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Dynamically triggered offshore aftershocks, caused by passing seismic waves from main shocks located 
on land, are currently not considered in tsunami warnings. The M7.0 2010 Haiti earthquake epicenter 
was located on land 27 km north of the Caribbean Sea and its focal mechanism was oblique strike-
slip. Nevertheless, a tsunami recorded on a Caribbean Deep-Ocean Assessment and Reporting of Tsunami 
(DART) buoy and a tide gauge produced runup heights of 1–3 m along Haiti southeast coast. Earthquake 
finite-fault model inversions of the DART waveform suggest that a reverse fault doublet with magnitudes 
of M6.8 and M6.5 located 85 km southwest of the epicenter may have excited the tsunami. This doublet 
collocates with dynamically triggered aftershocks, derived from back-projection analysis, that occurred 
20-60 s after the main shock of the Haiti earthquake. The aftershocks are within a region of maximum 
dynamic strain predicted by the main shock, on a possibly tectonically active submarine ridge southwest 
of Haiti’s Southern Peninsula. The agreement between the tsunami finite-fault source models and the 
seismic and tectonic evidence suggests that earthquakes on land, even strike-slip faults, can generate 
tsunamis by dynamically triggering offshore aftershocks.

Published by Elsevier B.V.
1. Introduction

The M7.0 2010 Haiti earthquake along the Enriquillo Fault west 
of Port-Au-Prince, Haiti, ruptured a complex fault network includ-
ing both strike-slip and reverse faults (Hayes et al., 2010). The rup-
tured fault network was less than 60 km long, spanning from the 
northern side of Haiti’s Southern Peninsula on land to the north 
of the peninsula offshore (Fig. 1). The offshore rupture produced 
a minor tsunami that impacted the north shore of the peninsula 
(Hornbach et al., 2010; Fritz et al., 2013). Intriguingly, a much 
more prominent tsunami was reported along the south shore of 
the peninsula, in the Caribbean Sea, with 3 m runup in Jacmel 
and 1 to 2 m runups as far east as Pedernales on the Domini-
can Republic border (Fritz et al., 2013). The static Coulomb stress 
change from the 2010 Haiti earthquake mainshock can explain the 
majority of observed aftershocks, which are located west and east 
of the mainshock along the northern part of the peninsula and 
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along offshore faults north of the peninsula (Symithe et al., 2013). 
In contrast, there is a paucity of aftershocks along the south shore 
of the peninsula (Douilly et al., 2013).

Fritz et al. (2013) modeled the tsunami south of the island 
with mainshock source parameters close to the parameters pro-
vided by the global CMT solution (http://www.globalcmt .org/) but 
with two crucial differences. The Fritz et al. (2013) model re-
quired a uniform 5.8 m slip model, yielding a total moment 
magnitude of 7.47, whereas the moment magnitude of the earth-
quake was 7.0 (https://earthquake .usgs .gov /earthquakes /eventpage /
usp000h60h/). In addition, the modeled fault dipped southward, 
whereas both the CMT solution and the interferometric synthetic-
aperture radar (InSAR) inversion (Hayes et al., 2010) suggested a 
north-dipping fault. Consequently, the Fritz et al. (2013) source 
model would predict a broad co-seismic uplift reaching the south 
coast, which was not observed in the InSAR data (Hayes et al., 
2010; Symithe et al., 2013).

We propose that near-instantaneous dynamically-triggered af-
tershocks located in the Caribbean Sea ∼85 km southwest of the 
mainshock epicenter generated the tsunami south of the island. 
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Fig. 1. Finite-fault model with strike of 132◦ and dip of 84◦ . Models with other strikes and dips are shown in Fig. 3 and in the Appendix. (a) Grid of rectangular elements -
Finite-fault model configuration. Line thickness denotes modeled slip amplitude. See Table S1 for coordinates and slip of the finite faults. Downdip width of all sub-faults is 
20 km and their top depth is 1 km. Colors denote vertical seafloor deformation from the tsunami source model calculated using Okada’s (1985) analytical functions for an 
elastic half space. Yellow contours – Peak back-projected energy contours of the main shock and the three early aftershocks with values increasing inward from 60% to 90% 
(Fan and Shearer, 2016). Background – Shaded topography and bathymetry with selected elevations marked by white triangles. Topography is from SRTM 90 m grid. Shaded 
relief bathymetry is multibeam bathymetry compilation from various surveys gridded at 250 m and GEBCO grid. Red star – Epicenter of the 2010 Haiti earthquake. Purple 
lines – Seismic profiles shown in Fig. 4. Black dots – Campaign GPS sites. White rectangle – Location of map in (c). Inset: Locations of DART buoy and the Santo Domingo tide 
gauge station. (b) modeled and observed tsunami wave amplitudes at the DART buoy (top) and the Santo Domingo Tide Gauge (bottom). The inversion aims to fit the first 
observed waves on the DART buoy. (c) Calculated wave amplitude in the vicinity of Jacmel Bay (top) and calculated (black) and observed (orange) runup along the shoreline 
plotted by shoreline longitude. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
We conducted a systematic search for the tsunami source(s) by fit-
ting the sea-surface elevation waveform recorded on Deep-Ocean 
Assessment and Reporting of Tsunami (DART) buoy 42407 located 
in the Caribbean basin south of Santo Domingo (Fig. 1), as well 
as the tsunami arrival time at the Santo Domingo tide gauge, and 
the observed tsunami runup at Jacmel. Our best-fit sources are col-
located with a shallow submarine ridge complex, which was pre-
viously proposed to be tectonically active (Bien-Aime Momplaisir, 
1986), and with independently located, near-instantaneous dynam-
ically triggered aftershocks of the earthquake (Fan and Shearer, 
2016).

