustic wave bounces within the water column shed pwP energy that is observed
in the coda of the main teleseismic P+pP+sP wave packet, with a period that increases with the overlying
water depth. Shallow rupture beneath a 6‐km‐deep trench will generate ~12‐s period oscillations in the P
coda; deeper rupture on the megathrust produces shorter‐period, azimuthally varying pwP reverberations
(Lay & Rhode, 2019). As a result, various ratios of Pcoda amplitude relative to the main P wave amplitude
provide simple measures that increase when slip extends to shallow depth.

Figure 1 shows event‐median ratios of RMS Pcoda amplitude to RMS P amplitude (RMS_C/P) for 52 large
megathrust ruptures using global teleseismic vertical ground velocity recordings (Lay et al., 2019).
Seismograms at epicentral distances of greater than 80 to 120° were filtered in the 7‐ to 15‐s passband, med-
ian values of RMS_C/Pmeasurements in 10° azimuthal bins were computed, and event‐medians of the azi-
muthally binned data, along with 40 percentile and 60 percentile values, are plotted. Finite‐fault models
have been determined for all of these events from a variety of seismic, geodetic, and tsunami inversion
and modeling efforts, and those models were used to classify whether the event had evidence of some shal-
low slip in a region with a deep trench, some shallow slip with no deep trench, no shallow slip, uncertain
designation due to inconsistency among finite‐fault models, or visible evidence of a large early aftershock
contaminating the coda window. The duration of the P wave signals and the length of the subsequent

Figure 1. Event median RMS_C/P, for medians of 10° azimuthal bins of measurements at epicentral distances from 80 to 120°, ordered by increasing value
for 52 large interplate thrust earthquakes (Lay et al., 2019). The range of the 40th and 60th percentile values is indicated by the bounds. The red bars indicate events
that are thought to have no shallow slip based on the available slip models, while the blue bars are thought to have at least some shallow slip or only shallow
slip. The cyan bars indicate events that rupture shallow depths but have no deep‐water trench. The dark green bars have uncertain slip models but lack shallow slip
in published results. The light green bar is for an event with an early aftershock possibly contaminating the coda. The magenta labels indicate tsunami earthquakes.
The separate mean and standard deviation (SD) for the red and blue populations are shown above the distribution. The arrows highlight seven events with
unexplained high coda levels that are discussed in the text.
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Pcoda windows were guided by the duration of the moment‐rate functions for each event and by minimizing
overlap with other expected phases such as PP. Events with no evidence of shallow slip (red bars) tend to
have relatively low Pcoda/P ratios, while those with shallow slip in deep water environments (dark blue bars)
have higher Pcoda/P ratios. Events with shallow slip but lacking deep trenches (cyan bars) have low Pcoda/P
ratios in the 7‐ to 15‐s passband. The quasi‐bimodal distribution indicates the potential of using this simple
parametric measurement to inform tsunami warning systems about the possibility of stronger than average
tsunami having been generated for a large event due to the slip extending to shallow depth under deep water,
or not.

While promising, it is important to understand the outliers in Figure 1; particularly the events with relatively
high coda levels and ambiguousfinite‐faultmodel indications of shallow slip or no indications of shallow slip.
It is also important to understand events with indication of shallow slip and particularly strong coda but rela-
tively weak tsunami excitation. The arrows in Figure 1 highlight events of interest to understand better. The
goal of the current study is to examine six of the corresponding outlying events, with four different character-
istics: (1) events with very high coda and finite‐fault models with some shallow slip, but low tsunami ampli-
tudes (30 July 1995 Chile, 17 November 2003 Aleutian); (2) events with high coda and finite‐fault models that
have consistent deep slip but inconsistent shallow slip determinations (12 November 1996 Peru, 5 May 2015
PNG); (3) events with deep slip in their finite‐fault models but some indication of an early aftershock contam-
inating the coda (7 October 2009 Vanuatu); and (4) the one true moderately high coda level outlier in the
population which has two consistent finite‐fault models lacking shallow slip (5 March 2002, Mindanao).
The only additional ambiguous event flagged in Figure 1 is the 17 December 2016 Solomon Island event,
but that earthquake is a compound event that appears to have initiated with an intermediate depth intraplate
slab rupture that triggered megathrust faulting (e.g., Lay et al., 2017). Two of three published models for this
event (U.S. Geological Survey‐National Earthquake Information Center [USGS‐NEIC]; Lee et al., 2018)
indicate that the triggered megathrust slip extended to near the trench, but the shallow slip is small, the
tsunami excitation is weak, and the rupture parameterization is complicated and rather ill‐constrained, so
further analysis is not likely to add decisive information for that event.

The spatial distribution and global centroid moment tensor (GCMT) best‐double‐couple solutions (https://
www.globalcmt.org/CMTsearch.html) for the six events considered here are shown in Figure 2. They sample
several different subduction zone environments, and none of these events generated huge tsunami (Lay et al.,
2019). Their relatively high Pcoda/P ratios apparent in Figure 1 require an explanation. This is important for
two reasons. The first is to evaluate whether the basic Pcoda/P measurement strategy intrinsically produces
false alarms for early tsunami warning application, in the sense of high Pcoda incorrectly indicating stronger
tsunami than would be expected based on the mechanism, magnitude, and a typical rupture of the central
megathrust depth range. If so, we want to evaluate whether there is a viable mitigation strategy to avoid false
inference of shallow rupture. The second is to exploit the coda excitation to help develop improvedfinite‐fault
models for these events to reduce the ambiguity regarding occurrence of shallow slip: an important goal for
evaluating depth‐varying properties and potential for tsunami earthquakes in these regions.

The RMS_C/P ratios are simplemeasures of the event‐characteristic level of Pcoda versus P, so they are closely
connected to the observed teleseismic waveforms. To evaluate the relatively high RMS_C/P ratios for the six
events of interest, Figure 3 shows limited subsets of their broadband (band‐pass filtered from 5 to 200 s) tele-
seismic vertical component ground displacement waveforms.We display 200‐s duration time windows of the
globally distributed data at epicentral distances of 60° to 100° to provide a feeling for the measurements in
Figure 1. The red lines denote the time intervals used for measuring RMS amplitudes of P (between the first
two lines) and Pcoda (between the last two lines). Each waveform is normalized by its peak amplitude. The PP
phase arrives after 150 s at 60° and moves‐out in time relative to P with distance, as seen particularly clearly
for the 2009 Vanuatu event (Figure 3d). Note the strong ~15‐s period ringing in the codawindows for the 1995
Chile (Figure 3a) and 2003 Aleutian (Figure 3b) events, highlighted by the cyan boxes. The 1996 Peru event
(Figure 3c) has some early strong arrivals in the coda (cyan) but lower later coda levels, which is reflected in
the event median RMS_C/P in Figure 1. The 2009 Vanuatu (Figure 3d) and 2015 PNG (Figure 3e) events have
coherent secondary arrivals that lack prolonged ringing. The 2002Mindanao event (Figure 3f) has the lowest
RMS_C/Pmeasurement for the six events (Figure 1) but has very complex and incoherent coda signals, well
above the background noise level. Extended profiles spanning the distance range 30 to 120°, and 500‐s
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duration are shown for these events in Figures S1 to S6 in the supporting information for broadband and 7‐ to
15‐s filtered displacements; the data correspond to the specific waveform populations measured in Lay
et al. (2019).

In order to understand the causes of the enhanced coda levels for these six events, we perform updated finite‐
fault inversions using improved, although still approximate, Green's functions for varying oceanic bathyme-
try that accounts for first‐order differences in pwP excitation as a function of slip placement relative to water
depth. We seek to establish whether shallow slip occurred with strong pwP enhancement of the coda, and
associated compatibility with the tsunami amplitudes. If not, is early aftershock activity during the coda win-
dow responsible for the RMS_C/Pmeasurements? Resolving these issues will improve our understanding of
these specific events and their up‐dip limit of faulting. It will also address the outliers in the RMS_C/Pmea-
surements for the 52 large megathrust events in the database (Lay et al., 2019; Figure 1) that calibrate the
strategy of using such measures in early tsunami warning applications.

