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Abstract The 16 September 2015 Illapel, Chile, Mw 8.3 earthquake ruptured ~170 km along the plate
boundary megathrust fault from 30.0°S to 31.6°S. A patch of offshore slip of up to 10m extended to near
the trench, and a patch of ~3m slip occurred downdip below the coast. Aftershocks fringe the large-slip zone,
extending along the coast from 29.5°S to 32.5°S between the 1922 and 1971/1985 ruptures. The coseismic
slip distribution is determined by iterative modeling of teleseismic body waves as well as tsunami signals
recorded at three regional DART stations and tide gauges immediately north and south of the rupture. The
tsunami observations tightly delimit the rupture length, suppressing bilateral southward extension of slip
found in unconstrained teleseismic-wave inversions. The spatially concentrated rupture area, with a stress
drop of ~3.2MPa, is validated by modeling DART and tide gauge observations in Hawaii, which also prove
sensitive to the along-strike length of the rupture.

1. Introduction

The expanded availability of high-quality tsunami recordings from DART stations and tide gauges is having a
major impact on studies of large plate boundary megathrust earthquakes. Underthrusting events in subduction
zones often have significant coseismic slip offshore, which results in strong tsunami excitation. The low speed
of tsunami waves enhances their sensitivity to the spatial extent of earthquake-induced seafloor deformation.
The recorded waveforms are effective in constraining seaward and along-strike extents of fault displacement that
significantly augment the resolution provided by land-based geodetic and seismic observations [e.g., Lay et al.,
2011; Saito et al., 2011; Yamazaki et al., 2011b, 2013; Yokota et al., 2011; Satake et al., 2013; An et al., 2014; Yue
et al., 2014a, 2014b; Bai et al., 2014; Heidarzadeh et al., 2016; Yoshimoto et al., 2016].

A great earthquake ruptured the plate boundary in central Chile offshore of Illapel on 16 September 2015 along
the region of the 1943 (Ms 8.1), 1880, and 1730 events [e.g., Kelleher, 1972; Nishenko, 1985; Beck et al., 1998]. The
source region as shown in Figure 1 is located between the 1971 (Ms 7.9), 1985 (Mw8.0), and 1906 (Ms 8.3)
Valparaíso events to the south [Comte et al., 1986] and the 1922 (Ms 8.3) event to the north [Beck et al., 1998].
The U.S. Geological Survey National Earthquake Information Center (USGS-NEIC) determined a hypocenter for
the 2015 Illapel earthquake at 31.573°S, 71.674°W, and 22.4 km deep with an origin time of 22:54:32.9 UTC
[http://earthquake.usgs.gov/earthquakes/eventpage/us20003k7a-scientific_origin]. The final global centroid
moment tensor (gCMT) solution has a best double-couple mechanism with a shallow-dipping thrust fault
[http://www.globalcmt.org/CMTsearch.html]. The gCMT solution has 7° strike, 19° dip, 109° rake, and seismic
moment of 3.23×1021Nm (Mw8.3) at a centroid depth of 17.4 km, with a centroid time shift of 50 s.

The 2015 Illapel earthquake is of particular note because rapid seismological quantification of the event prompted
tsunami warning and evacuation notifications within 8 to 11min of the origin time, resulting in large-scale evacua-
tion along the Chile coast. Shaking damage was extensive, and tsunami runup was about 3 to 6m along the adja-
cent coast from 29°S to 32°S, with localized peak values of 13m at La Cebada (30.98°S, 71.65°W) and 10.8m at
Totoral (30.37°S, 71.67°W) and a tide gauge peak recording of 4.5m at Coquimbo to the north [Aránguiz et al.,
2016; Contreras-López et al., 2016]. Due to the low local population density, the early tsunami warning, and rapid
societal response to the evacuation notice, the loss of life was limited to 13 fatalities, with 6 missing.