2. Finite‐Fault Inversion Method

We utilize a least‐squares kinematic finite‐fault inversion method applied to teleseismic P and SH wave
ground displacements in the passband 0.005–0.9 Hz (200 to 1.1 s), seeking to improve the finite‐fault rupture
models for the six events in Figure 2 with relatively high RMS_C/P but uncertain shallow slip. The inversion
procedure is basically that of Ye, Lay, et al. (2016), but we adapt the Green's functions and kinematic para-
meters to improve the modeling of early coda. The improvements mainly involve two structural features
indicated in Figure 4. The first is the inclusion of varying ocean bathymetry in the source region crustal velo-
city structures when computing Green's functions (rather than a uniform 1‐D structure). The varying water
depth is extracted from ETOPO1 (https://www.ngdc.noaa.gov/mgg/global/) and accounts for first‐order dif-
ferences in pwP excitation for slip at different depths on the megathrust. The second improvement, increas-
ingly used in finite‐fault inversions, is to have depth‐varying dip of the megathrust be specified using Slab2
(Hayes et al., 2018), rather than a single planar fault model.

Figure 2. U.S. Geological Survey‐National Earthquake Information Center (USGS‐NEIC) epicenter locations and best‐double‐couple focal mechanisms from
global centroid‐moment tensor solutions for the six large subduction zone megathrust earthquakes considered here to understand why they have high RMS_C/P
measures in Figure 1.
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Figure 3. Broadband (band‐pass filtered from 5 to 200 s) teleseismic vertical component ground displacement waveforms in the epicentral distance range 60
to 100° for the six events in Figure 2. Each waveform is normalized by its peak amplitude. For each profile, the first two red lines indicate the time interval for
the P wave signal and the last two red lines indicate the Pcoda window. The cyan boxes highlight the strong ~12‐ to 15‐s period ringing in the coda windows
for (a) 1995 Chile, (b) 2003 Aleutian, and (c) 1996 Peru events. The blue boxes display coherent discrete P arrivals after the direct P+pP+sP of the mainshock for
(d) 2009 Vanuatu and (e) Papua New Guinea (PNG) events. The 2002 Mindanao event (f) has strong incoherent coda.
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We do not, however, compute Green's functions for fully 3‐D structures (e.g., Qian et al., 2019; Wu et al.,
2018), as that is a very expensive undertaking given the many subfaults involved in finite‐fault inversions
of large earthquakes and requires more detailed structural knowledge than typically available. Instead, we
approximate the structure using 2.5‐D calculations, assuming that the megathrust dip and ocean depth do
not vary along the trench‐parallel direction. Accordingly, we use single profiles through ETOPO1 and
Slab2 that are representative for each source region. We adjust the hypocenter (often by several kilometers)
to lie on the Slab2 interface at the USGS‐NEIC epicentral location. The Green's functions are computed for
segmented 1‐Dmodels with constant dip overlain by uniformwater depth above each subfault in the rupture
model. Essentially, the 3‐D response is approximated by a stair‐step sequence of overlapping 1‐D models
with varying water depth. Locally, pP and sP have steeply incident interactions with the low‐velocity struc-
ture above each subfault, and this is reasonably represented for teleseismic ray parameters, as are the local

Figure 4. Subducting plate interface morphologies with depth‐varying dip (model Slab2, Hayes et al., 2018) and
varying oceanic bathymetry (ETOPO1) used to define quasi‐2.5‐D profiles for the finite‐fault inversion for the six events in
Figure 2 are displayed from (a) to (f). The red stars represent the hypocenter of each event, as adjusted to locate on the
slab interface. The assumed fault plane for each event is parameterized by connected planar interfaces with depth‐varying
dip approximated from model Slab2.
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pwP reverberations in the overlying water column. However, this approach does not account in detail for 3‐D
path effects expected oblique to the trench. This approximate strategy allows us to fit many waveform fea-
tures that are not matched in simple uniform 1‐D models with constant water depth and constant fault
dip across the entire model, but some features from 3‐D path effects will not be fully accounted for by any
quasi‐2.5‐D method. We have used this quasi‐2.5‐D approach successfully in several prior applications
(e.g., Lay et al., 2016; Yamazaki et al., 2018; Ye, Kanamori, et al., 2016).

Our goal is to improve the fitting of the late interval of the source rupture and the generation of Pcoda by
using improved Green's functions in combination with adjusting the kinematic representation of the source.
The models allow for continuous rupture to place slip at shallow depth on the fault, if the data inversion pre-
fers that, or it allows for modest delays in shallow slip if a triggering process is involved. In order to provide
the inversion with the opportunity to include shallow slip far offshore (with associated strong pwP excita-
tion) during late stages of the rupture, we adjust kinematic parameters such as rupture velocity along‐strike
and along‐dip, the subfault grid size, the subfault source time function parameterized by multiple overlap-
ping triangles, and the time interval of the data inverted. For all events we use signal durations of 140 s from
the onset of P or SH arrivals, significantly longer than the durations of coseismic slip. Typically, finite‐fault
inversions weight early portions of the waveforms more heavily, intrinsically, or by design, such that the late
portion of the moment‐rate function is not very reliable and the late ground motions are usually not well
predicted. It is common to assume that the poor fit of late signals is due to inadequacy of the Green's function
(e.g., Yagi & Fukahata, 2011) and model representation and to ignore any information in the early Pcoda.
However, here, our intent is to obtain finite‐slip models for each event that are capable of explaining, rather
than ignoring, observed late arrivals and early Pcoda. Analysis of the quasi‐2.5‐D inversions for each event in
Figure 2 and comparisons with previous findings are described in the next section.

3. Inversion Results
3.1. 1995 Chile

The 30 July 1995 Mw 8.0 Antofagasta, Chile, earthquake (Figure 5) initiated at 05:11:23.63 UTC (USGS‐
NEIC: https://earthquake.usgs.gov/earthquakes/) with epicenter 23.340°S, 70.294°W, and depth 45.6 km
beneath Mejillones Peninsula, which protrudes trenchward to the west. The GCMT best‐double‐couple fault
plane has strike, φ = 354°, dip, δ = 22°, and rake, λ = 87°. Aftershocks from the USGS‐NEIC catalog with
magnitudeMw ≥ 4.5 within the first month after the mainshock, along with GCMT best‐double‐couple focal
mechanisms for Mw ≥ 5.0 events, are shown in Figure 5, superimposed on the slip model obtained in this
study. The trench in this region is quite deep (Figure 4f), varying from 7‐ to over 8‐km deep.

Ihmlé and Madariaga (1996) first observed that the 1995 Chile earthquake has unusual strong monochro-
matic Pcoda (Figures 3a and S1). They noted that band‐limited signals often represent energy trapped by
waveguides, such as crustal surface waves or acoustic T‐waves in the oceanic SOFAR channel, and suggested
that the late monochromatic waves are caused by spatially limited oscillations of the trench's water column.
Despite this early study, various subsequent finite‐fault inversions for the 1995 event have not sought to
account for the observed strong coda level in the seismic data. The event generated a maximum tsunami
water height of 3.0 m (National Oceanic and Atmospheric Administration [NOAA], https://www.ngdc.
noaa.gov/hazard/tsu_db.shtml), but this has also not been systematically accounted for.

Ihmlé and Ruegg (1997) modeled the source rupture process using broadband surface waves and geodetic
data. Their model indicates a heterogeneous slip distribution, with a major slip patch centered ~80 km south
of the epicenter, with most slip located up‐dip of the hypocenter. Several other published slip models for this
event also indicate that the rupture extends unilaterally southward but does not reach the seafloor. Ruegg
et al. (1996) modeled coseismic surface Global Positioning System (GPS) displacements and teleseismic body
waves and suggested that whether the rupture reaches the trench depends on the fault dip used; for a dip of
24° slip does reach shallow depth. The GPS data used in this inversion have little resolution of far off‐shore
slip. Delouis et al. (1997) obtained a model with six subevents indicating that 80% of the body wave moment
was released in the first 120 km of the rupture (40% near the hypocenter, 40% ~ 60 km to the south), and the
rupture ended with a normal faulting subevent near the trench located about 130 km SSW of the epicenter.
They do not show prediction of the early coda reverberations. Carlo et al. (1999) inferred a fairly smooth rup-
ture with three embedded subevents, also finding that most of the slip occurred in the first 120 km or so.
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Their model did not replicate the normal fault subevent near the trench inferred by Delouis et al. (1997), but
they also could not fit the late P waves well with a thrust fault subevent. Klotz et al. (1999) use on‐land GPS
data, finding a model with most of the seismic moment released at less than 35 km in depth, with minor slip
(~0.5 m) extending to the sea floor near the trench, but the off‐shore resolution is very low. Another geodetic
model, based on interferometric synthetic aperture radar and GPS data, also infers that most coseismic slip is
up‐dip of the hypocenter, possibly extending to near the trench in the south (Pritchard et al., 2002), but the
model resolution of far offshore slip is shown to be very low. Slip models obtained from teleseismic P wave
inversions by Ye, Lay, et al. (2016) using the same kinematic inversion routine used in this study, but
assuming a single dipping fault plane and a uniform overlying water layer, indicate southward
propagation with up‐dip extent to depths of about 12 km. This guided Lay and Rhode (2019) to infer that
some shallow slip did occur, but none of these models clearly account for the persistent ringing coda.

We expand the P wave data set of Ye, Lay, et al. (2016) and add SH wave observations to help separate fault
slip fromwater reverberations, performing new kinematic inversions with quasi‐2.5‐Ddepth‐varying dip and
varying bathymetry. The 140‐s‐long data windows include several cycles of the early P coda. In our final
model for the 1995 event (Figures 5 and 6), each subfault is a square with length and width of 11.25 km.
The assumed rupture velocities along strike and dip are 2.75 and 2.25 km/s, respectively, favored after broad
searches of both parameters. The subfault source time functions have four 2.5‐s rise‐time triangles shifted by

Figure 5. Surface projection of the finite‐fault slip model for the 30 July 1995 Mw 8.0 Chile earthquake superimposed
on regional bathymetry/topography. Aftershock locations (Mw ≥ 4.5) within the first month are shown by circles
color‐coded for depth. Global centroid moment tensor (GCMT) solutions for the mainshock (linked to the epicenter at the
white star) and for aftershocks with magnitude Mw ≥ 5.0 are shown at their U.S. Geological Survey‐National
Earthquake Information Center (USGS‐NEIC) epicenters.

10.1029/2019JB018709Journal of Geophysical Research: Solid Earth

WU ET AL. 8 of 25



2.5 s each, allowing total possible subfault duration of 12.5 s. The fault surface is assumed to be continuous
with depth‐varying dip ranging from 7.6° at shallow depth to 17.6° at the adjusted hypocenter depth (34.9
km) and 21° at 50‐km depth (Figure 4f). The 5° strike is held fixed. Rake is allowed to vary by ±45° from a
reference value of 90°. The maximum water depth above the shallowest subfaults is 7.5 km, which can
generate ~15‐s period pwP ringing if shallow slip occurs.

Figure 6a shows the slip distribution with color‐coded slip amplitude and arrows indicating the variable
rake. The early rupture extends slightly down‐dip and southward followed by up‐dip migration with patchy,
late shallow slip of ~1–3 m near the trench. For the shallow subfaults, with upper edges 8.4 km below sea
level, the overlying water depth is ~7.5‐km deep (Figure 4f); thus, the Green's functions include strong
~15‐s period pwP excitation, as expected. The combination of slip extending to ~85 s and the persistent
pwP reverberations that are generated by shallow slip gives a good fit to the late oscillations in the 140‐s‐

Figure 6. Finite‐fault model for the 30 July 1995Mw 8.0 Chile earthquake obtained using the quasi‐2.5‐D inversion. The fault plane dip varies from 7.6° at shallow
depth to 21° at 50 km depth. (a) The slip distribution color‐coded by slip amplitude. The subfaults outlined in purple have seismic moment ≥0.15 x maximum
subfault moment. The white star represents the hypocenter. Arrows indicate the rake and relative slip amplitude for each subfault. The subfault source time
functions are shown within each cell. The dashed circles indicate rupture front position in 5‐s intervals. (b) The average focal mechanism with double couple strike
(φ), dip (δ), and rake (λ). The blue circles indicate takeoff angles of P wave stations used in the inversion. (c) The moment‐rate function. The blue ticks
indicate the time span used to determine the total duration, Td. The centroid time, Tc, is indicated by the red tick. (d) Comparisons of a subset of observed (black)
and predicted (red) P waveforms. Below each station name the azimuth and epicentral distance relative to the source are indicated. The peak‐to‐peak amplitude
of the data trace in microns is shown in blue. Each waveform is normalized to uniform amplitude. All waveform fits for this event are shown in Figure S7. A
model with the shallowest four rows removed is shown in Figure S8.
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long P signals (Figures 6d and S7). The average depth of slip is 32.2 km, and the centroid time of themoment‐
rate function is 34.6 s, comparable to the GCMT solution centroid depth of 28.7 km and centroid time of
33.4 s. The seismic moment is M0 = 1.22 × 1021 Nm (Mw = 8.0).

The slip distribution shown in Figure 5 indicates that the rupture likely reaches to near the trench along an
~80‐km‐long stretch. The precise lateral extent and the spatial patchiness of the inverted slip are affected by
the choice of kinematic parameters, but similar basic features are present in many models with varying
parameters that we obtained. While the slip distribution is nonunique, if the model is truncated to have
no subfaults shallower than 15‐km depth, the fit to later coda reverberations is very poor, as seen in
Figure S8. Our own standard procedure has typically been to distrust late slip on the edge of models, but
in this case, the excellent waveform match to the coda gives us confidence that the shallow slip is not an
artifact. Slip of up to 3 m near the trench can readily account for the 3‐m maximum sea height observed
for this event based on our modeling experience that shallow slip magnitude is roughly proportional to
near‐field peak tsunami amplitude (e.g., Lay et al., 2013; Li et al., 2016).

Previous studies (e.g., Carlo et al., 1999; Pritchard et al., 2002) suggested that there is no simple relationship
between aftershocks and the slip distribution for this event and that the aftershock occurrence is likely
related to stresses induced by postseismic rather than coseismic deformation. However, for our slip distribu-
tion, most aftershocks are located near the edges of coseismic large‐slip regions (Figure 5), particularly the
larger events that have focal mechanisms similar to the mainshock. This observation is consistent with the
observation that regions of large‐slip in mainshocks generally lack aftershocks (Beck & Christensen, 1991;
Wetzler et al., 2018).

3.2. 2003 Aleutian

The 17 November 2003Mw 7.7 Aleutian earthquake (06:43:06.8 UTC, epicenter 51.146°N, 178.650°E, depth
33.0 km; USGS‐NEIC) struck near the eastern Rat Islands. The GCMT best‐double‐couple rupture plane is
φ = 280°, δ = 19°, and λ = 122° (Figure 7). NEIC aftershocks with magnitude Mw ≥ 4.5 and GCMT
best‐double‐couple focal mechanisms for events with Mw ≥ 5.0 within 1 month after the mainshock are
distributed over a 150‐km‐long region (Figure 7).

The 2003 Aleutian event initiated near the hypocenter of theMw 8.7 1965 Rat Island earthquake (Balakina &
Moskvina, 2009; Beck & Christensen, 1991; Wu & Kanamori, 1973). For the 1965 earthquake, Beck and
Christensen (1991) found three areas of large slip (interpreted as asperities) that correlate with laterally seg-
mented blocks of the western Aleutian arc. They suggested that the 1965 mainshock initiated with failure of
the eastern, largest asperity, which triggered sequential rupture of the segments to the west in a multiple
asperity failure. The 2003 event appears to have reruptured within the region of the initial 1965 asperity.