Several rapid determinations of finite-fault slip distributions were performed for the event (e.g., USGS-NEIC:
http://earthquake.usgs.gov/earthquakes/eventpage/us20003k7a#scientific_finitefault; Earth Observatory of
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Singapore (EOS): http://www.earthob-
servatory.sg/news/september-16-2015-
chile-earthquake; [Ye et al., 2016]). These
rapid solutions, which used teleseismic
waves only, all locate the region of lar-
gest slip northwestward and offshore
from the epicenter but with several
meters of offshore bilateral slip extend-
ing southwestward. Early aftershocks
include a concentration of relatively
large events (Mw~ 6.2) near 32.3°S, as
illustrated in Figure 1, further suggest-
ing the possibility of bilateral rupture.
Ye et al. [2016] explore the limited reso-
lution of teleseismic-only inversions and
present slip models for varying choices
of rupture velocity and fault geometry,
with all models having some bilateral
slip distribution if the parameterization
allowed it. Melgar et al. [2016] invert
geodetic, tide gauge, and strongmotion
observations and find patches of ~10m
slip beneath the coast and offshore to
the north with minor slip near 32°S far
offshore.

Teleseismic P waves recorded across
North America have been analyzed to
determine the space-time history of
high-frequency seismic energy radia-
tion for the 2015 Illapel earthquake
[Melgar et al., 2016; Ye et al., 2016; Yin
et al., 2016]. These studies consistently
indicate bursts of high-frequency radia-
tion migrating NW and NE from the
hypocenter for about 50 s, with exten-
sion of lower frequency radiation off-
shore toward the trench for an
additional 40 s. Associated rupture velo-
cities are about 1.5 to 2.0 km/s, although
intervals of both slower and faster rup-
ture expansion are suggested. Very little
high-frequency radiation is imaged to
the south of the hypocenter.

Tsunami observations for the 2015 Illapel earthquake have also been analyzed. Tang et al. [2016] discuss the
rapid analysis of tsunami signals involved in the Pacific tsunami warning system. Heidarzadeh et al. [2016]
invert teleseseismic data for a range of assumed rupture velocity and evaluate the fit to DART and tide gauge
observations for each case, finding a preferred rupture velocity of 1.75 km/s, with an average of 5m slip in an
offshore patch northwest of the epicenter. Aranguiz et al. [2016] use a slip model obtained from teleseismic P
wave inversion to predict tsunami runup along the coast, matching the 3–6m runup pattern. In this study, we
iteratively model teleseismic and regional tsunami observations, seeking a self-consistent model that
improves on seismic-only inversions. Validation of the final model is performed using the far-field tsunami
recordings in Hawaii, which are known to be sensitive to slip distributions of trans-Pacific tsunamis due to
multiscale resonance along the island chain [Munger and Cheung, 2008; Cheung et al., 2013].
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Figure 1. Map of the final slip distribution (blue-red palette) and original
model extent (black dashes) with aftershocks from NEIC and CMT solu-
tions and historic event locations. Rupture zones of the adjacent 1922,
1971, and 1985 events are indicated. USGS NEIC seismicity with mb ≥ 4.5
from 16 September 2015 to 16 November 2015 is shown by circles, scaled
proportional to magnitude and color coded for source depth. Centroid
moment tensors for Mw ≥ 6.0 for the same 2months are shown by focal
mechanisms color coded for centroid depth, plotted at their centroid
locations, with tie bars to corresponding NEIC epicenters. The mainshock
epicenter is the red star (NEIC value).
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2. Iterative Modeling Approach

Our iterative procedure has proved successful in achieving self-consistent rupture models for teleseismic
and tsunami observations for numerous events [e.g., Lay et al., 2011, 2013a, 2013b; Yamazaki et al.,
2011b, 2012; Bai et al., 2014; Yue et al., 2014a]. Global broadband seismic waves are inverted for a
kinematic multitime window, finite-source model using a least squares procedure for specified fault geo-
metry and rupture velocity [e.g., Hartzell and Heaton, 1983; Kikuchi and Kanamori, 1982]. The half-space
model of Okada [1985] provides the seafloor displacement and velocity for the slip distribution that in turn
define the input to the tsunami code NEOWAVE of Yamazaki et al. [2009, 2011a] for forward calculations.
The staggered finite difference code builds on the nonlinear shallow-water equations with a vertical velo-
city term to account for weakly dispersive waves and a momentum conservation scheme to describe bore
formation. The vertical velocity term also accounts for the time variation of the seafloor vertical motions
and facilitates dispersion of the seafloor excitation over the water column during tsunami generation.
The method of Tanioka and Satake [1996] approximates the vertical motion contributions from seafloor
horizontal displacement on a slope.

Our teleseismic data comprise 60 P wave and 42 SH wave ground displacements filtered in the 0.005–0.9 Hz
band. The models discussed here are uniform along a fault strike of 5° but can accommodate variable dip of
the plate interface. The subfaults are 22 km along strike and 15 km along dip. The model grid extends from
30°S to 32.6°S (Figure 1), allowing bilateral rupture over up to 13 along-strike segments or unilateral
northward rupture on 8 segments. The number of subfaults in the dip direction is set at 9. The subfault source
time functions are parameterized with five to seven 3 s rise-time symmetric triangles, offset by 3 s each. The
hypocentral depth is set at 26 km, and a wide range of constant and along-dip varying rupture velocities from
1.0 to 3.5 km/s was explored.

Tide gauges along the Chile coast and the Hawaiian Islands as well as DART stations across the Pacific
recorded clear signals of the tsunami. Figure 2 shows systems of computational grids to capture signals at
selected water-level stations with appropriate resolution. The iterative computations of the regional DART
and local tide gauge data utilize two levels of two-way nested grids. Grid 1.1 covers the southeastern
Pacific with 2 arcmin (~3600m) resolution, while grids 2.1 and 2.2 resolve the source and the adjacent coasts
at 0.5 arcmin (~900m). The nested systems can adequately describe the DART data for adjustment of the
source parameters but, due to limited resolution, can only provide qualitative results at the tide gauges for
evaluation of arrival time. The far-field model validation is performed with up to five levels of nested grids
telescoping from grid 1.2 with 2 arcmin (~3600m) resolution across the Pacific to grid 2.3 with 24 arc sec
(~720m) along the Hawaiian Islands chain, where DART 51407 is located, and to the finest grids with 0.3 arc sec
(~9m) at the tide gauges inside the five commercial harbors. The bathymetry in the computational grids consists
of the GEBCO (General Bathymetric Chart of the Oceans) data set at 30 arc sec (~900m) across the Pacific Ocean
and multibeam and lidar survey data at 50 and 3m resolution around the Hawaiian Islands. A Manning number
of 0.035 describes the subgrid roughness of the volcanic and reef substrate in Hawaii [Bretschneider et al., 1986].

3. Matching of Seismic and Tsunami Records

We began the iterative procedure using the suite of rapidly determined slip distributions discussed in Ye et al.
[2016]. The tsunamis computed from these models do not match the records from the three regional DARTs.
Models with slip north of 30°S produce early arrivals, and those with concentrated slip very near the trench
give a double-peaked initial wave from coastal reflections. Searching over a range of planar fault models
showed that those with desired seafloor motions did not match the plate geometry. We thus constructed
a variable-dip fault model extending from the trench axis to below the coast conforming with the Slab 1.0
model of Hayes et al. [2012] on average. An extensive search over an acceptable range of rupture velocity
established suitable offshore placement of fault slip to match the arrival times of the DART recordings. The
favored models have a rupture velocity of 3 km/s on the fault deeper than the hypocenter. At shallower
depth, the rupture velocity is 3 km/s in the along-strike direction versus 1.0 to 1.5 km/s along dip. The fit to
the teleseismic data for all of the models was very good, typically accounting for 80% or more of the power
of the observed waveforms, so the primary discrimination among models is based on the corresponding
predictions of the DART signals.
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A satisfactory fit to the three regional DART observations and the teleseismic data was initially found for a model
with substantial bilateral slip from the hypocenter at 31.6°S extending from 30°S to 32.6°S (Figure S1 in the
supporting information). The computed tsunami matches both the timing and amplitude of the DART signals.
The arrival times at the local tide gauges confirm the northern limit of the rupture but are systematically too early
at those to the south of the epicenter (Figure S2). Similar misfit of tide gauge signals was also found by
Heidarzadeh et al. [2016] for a model with significant bilateral slip. The computed waveforms generally matched
the amplitude of the DART and tide gauge records in Hawaii albeit with an increasing phase shift over time due
to overestimation of long-period components (Figure S3). Fitting of just the regional DART records does not