The waveforms of the 2003 Aleutian event have high amplitude 7 to 15 s period Pcoda (Figures 3b and S2),
with sustained ringing at seaward azimuths and lower amplitudes at landward azimuths (Figures 8d and
S9). The recorded tsunami in this remote area has a maximum water height of only 0.33 m (NOAA) so
any shallow slip is likely to be relatively small. Because the stations at seaward directions have paths along
radiation pattern nodes for down‐going Pwaves (Figure 8b), we increase the weight of data traces at seaward
azimuths in the finite‐fault inversion to ensure that the inversion fits these waveforms to establish whether
or not the ringing signals are generated by shallow slip with strong pwP. The other parameters in the finite‐
fault inversion are subfault length 16.5 km (along strike) and width 14.5 km (along dip), rupture velocity
2.0 km/s (along strike) and 1.5 km/s (along dip; selected from a broad search over widely ranging values),
and subfault source time functions with five 3.5‐s rise‐time triangles shifted by 3.5 s each, giving total
possible subfault durations of 21 s to provide enough time to fit the late P wave signals. The fault plane
dip increases from 6.0° at shallow depth to 21.3° at the adjusted hypocentral depth of 22.7 km, to a dip of
34° at ~43‐km depth (Figure 4d). The fault strike is 288° (slightly modified from the GCMT solution to fit
the trench geometry), and the oblique reference rake is 122°. The maximum water depth above the shallow-
est subfaults is 6.1 km (Figure 4d), which will produce ~12‐s period pwP ringing for any shallow slip.

Three published slip models for this event (Yagi, 2003; USGS‐NEIC, Hayes, 2017; Ye, Lay, et al., 2016) show
similar compact large‐slip patches near the hypocenter. The models of the USGS‐NEIC and Ye, Lay, et al.
(2016) have minor (~1 m) slip near the trench in a localized region southwest of the hypocenter, and fit P
wave ground motions for a duration of about 90 s, but predictions of later coda are not shown. The
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moment‐rate functions of the two models show 1 to 2 discrete late pulses from 40–60 s and 60–80 s. Such
later pulses are usually not given much credence as being part of the source process, but in this case,
there are clearly P wave motions that lead to the late pulses. These features prompted Lay and Rhode
(2019) to label this event as likely having some slip at shallow depth, but that designation was not with
high confidence.

As shown in Figures 7 and 8a, our favored updated slip model for the 2003 Aleutian earthquake also has a
relatively compact ~50‐km by 50‐km large‐slip patch centered northwest of the hypocenter, and the corre-
sponding interval of the moment‐rate function has a triangular pulse with ~35‐s duration (Figure 8c).
This is followed by ~4 secondary pulses extending to ~108.5 s, which are associated with narrow strip of very
shallow slip of up to 2 m. The spatial placement of the shallow slip is not well resolved, given the nonunique-
ness of the model kinematics, but shallow slip is preferred over deeper slip for the late subevents. The shal-
low slip under deep water generates long‐period pwP phases, particularly for the seaward stations that have
weak direct P energy, and this likely contributes to the strong oscillations in the later part of the P signals
well (Figures 8d and S9). The last pulse in the data window is not well modeled, and there could either be
additional shallow slip events at later time or perhaps the pwP predictions are underestimated and require
fully 3‐D Green's functions to account for their prolonged nature. If the rows in the slip model at depths less
than 14 km are removed, the inversion achieves only slightly degraded fits to the early coda (Figure S10),
because it gives a sequence of slip pulses to match the data, as the pwP from these deeper slip events is
not strong. But the peculiar periodicity of the required slip events strongly indicates that the data are better
explained as being produced by a combination of shallow slip with water multiples rather than exclusively as
deeper late slip events. Thus, we infer that late rupture with shallow slip under deep water does appear to be
responsible for the high Pcoda/P measure for this event (Figure 1).

Figure 7. Surface projection of the finite‐fault slip model for the 17 November 2003 Mw 7.7 Aleutian earthquake super-
imposed on regional bathymetry/topography. Aftershocks (Mw ≥ 4.5) within the first month are shown by depth‐
colored circles. Global centroid moment tensor (GCMT) solutions for the mainshock (linked to the epicenter at the white
star) and for aftershocks with magnitude Mw ≥ 5.0 are shown at their U.S. Geological Survey‐National Earthquake
Information Center (USGS‐NEIC) epicenters.
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The coseismic large‐slip region of the 2003 Aleutian event is fringed by large aftershocks, and there are very
few aftershocks at shallow depth where the discrete late slip patch is located (Figure 7). The aftershocks
extend west of the large‐slip zone. Since the shallow slip is <2 m, the observed weak tsunami is accounted
for; the large coda reflects the high efficiency of excitation of pwP by even modest shallow slip. This empha-
sizes that when using Pcoda levels to infer shallow slip, the overall event size, which is moderate in this case,
should still be considered as the first‐order indicator of tsunamigenesis with occurrence of shallow slip likely
enhancing the size of the tsunami (Lay et al., 2019).

3.3. 2009 Vanuatu

On 7 October 2009, the northern portion of the Vanuatu subduction zone ruptured in three major shallow
thrust earthquakes within 70 min (e.g., Cleveland et al., 2014). The first event (22:03:14.47 UTC, 13.006°S,
166.510°E, depth 45.0 km; USGS‐NEIC) had MW 7.6 and was followed 15 min later by a larger event
(MW 7.8) ~50 km to the NNW. A third event, with MW 7.4, struck about 1 hr later adjacent to the southern
end of the first event. We consider only the first event, for which the GCMT focal mechanism (Figure 9) cor-
responds to underthrusting with best‐double‐couple nodal plane φ = 344°, δ = 41°, and λ = 87°. Aftershocks
encompassing the triplet sequence with Mw ≥ 4.5 and GCMT focal mechanisms forMw ≥ 5.0 events within
the first month are shown at their NEIC epicenters in Figure 9. The aftershock seismicity for this sequence
with three large events is naturallymore intense and distributed than for the Chile and Aleutianmainshocks.
The temporal and spatial clustering of activity indicates that a broad regionwas close to failure, with effective
triggering occurring, raising the probability of an early aftershock having occurred soon after the first event.

Figure 8. Finite‐fault model for the 17 November 2003Mw 7.7 Aleutian earthquake obtained using the quasi‐2.5‐D inversion. The fault plane dip varies from 6.0° at
shallow depth to 41° at about 54 km depth. All panels follow the format of Figure 6. (a) The slip distribution with color‐coded slip amplitude. (b) The average
focal mechanism and Pwave data distribution. (c) The moment‐rate function. (d) A subset of comparisons of observed (black) and predicted (red) Pwaveforms. All
waveform fits for this event are shown in Figure S9. A model with the shallowest three rows removed is shown in Figure S10.
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In our finite‐fault inversion for the Vanuatu event, the subfault size is 15.0 km along strike and 8.5 km along
dip, and the final selected rupture velocities are 2.15 km/s along strike and 1.15 km/s along dip. The subfault
source time functions are parameterized by four 3.5‐s rise‐time triangles shifted by 3.5 s with total possible
subfault rupture durations of 17.5 s. The fault plane has varying dip of 10.2° at 8.4‐km depth, 35.5° at the
adjusted hypocentral depth of 27.3 km, and 54.8° at 64‐km depth. The strike (344°) and reference rake
(87°) are from the GCMT solution. The maximum water depth near the trench is about 7.3 km (Figure 4c),
which favors long‐period (~15 s) ringing of pwP generated by any shallow slip in the first row of the model.