Figure 2. Location maps and arrangement of computational grids for tsunami modeling. The iterative modeling of the regional tsunami was performed with nested
grids 1.1 and 2.1 and grids 1.1 and 2.2 separately. The far-field results are provided by nested systems from grids 1.2 to 2.3 across the Pacific Ocean and then the
hierarchy of grids from the insular shelves to the harbors of interest as outlined by black regular boxes. The red star denotes the epicenter, and open triangles and
circles indicate locations of DART stations and tide gauges, respectively.
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Figure 3. The preferredmodel of the 2015 Illapel earthquake. (a) Rupture mechanism showing total slip (colors and relative
vector lengths), average slip direction (vector directions), and moment rate functions for each subfault. (b) Average focal
mechanism, with strike φ, dip δ, and rake λ. Vr is rupture velocity, Var. is residual waveform power mismatch, H0 is hypocentral
depth, and Hc is slip centroid depth. (c) Moment rate function for the finite-fault model with values of seismic moment M0,
moment magnitudeMw, centroid time Tc, and total duration Td. (d) Average source spectrum from the moment rate function
for frequencies < 0.05 Hz and logarithmic average of propagation-corrected P wave displacement spectra for frequencies
≥ 0.05 Hz. Er is radiated energy. (e) Rupture model in geographic position. The red star indicates the epicenter and the black
line denotes the trench. (f) Seafloor uplift and subsidence. Open circles indicate tide gauge locations, and green azimuthal
lines point toward the three regional DART stations.
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Figure 4
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sufficiently constrain the southerly rupture extent because of their limited azimuthal distribution in the
northwestern quadrant.

Exploration of the along-strike length, rupture velocity, and subfault duration parameterization ultimately
achieved the preferred joint model shown in Figure 3. The unilateral northward rupture has 2.6 × 1021 Nm
(Mw 8.21) seismic moment and 93.5 s total duration. Suppression of even modest amounts of slip south of
the hypocenter is necessary to avoid predicting early tsunami arrivals to the south (see Figures S4 and S5).
The model has a relatively smooth offshore slip distribution with large-slip extending to the trench span-
ning a 60 km wide portion of the shallow fault. Peak slip is about 10m, and the subfaults have total
allowed rupture durations of 24 s, with subfault moment rate functions similar to the overall moment rate
function. The variable rupture velocity is crucial in the placement of the offshore slip to match the arrival
times and waveforms at the regional DART stations and local tide gauges (see Figures S6 and S7). There is
little slip near the hypocenter, consistent with the slow growth of the teleseismic P wave displacements.
About 76% of the teleseismic waveform power is accounted for by this model, somewhat less than for
bilateral slip models with more degrees of freedom. A downdip patch of several meter slip extends from
30 to 95 km north of the hypocenter with shorter duration pulses in the subfault moment rate functions. A
downdip patch below the coast is apparent in the geodetic inversion by Melgar et al. [2016], although
they find larger slip of about 10m. High-frequency radiation from this region is imaged by the backprojection
studies noted above.

The tsunami records near the source provide the key constraints on the slip distribution. Figure 4 compares
the computed and recorded signals at the regional DART stations and local tide gauges. The DART data pro-
vide constraints on the northern boundary of the rupture and to a certain extent the updip slip distribution.
Themodel gives slightly high amplitude at DART 32412, while it slightly underestimates the records at 32401.
This is acceptable given the assumptions in the NEOWAVE formulation and the model parameterization and
is consistent among all models we have tested including those with bilateral slip (see Figures S2 and S5). The
weak secondary arrivals from coastal reflection are reasonably well matched, especially the strong negative
wave at DART 32402. The comparisons at the tide gauges show good agreement of the arrival time and
amplitude of the first wave. The subsequent arrivals, which primarily originate from edge waves along the
continental and insular shelves [Yamazaki and Cheung, 2011], are not well reproduced by the model because
of the low-resolution bathymetry available.