The moment‐rate function for our finite‐fault model (Figure 10c) has a triangular source pulse duration of
~30 s followed by several much smaller subevents, with an overall centroid time of 20.2 s. The slip model
has a relatively compact large‐slip region extending from 22‐ to 44‐km deep, as shown in Figures 9 and
10a. Additional minor slip (<1 m) extends up‐dip from the hypocenter to shallow depth near the deep‐water
trench accounting for the secondary subevents. The overall event size, with or withoutminor shallow slip can
account for the <0.3‐m maximum tsunami water height reported for this event (NOAA), although there is
potential for confusion in run‐up reports with the larger event 15 min later. The P (+pP+sP) waves and asso-
ciated pwP ringing slip account for the ground motions from onset to ~80 s quite well (Figures 10d and S11),
but later coherent discrete arrivals from 80 to 140 s (Figure 3d) are not accounted for, even by models with
further extended fault dimensions, longer subfault durations, and lower rupture velocities. The high ground
motion amplitudes from 80 to 140 s are thus not readily attributed to late shallow slip with strong pwP, so an
alternate explanation is needed. Additionally, three previously published slip models for this event

Figure 9. Surface projection of the finite‐fault slip model for the 7 October 2009 Mw 7.6 Vanuatu earthquake superimposed on regional bathymetry/topography.
Aftershocks (Mw ≥ 4.5) within the first month are shown by depth‐colored circles. Global centroid moment tensor (GCMT) solutions for the mainshock (linked
to the epicenter at the white star) and for aftershocks with magnitudeMw ≥ 5.0 are shown at their U.S. Geological Survey‐National Earthquake Information Center
(USGS‐NEIC) epicenters.
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consistently show a compact large‐slip patch similar to the main feature in our model without any evidence
for strong shallow rupture reaching to the seafloor (Cleveland et al., 2014; Hayes, 2017; Ye, Lay, et al., 2016).
The large‐slip zone and the up‐dip small‐slip patch are largely devoid of aftershocks but are bracketed by the
largeMW 7.8 and 7.4 events to the northwest and southeast, respectively (Figure 9).

Our interpretation is that the later arrivals and high coda levels evident in the distance profiles (Figures 3d
and S3) are body waves generated by early aftershocks at around 80 and 110 s after the mainshock that con-
taminate the putative coda interval of the mainshock, giving rise to a high RMS_Pcoda/Pmeasure. These are
not readily accounted for by a very prolonged finite‐fault model so they may differ in mechanism.We sought
to confirm these as discrete events by high pass filtering the seismograms, but the overall coda levels are too
high to isolate early aftershocks. Indeed, the high 7‐ to 15‐s coda levels persist for hundreds of seconds for
this event (Figure S3). The SH waves are not very well fit for this event, especially in the signal after 60 s
(Figure S11), suggesting that the structure may be more complicated than the model we used for the slip
inversion or that multiple early aftershock mechanisms do differ from the mainshock. While we find that
there is a shallow small‐slip region up‐dip of the main slip patch for this event, the slip is not strong

Figure 10. Finite‐fault model for the 7 October 2009Mw 7.6 Vanuatu earthquake obtained using the quasi‐2.5‐D inversion. The fault plane dip varies from 10.2° at
shallow depth to 54° at about 64 km. All panels follow the format of Figure 6. (a) The slip distribution with color‐coded slip amplitude. (b) The average focal
mechanism and P wave data distribution. (c) The moment‐rate function. (d) A subset of comparisons of observed (black) and predicted (red) P waveforms. All
waveform fits for this event are shown in Figure S11.
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enough to produce persistent pwP reverberations extending long into the Pcoda. However, the clear evidence
of early discrete impulsive ground motions, which are likely due to early aftershocks in the distance profiles
(Figure 3d), accounts for the high Pcoad/P measure (Figure 1), as speculated by Lay and Rhode (2019).
Recognizing the presence of impulsive arrivals without strong pwP ringing by inspecting seismogram
profiles like Figure 3d would easily prevent a false alarm regarding possibility of enhanced tsunami.

3.4. 1996 Peru

The 12 November 1996, Mw 7.7, Peru, earthquake (16:59:44.03 UTC, 14.993°S, 75.675°W, depth 33.0 km;
USGS‐NEIC) occurred along the subduction interface between the Nazca ridge and the South American
plate (Figure 11). Buoyancy of the underthrusting ridge causes the trench to be relatively shallow along
the rupture zone (<5 km; Figure 4), and it is deepest to the southeast, on the ridge flank. The GCMT
best‐double‐couple focal mechanism has a rupture plane with φ= 312°, δ= 33°, and λ= 55°. The aftershock
seismicity with MW ≥ 4.5 is relatively sparse for an earthquake of this size (Figure 11).

Prior investigations of the coseismic slip for the 1996 Peru event have not resolved the presence of any shal-
low slip near the trench. The USGS‐NEICmodel (Hayes, 2017) uses a steep constant fault dip of 33° and does
not extend to the trench. It shows a band of large slip beneath the coast extending unilaterally southeastward.
The slip inversion of Ye, Lay, et al. (2016) with 33° dip also has a large‐slip region located southeast of the
hypocenter, with some patchy shallow slip near the upper boundary of their fault model, which again does

Figure 11. Surface projection of the finite‐fault slip model for the 12 November 1996 Mw 7.7 Peru earthquake superim-
posed on regional bathymetry/topography. Aftershocks (Mw ≥ 4.5) within the first month are shown by depth‐colored
circles. Global centroid moment tensor (GCMT) solutions for the mainshock (linked to the epicenter at the white star) and
for aftershocks with magnitude Mw ≥ 5.0 are shown at their U.S. Geological Survey‐National Earthquake Information
Center (USGS‐NEIC) epicenters. Slip in the shallowest rows is not well resolved.
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not reach to the trench. Spence et al. (1999) also presented amodel with constant 33° dip, with slip extending
unusually deep, to 66 km, whereas Swenson and Beck (1999) placed the primary slip at about the same dis-
tance along strike but at shallower depth below the coastline. Joint inversion of broadband teleseismic and
interferometric synthetic aperture radar data locates a main asperity 50 km southeast of the hypocenter
between 20‐ and 40‐km depth (Salichon et al., 2003), similar to the USGS‐NEIC inversion. While these pre-
vious studies did not resolve any near‐trench shallow slip, they were not well parameterized to explore that
possibility. The event has amoderately high value ofRMS_C/P (Figure 1), and there are some large amplitude
signals early in the Pcoda window from 60 to 120 s after the onset of P (Figures 3c and S4). Overall, the coda
levels are lower and have significantly less monochromatic ringing than the 1995 Chile and 2003 Aleutian
events and there are no clear isolated secondary arrivals like those for the 2009 Vanuatu event (Figure 3).

We set up our model to allow the possibility of imaging any shallow slip. For our finite‐fault inversion for the
1996 Peru event, the subfault dimensions are 14.5 km along strike and 10.0 km along dip, with the rupture
velocities being 2.0 km/s along strike and 1.75 km/s along dip. The subfault source time functions are para-
meterized by four 3.5‐s rise‐time triangles shifted by 3.5 s with total possible subfault durations of 17.5 s. The
fault plane has variable dip from 8.1° at 8.9‐km depth to 20.6° at the adjusted hypocentral depth of 26.2 km
and 24.2° at ~50‐km depth. Slab2 dips are consistently lower than 33° used in prior inversions. The strike of
312° and reference rake of 55° are from the GCMT solution. The water depth in the source structure above
the subfaults closest to the trench is 4.3 km, which shortens the period of any pwP reverberations produced
by shallow slip to be less than 9 s. As noted above, the water depth deepens to the southeast to about 5 km, so
some paths toward that azimuth could have longer period pwP, but our 2.5‐D modeling will fail to account
for this.

Although the fault grid extends bilaterally relative to the hypocenter, our inversion result shows predomi-
nantly unilateral southeastward rupture with very little slip to the northwest of the hypocenter. A large‐slip
region locates 30 to 80 km southeast of the hypocenter and extends about 70 km along dip (Figure 12a), with
patchy slip (<1.5 m) extending up‐dip to the trench, as well as locating up‐dip and down‐dip near the hypo-
center. Theminor off‐shore slip could contribute to the observed tsunamiwater height of only 0.4m (NOAA).
The waveform fits shown in Figures 12d and S12 display good prediction of moderate ringing after the direct
P waves for up to ~90 s. With the moment‐rate function tapering off after ~ 60 s, some of this energy (high-
lighted in the cyan box in the distance profile in Figure 3c) could involve short‐period pwP from the shallow
slip undermoderately deepwater. However, truncating themodel to have no subfaults shallower than 15‐km
deep does not prevent the inversion from fitting the data almost as well by enhancing slip just up‐dip of the
hypocenter (Figure S13).We consider the evidence for any shallow slip for this event to bemarginal, although
there are some secondary pulses in the coda thatmight be fit better with a fully 3‐D calculation. Themoment‐
rate function in Figure 12c is more jagged than those for the 1995 Chile, 2003 Aleutian, and 2009 Vanuatu
events, corresponding to the more complex megathrust slip distribution. Aftershocks again tend to locate
near the margins of large‐slip regions, with relatively little activity at shallow depth (Figure 11). There is a
notable cluster of larger aftershocks in the gap between the main large‐slip zone and the shallow weak‐slip
patches. Overall, the slip model for this event does not provide a compelling case for shallow slip near the
moderately deep‐water trench that could account for the relatively high Pcoda/Pmeasure, but we do not fully
account for later pulses that might be due to 3‐D scattering effects or early aftershocks.