The interconnected insular shelves of the Hawaiian Islands host a series of multiscale resonance modes
that amplify the frequency components of tsunamis for evaluation [Cheung et al., 2013]. Figure 5 compares
the results of the preferred model with records from the DART station and five tide gauges in Hawaii
(see Figure 2 for location map). The recorded waveforms vary along the island chain due to dominance
of local resonance modes. The model captures these local processes including the 33-and 46-fold increases
of the wave height from DART 51407 to the Kahului and Hilo tide gauges. The initial waves at the various
locations are well matched by the model after adjustment for travel time shifts associated with neglecting
solid earth elasticity and water density variations [e.g., Tsai et al., 2013; Watada et al., 2014]. The computed
waveforms reproduce the amplitude and phase quite well for at least an hour. The frequency components
of a far-field tsunami reflect the width and length of the fault as well as nonlinear interactions of the
dominant wave components across the ocean. The alignment of the spectral peaks of the computed and
recorded data thus provide validation of the unilateral rupture model.

4. Discussion and Conclusions

The complementary sensitivity of the teleseismic and tsunami observations to the offshore slip process is
dramatically demonstrated for the 2015 Illapel, Chile, earthquake. The joint modeling indicates that there
was little coseismic slip south of the hypocenter, even though this region has several large aftershocks
(Figure 1) and appears to be seismically fully coupled [Métois et al., 2012]. The radiated energy for the

Figure 4. Comparison of observations (black lines) with computed tsunami waveforms and spectra (red lines) from the
preferred model at water-level stations used in iterative modeling. (a) Regional DART stations. (b) Local tide gauges. Good
agreement of both amplitude and phase at the DART stations could be achieved by a number of model grids, but only the
unilateral rupture model can match the first arrivals at the tide gauges.
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preferred model is 2.84 × 1016 J, obtained by the method described in Ye et al. [2016], which expands on the
procedure of Venkataraman and Kanamori [2004]. The slip-weighted static stress drop estimate for the pre-
ferred model is 3.2MPa (see Ye et al. [2016] for discussion), which is about 50% larger than for the earlier
bilateral models as a result of the more localized rupture area.

The offshore region of large slip extends beyond the area of high-frequency bursts of P wave radiation, and
there does appear to be some frequency dependence of radiation from the fault plane as found in other
studies. The high-frequency radiation does support the unilateral northward overall slip distribution.
However, the high-frequency distribution does not clearly define the large-slip zone. Additional constraints
on the finite-fault spatial extent is provided by the tsunami observations with a good azimuthal distribution,
which is only obtained in this case by inclusion of tide gauges along the Chile coast in combination with the
DART stations.

The capability to model tsunami generation from rupture time histories is crucial in matching the fine details
of the near-field observations. The regional DART observations provide constraints on the offshore placement

Figure 5. Comparison of observations (black lines) with computed tsunami waveforms and spectra (red lines) from the
preferred model at DART 51407 and tide gauges in Hawaii. The computed waveforms are shifted later by 6min to
account for early arrivals of the modeled tsunami. These far-field data, which were not considered in the iterative approach,
validate the preferred rupture model.
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of the slip and the northern boundary. Even with low-resolution computation in the absence of detailed
coastal bathymetry, comparison of the modeled and observed first arrivals at the local tide gauges allow
iterative adjustment of the model grid extent to determine the southern boundary of the rupture. Thus,
efforts to quickly incorporate tsunami observations into the finite-fault determinations will improve accuracy
of the rapid slip model characterization. The far-field tsunami records in Hawaii that were not considered in
the iterative adjustment of the model grid and parameters provide validation of the preferred model.
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