3.5. 2015 Papua New Guinea

A large earthquake doublet occurred near East New Britain, Papua New Guinea, on 29 March 2015 and
5 May 2015 (Heidarzadeh et al., 2015) with both events having Mw = 7.5. We focus on the second event
(01:44:06.38 UTC, 5.462°S, 151.875°E, depth 55.0 km; USGS‐NEIC), because available slip models for the
29 March 2015 event are consistent in not indicating shallow slip (USGS‐NEIC; Heidarzadeh et al., 2015;
Ye, Lay, et al., 2016). The GCMT best‐double‐couple focal mechanism for the 5 May 2015 event has a thrust
plane with φ = 245°, δ = 33°, and λ = 77° (Figure 13). Aftershocks withMW ≥ 4.5 from the USGS‐NEIC cat-
alog and Mw ≥ 5.0 events with GCMT focal mechanisms within 1 month after the mainshock indicate sig-
nificant shallow megathrust earthquake activity (Figure 13), unlike for the other events discussed here.
Several additional aftershocks are distributed landward of the hypocenter, some at depths greater than
40 km. There is high earthquake activity and numerous instances of triggering interactions between large
events in this region (e.g., Lay et al., 2017; Lay & Kanamori, 1980). The observed tsunami was smaller
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than that of the 29 March event located ~100 km to the northeast, and the tsunami signal is clear at only one
tide gauge station, with a wave height of ~0.6 cm (Heidarzadeh et al., 2015); NOAA reports a maximum
water height of 1 m for this event.

There have been several prior studies of this earthquake. The USGS‐NEIC rupture model has a compact slip
region in the depth range 20 to 50 km extending 60 km northeast along strike from the hypocenter.
Heidarzadeh et al. (2015) use teleseismic data to determine a slip model with the rupture velocity being con-
strained by tsunami waveform fitting. They find a source area of 100 km × 80 km, centered ~ 15 km east of
the epicenter beneath New Britain with slip of up to 0.5 m. These two studies do not indicate any shallow slip
near the trench. Ye, Lay, et al. (2016) obtained a slip model with two discrete slip patches, one similar to
those in the two studies noted above and another narrow patch at very shallow depth on the megathrust.
The latter study fit teleseismic P waveforms for an 80‐s time window using a single fault plane with fixed
strike and dip and a source velocity model with no water layer. This model intrinsically cannot generate
any pwP, so the occurrence of the shallow slip patch is uncertain, as is its ability to match the moderately
high coda level for this event (Figures 1, 3e, and S5). The distance profile in Figure 3e shows discrete pulses
in the time interval 70 to 130 s after the arrival of direct P (highlighted by blue boxes), that increase the coda
amplitude leading to the moderately high Pcoda/P ratio measure.

We obtain a slip model with depth‐varying dip and varying bathymetry. The trench in this region is deep
(Figure 4b), and the water depth above the shallowest row in the model is 7.2 km. The subfault size is

Figure 12. Finite‐fault model for the 12 November 1996 Mw 7.7 Peru earthquake obtained using the quasi‐2.5D inversion. The fault plane dip varies from 8.1° at
shallow depth to 24.2° at about 50 km depth. All panels follow the format of Figure 6. (a) The slip distribution with color‐coded slip amplitude. (b) The average
focal mechanism and Pwave data distribution. (c) The moment‐rate function. (d) A subset of comparisons of observed (black) and predicted (red) Pwaveforms. All
waveform fits for this event are shown in Figure S12. A model with the shallowest four rows removed is shown in Figure S13.
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14.5 km along strike and 12.0 km along dip, and the final rupture velocities are 2.0 km/s along strike and 1.0
km/s along dip. The subfault source time functions are parameterized by 3 3.5‐s rise‐time triangles shifted by
3.5 s each with total possible subfault duration of 14 s. The fault plane dip is 6.5° at 9.3‐km depth, 25.9° at our
adjusted hypocentral depth of 24.6 km, and 39.4° at 63‐km deep. The strike (244°) and reference rake (75°)
are slightly modified from the GCMT solution.

The resulting slip model is shown in Figures 13 and 14a. The rupture initially spreads down dip and along
strike near the hypocenter, reaching 50‐km depth and extending ~60 km northeastward. This main slip
patch is similar to that in prior models. There is an ~37‐s duration triangular pulse in the moment‐rate func-
tion associated with rupture of this patch (Figure 14c). No slip is imaged at shallow depth, in contrast to the
model of Ye, Lay, et al. (2016), even though the slow rupture velocity along dip provides a long time interval
for any shallow slip to have been placed there. As there is no long‐period ringing in the waveforms, the inver-
sion does not activate slip in the shallowest rows of the model where strong pwP could be generated. The
moment‐rate function instead shows a moderate isolated pulse around 75 to 90 s after the onset. This corre-
sponds to an isolated slip patch with <0.5‐m slip amplitude about 145 km northeast of the hypocenter. This
is beyond the rupture zone of the preceding 29 March 2015 event (USGS‐NEIC; Heidarzadeh et al., 2015; Ye,
Lay, et al., 2016), suggesting that remote slip was dynamically triggered by the 5May 2015 event. This feature
matches a clear arrival in the data with systematic azimuthal variation in timing from 70 to 90 s after the P
wave onset (Figures 14d and S14) and corresponds to the arrival highlighted by the first blue box in Figure
3e. The model does not account for an even later arrival observed from 100 to 120 s, but the azimuthal move‐
out of that signal (Figure 14d) indicates a similar along‐strike location for the corresponding slip. These sec-
ondary pulses do not generate strong pwP coda, so they appear to originate from the central depth range of

Figure 13. Surface projection of the finite‐fault slip model for the 5 May 2015 Mw 7.5 Papua New Guinea earthquake
superimposed on regional bathymetry/topography. Aftershocks (Mw ≥ 4.5) within the first month are shown by depth‐
colored circles. Global centroid moment tensor (GCMT) solutions for the mainshock (linked to the epicenter at the white
star) and for aftershocks with magnitude Mw ≥ 5.0 are shown at their U.S. Geological Survey‐National Earthquake
Information Center (USGS‐NEIC) epicenters.
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the megathrust. Based on the aftershock locations in Figure 13, one might have anticipated some shallow
coseismic slip, but this does not appear to be the case; rather the thrust‐faulting aftershocks again fringe
the large‐slip region. They do not reliably guide assessment of shallow slip, unlike the situations when
there is extensive outer rise normal faulting seaward of shallow slip (Sladen & Trevisan, 2018; Wetzler
et al., 2017).

This source region experienced a previous earthquake (17 November 2000, Mw 7.8) in the same epicentral
area as the 5 May 2015 event, with shallower GCMT centroid depth (17.0 km versus 38.3 km for the 2000
and 2015 events, respectively). The 17 November 2000 event has high RMS_C/P value (Figure 1) and was
designated as an event with some shallow slip based on the finite‐fault inversions from Ye, Lay, et al.
(2016) and the USGS‐NEIC model, both of which have significant slip at shallow depth. This directly con-
trasts with our model for the 5 May 2015 event; plausibly, the 2000 event released any strain accumulation
in the shallow megathrust and too little time had passed for it to rebuild to a triggerable level. Several other
inversions proposed slip concentrated just down‐dip of the hypocenter for the 17 November 2000 rupture
(Yagi & Kikuchi, 2000) or northeast of the epicenter (Park & Mori, 2007) without slip near the trench, but
their parameterizations were not designed to allow for the possibility of shallow slip. The 17 November
2000 event was actually one of two large aftershocks of an MW 8.0 strike‐slip event along New Ireland the
day before, with another thrust event on 16 November 2000 (MW 7.8; e.g., Geist & Parsons, 2005) located

Figure 14. Finite‐fault model for the 5 May 2015Mw 7.5 Papua New Guinea earthquake obtained using the quasi‐2.5‐D inversion. The fault plane dip varies from
6.5° at shallow depth to 39.4° at about 63 km. All panels follow the format of Figure 6. (a) The slip distribution with color‐coded slip amplitude. (b) The average focal
mechanism and P wave data distribution. (c) The moment‐rate function. (d) A subset of comparisons of observed (black) and predicted (red) P waveforms. All
waveform fits for this event are shown in Figure S14.
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near the secondary triggered event in our model for the 5 May 2015 event. Analyses of past earthquakes in
this complex region suggest that efficient triggering occurrences are controlled by persistent asperity
patches, regional high earthquake productivity, and contortion of the subducting Solomon Sea plate
(Geist & Parsons, 2005; Lay & Kanamori, 1980), which drapes around the corner between the
northeasterly subduction beneath Bougainville and the northwesterly subduction beneath New Britain
(Cooper & Taylor, 1989).

3.6. 2002 Mindanao

The 5March 2002Mindanao earthquake (21:16:09.13 UTC 6.033°N, 124.249°E, depth 31.0 km; USGS‐NEIC)
ruptured offshore of southernMindanao in a somewhat ill‐defined subduction zone (Figure 15). It generated
a 3‐m maximum water height (NOAA). The event occurred near the two largest twentieth century
Philippine earthquakes: the 1918 Celebes Sea earthquake (Mw 8.3) and the 1976 Moro Gulf earthquake
(Mw 8.0). Both of those prior events triggered large tsunami and caused widespread damage. Stewart and
Cohn (1979) suggested that the 1976 earthquake represented the first seismic evidence for a northeast‐
dipping subduction zone beneath Mindanao in the Moro Gulf, North Celebes Sea. They observed significant
variation in the mechanism of mainshocks and their largest aftershocks in this region. Beck and Ruff (1985)
further studied the rupture process of the 1976 event, finding that it had a very rough moment‐rate function.

The GCMT best‐double‐couple solution for the 5 March 2002 earthquake has seismic moment 1.94 × 1020

Nm (Mw 7.5), with thrust fault orientation φ = 314°, δ = 25°, and λ = 70°. Figure 15 shows NEIC

Figure 15. Surface projection of the finite‐fault slip model for the 5 March 2002 Mw 7.5 Mindanao earthquake superim-
posed on regional bathymetry/topography. Aftershocks (Mw ≥ 4.5) within the first month are shown by depth‐colored
circles. Global centroid moment tensor (GCMT) solutions for the mainshock (linked to the epicenter at the white star) and
for aftershocks with magnitude Mw ≥ 5.0 are shown at their U.S. Geological Survey‐National Earthquake Information
Center (USGS‐NEIC) epicenters.
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aftershocks (MW ≥ 4.5) and GCMT focal mechanisms (Mw ≥ 5.0) within 1 month after the mainshock. As
had been observed for the prior events, the larger aftershock focal mechanisms differ from the mainshock
thrust geometry, indicating that they are intraplate events. If early aftershocks occurred with such distinct
faulting geometry, the body wave radiation patterns should have produced complex ground motions that
will not be well modeled by slip on the megathrust.

Our finite‐fault inversion for the 2002 event has subfault dimensions of 10.0 km along strike and 9.0 km
along dip, and a uniform rupture velocity of 2.5 km/s. The subfault source time function is parameterized
by six 3.5‐s triangles shifted by 3.5 s, giving subfault durations of up to 24.5 s. The fault plane dip is 5.5° at
7.6‐km depth, 31° at our adjusted hypocentral depth of 24.0 km, and 38° at 39.5‐km deep (as shown in
Figure 4a). The fault plane has a fixed strike (314°) and reference rake (70°) from the GCMT solution. The
maximumwater depth above the shallow end of the fault is 4.6 km. This will generate pwP ringing with per-
iods less than 9 s. This model differs from that produced by Ye, Lay, et al. (2016) in doubling the length of the
data window to 140 s, including SH data in the inversion, and using variable dip and water depth (there was
no water layer in the earlier model).

The solution for this event has a concentrated large‐slip patch of up to 6 m centered on the hypocenter, and a
smaller region with 1.0‐ to 1.5‐m slip up‐dip from the hypocenter (Figures 15 and 16a). Slip does not extend
to the seafloor. This model is quite similar to those obtained by the USGS‐NEIC and Ye, Lay, et al. (2016).
The moment‐rate function (Figure 16c) has a relatively complex shape with two major pulses within 30 s
and a weak tail of energy persisting to ~52 s. The centroid time is 16.8 s, and the seismic moment is 1.97
× 1020 Nm (Mw 7.46). Figure 16d shows a subset of waveform fits, with the match being good through about
the first 50 s, but there is poor prediction of the subsequent complicated, large‐amplitude coda, as is true for
SHwaveform fits (Figure S15). The strong coda arrivals near 60 s are not matched at all and cannot be attrib-
uted to pwP reverberations from shallow slip, even when we greatly reduce the along‐dip rupture velocity to
extend the source process time. While this event has the lowest RMS_C/P ratio (Figure 1) of the events con-
sidered here, some of the coda arrivals are large and have strong azimuthal variations (Figure S15), but these
lack the stable ringing indicative of water multiples (Figures 3f and S6). Given the occurrence of late after-
shocks with multiple focal mechanisms, we believe that the sustained motions after the direct P arrivals are
best attributed to unresolved early aftershocks with diverse faulting mechanisms that produce temporally
concentrated, azimuthally varying groundmotions. Simple inspection by an analyst of the waveforms allows
this inference to be made as soon as the ground motions are available, so the slightly elevated coda levels
need not give false alarm of shallow slip enhancing tsunami amplitude. It is more challenging for a fully
automatic real‐time system to always recognize the distinction between impulsive coda and ringing coda,
but a sufficiently trained neural net could probably do so.

4. Discussion About the Outlier Events

Analysis of outlier measurements is essential for confidence building in any warning system. Here we have
selected the six prominent outliers in the RMS_C/Pmeasurements shown in Figure 1 to evaluate why some
high coda level events have low tsunamis, and for other events, whether their uncertain assigned classifica-
tions can be resolved. We sought to improve the slip models for all six large subduction zone thrust earth-
quakes by using quasi‐2.5‐D models for depth‐varying fault dip and laterally varying bathymetry and by
adjusting kinematic parameters to allow for the possibility of late shallow slip and associated strong pwP
excitation, which can potentially increase the coda level for narrowband frequency reverberations. We find
two categories of ruptures, schematically illustrated in Figure 17.

Two of the events clearly fall into the scenario involving rupture that includes slip at shallow depth on the
megathrust with associated strong pwP ringing that enhances the high coda amplitudes (Figure 17a). This
is the basic scenario invoked by Lay and Rhode (2019) and Lay et al. (2019). For the 30 July 1995 Chile and
17 November 2003 Aleutian events, late shallow slip of ~1 to 3 m efficiently generates associated pwP rever-
berations in the deep trench with 12‐ to 15‐s period, accounting for observed very high relative Pcoda levels for
these two events (extending well beyond the time interval we invert). For these events, the shallow slip is pat-
chy and separated from the primary slip patch at larger depth. Allowing for reduced along‐dip rupture velo-
city and increased rupture duration allows the late slip to be captured, with the variable bathymetry enabling
good prediction of the ensuing coda as late as 140 s after the P onset. There is modeling trade‐off between
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patchy shallow slip and ringing from associated pwP for our simplified modeling procedure. The inversions
cannot resolve whether the rupture is truly continuous up to the shallow slip patches or whether these are
dynamically triggered by the deeper slip driving conditionally stable regions to fail due to high strain rates
or by triggering unstable patches within a predominantly stable sliding regime.

If we use the increased source durations for the moment‐rate functions for our updated slip models to con-
strain the P and Pcoda time intervals, we obtain for a rupture duration of 85 s for 1995 Chile RMS_C/P = 1.51
(versus 1.33 for a rupture duration of 62.5 s used in Figure 1) and for a rupture duration of 108 s for 2003
Aleutian RMS_C/P = 0.67 (versus 0.97 for a rupture duration of 39 s used in Figure 1). These values still cor-
rectly indicate occurrence of some shallow slip likely to have corresponding enhanced tsunami excitation. It
is important to note that the shallow slip is small and not very tsunamigenic for these events; however, the
modest tsunami observed for each case was probably enhanced or resulted entirely from the shallow slip.
Small slip still gives only small tsunami excitation.

The second scenario involves the rupture of one or more discrete (triggered) early aftershocks in the time
interval after the direct P wave motions from the main rupture, which increases RMS_C/P measurements
(Figure 17b). The 7 October 2009 Vanuatu event has a compact large‐slip region near the hypocenter, along
with an up‐dip small‐slip region that contributes to raising the early coda level somewhat, but later discrete

Figure 16. Finite‐fault inversion for the 5 March 2002Mw 7.5 Mindanao earthquake. The fault plane dip varies from 5.5° at 7.6 km depth to 38° at depth ~40 km.
All panels follow the format of Figure 6. (a) The slip distribution with color‐coded slip amplitude. (b) The average focal mechanism and P wave data distribution.
(c) The moment‐rate function. (d) A subset of comparisons of observed (black) and predicted (red) P waveforms. All waveform fits for this event are shown
in Figure S15.
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pulses from early aftershocks are mainly responsible for the high coda amplitudes. The 5 May 2015 Papua
New Guinea event does not have shallow slip, but along strike triggering of adjacent thrust faulting in the
form of early aftershocks (the first of which is imaged and has azimuthally varying relative arrival times that
locate the source) is the explanation for the high Pcoda/P measure. The 12 November 1996 Peru earthquake
has most slip down‐dip under the coastline, but minor up‐dip slip accounts for the moderate, rapidly decay-
ing early coda levels. Later arrivals that contribute to the moderately high Pcoda/P ratio are not explained and
may be due to either scattered pwP in the deeper trench to the southeast or early aftershocks. The 5 March
2002Mindanao event has a relatively compact large‐slip region near the hypocenter, with a small‐slip region
at shallower depth that does not reach the seafloor. The ground motions following the large‐slip associated
arrivals of this event are very complex and not modeled by rupture on the thrust plane at any depth; these are
attributed to the early aftershocks with distinct focal mechanisms that cause azimuthally varying P waves
relative to the main rupture.

For the 2009 Vanuatu, 2015 Papua New Guinea, 1996 Peru, and 2002 Mindanao events, with at most
minor patchy slip regions up‐dip of the main slip patch, the high coda levels are primarily attributed
to triggered early interplate/intraplate aftershocks or scattered signals. If we use the durations of the
coherent bursts of source‐energy in Figure 3 to constrain the “effective” P and Pcoda time intervals,
we obtain for 55‐s rupture duration for 2009 Vanuatu RMS_C/P = 0.89 (versus 0.81 for a rupture dura-
tion of 40 s used in Figure 1) and 2015 Papua New Guinea RMS_C/P = 0.66 for 90 s P interval (versus
0.82 for a rupture duration of 60 s used in Figure 1). The 2009 Vanuatu measure still correctly indicates
the occurrence of some shallow slip, whereas the 2015 Papua New Guinea measure is now neutral as to
whether shallow slip occurred. If we accept the slightly increased rupture duration of 70 s for the 1996
Peru event, found with or without shallow slip, RMS_C/P = 0.69 (versus 0.75 for a rupture duration of
45 s used in Figure 1), slightly higher than for the 2015 event. It is hard to place reliable bounds on the
effective P interval for the 2002 Mindanao event. From the perspective of applying the RMS_C/P proce-
dure for rapid applications to tsunami warning, false alarm with respect to prospect of greater than nor-
mal (for a given MW event) tsunami can be avoided by simply looking at the waveforms, by processing
of spectrograms, or by designing a neural net to detect impulsive arrivals in the coda window (as for the
7 October 2009 Vanuatu event), with azimuthal variations in move‐out times (as for the 5 May 2015
PNG event), and/or azimuthal variations in relative waveforms (as for the 12 November 1996 Peru
and 5 March 2002 Mindanao events). The RMS_C/P measures above 0.8 in Figure 1 appear to provide
reliable indicators of the presence of some shallow slip.

Figure 17. Schematic displays of two rupture situations inferred from our inversions that can result in high Pcoda/P ratio
without strong tsunami excitation. (a) Rupture with minor coseismic shallow slip patches near the deep‐water trench that
efficiently generates strong pwP. (b) Rupture lacking near trench shallow slip but with early interplate/intraplate after-
shocks that can substantially raise the early coda level leading to high Pcoda/P measures.
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5. Conclusions

Rapid tsunami‐warnings are issued based on rapid focal mechanism and seismic moment determinations,
geodetic deformations, and nearby tsunami recordings. Improving rapid constraints on the rupture depths
is desirable, particularly for large interplate thrust events. A recent approach involving measuring Pcoda/P
ratios from teleseismic recordings is designed to detect ringing coda generated by slip at shallow depth below
deep water, which will enhance tsunami excitation relative to what might be expected for the given event
size if rupture is confined to the typical central megathrust depth range. Many events with high Pcoda/Pmea-
sures are associated with finite‐fault slip models that indicate at least some shallow rupture near the deep‐
water trench. However, four events with moderate to high Pcoda/P measurements have inconsistent finite‐
fault models or no indication of shallow slip and two events with very high Pcoda/Pmeasurements have only
small reported tsunami.

We reexamine the slip models of the six outliers and find that two different scenarios can account for the
observed high coda levels. One scenario involves late shallow slip beneath deep water that generates water
reverberations that enhance the coda. This holds for the 1995 Chile and 2003 Aleutian events. The shallow
slip (~1–3 m) is patchy and separated from the deeper large‐slip region. Routine finite‐fault model parame-
terizations canmiss this shallow slip due to ignoring the strong coda arrivals and/or kinematically constrain-
ing the rupture so that it cannot resolve any shallow slip. Even though the slip may be small, the efficiency of
generating strong pwP is high, so high coda levels can be observed even if tsunami excitation is not high. For
such events the coda measures are useful for inclusion in rapid tsunami warning that is primarily based on
rapidly determined faulting geometry and seismic moment. The second scenario, inferred from analysis of
the 1996 Peru, 2009 Vanuatu, 2015 PNG, and 2002 Mindanao events, involves relatively infrequent occur-
rence of scattered energy or early interplate or intraplate aftershocks within the time window soon after
the main rupture process is complete, raising the coda level, but likely having little/no tsunami enhance-
ment. This scenario needs to be addressed so it does not lead to false inference of enhanced tsunami excita-
tion, and that can be done by analysts or waveform processing to distinguish impulsive coda arrivals from
ringing pwP arrivals.

The coda attributes for these two scenarios are distinguishable and can guide the application of Pcoda/P ratio
measures in several ways. If the coda has apparent strong harmonic reverberations recorded at all azimuths,
but especially at seaward azimuths, the event likely does have some shallow slip reaching to near the deep‐
water trench and rapid tsunami warning can reliably indicate the potential for enhanced tsunami for the
given event size. If seismic wave distance profiles display coherent discrete ground motions without ringing
motions, it is likely that an early aftershock occurred, leading to high Pcoda/P measurement that is not a
result of shallow slip, so no tsunami enhancement is likely. Differential time move‐out relative to the first
arrival can locate the secondary event in some cases. If an early aftershock has a faulting mechanism differ-
ing from the mainshock, azimuthally varying, incoherent discrete P waves will be observed. These results
demonstrate that by paying attention to the data patterns to recognize contamination from rare early after-
shocks, false alarms of enhanced tsunami can be avoided and even modestly elevated RMS_C/P measures
can reliably contribute to rapid tsunami hazard assessment.
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