Near-instantaneous dynamically triggered aftershocks have been 
identified in the near to intermediate field during or immediately 
after the main shock rupture (D’Amico et al., 2010; Nissen et al., 
2016; Wang et al., 2016; Fan and Shearer, 2016). (The term after-
shock is used here to denote events that follow the largest shock 
of the earthquake sequence within the adjacent region). These af-
tershocks are triggered by transient passing seismic waves, such as 
seismic surface waves (Gomberg et al., 2001). They differ from stat-
ically triggered aftershocks, which are caused by the permanently 
altered Coulomb stress state in the crust and which are often lo-
cated within one fault length of the mainshock fault (e.g., Harris, 
1998). Dynamically triggered aftershocks can be almost as large as 
the main shock, such as with the M 7.0-7.1 1997 Harnai, Pakistan 
earthquake with a M 6.8 aftershock 19 s later on a separate re-
verse fault 50 km away (Nissen et al., 2016). In contrast, statically 
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Fig. 2. Comparison of modeled tsunami wave amplitudes at the DART buoy (top) 
and the Santo Domingo Tide Gauge (bottom) for models with different rakes. All 
models have strike of 132◦ and dip of 84◦ similar to Fig. 1.

triggered aftershocks are often 1 to 1.2 magnitude units smaller 
than the main shock (e.g., Shearer, 2012). In either case, triggered 
aftershocks can rupture faults that are structurally disconnected 
from the main shock and can have varying focal mechanisms. 
Tsunami hazard assessments qualitatively consider rupturing splay 
faults and landslides triggered by the main shock as possible con-
tributions to increased tsunami amplitude from subduction zone 
earthquakes (e.g., Moore et al., 2007; Fryer et al., 2004; Whitmore 
et al., 2008; Wendt et al., 2009; Fan et al., 2017). Our findings sug-
gest that dynamically triggered early offshore aftershocks, such as 
those triggered by events on the San Andreas Fault, should also be 
considered in tsunami hazard assessments for large earthquakes 
on shore.

2. Analysis

We search for earthquake finite-fault sources that can explain 
the observed tsunami in the Caribbean Sea by inverting for slip on 
a set of reverse sub-faults within an area of 160 by ∼100 km south 
of Haiti. Each sub-fault is 10 km along strike and 20 km down 
dip and its upper end is at a depth of 1 km. Because only one 
DART buoy exists in the Caribbean Sea, the analysis can only nar-
row down the range of permissible model parameters, rather than 
establish formal uncertainties. Additional criteria discussed below 
are used to further limit the model parameters. Following Wei et 
al. (2003), our inversion algorithm minimizes the misfit (in a least-
squares sense) between the observed tsunami at DART buoy 42407 
and the synthetic hydrodynamic wave at the buoy location from 
a linear combination of the sub-faults (Fig. 1). For the finite-fault 
model, each group of sub-faults can have any combination of strike 
(from a family of 117◦ , 132◦ , or 147◦) and dip (84◦ , 60◦ , 45◦ , 30◦
or 15◦) giving a total of 15 total possible geometries. The rake in 
each model is 90◦ (reverse faulting). Mixed reverse and strike-slip 
faulting, while possible, results in lower wave amplitudes for sim-
ilar magnitude earthquake (Fig. 2). Given the plausible assumption 
that the unknown earthquake(s) had a smaller magnitude than the 
Haiti main shock, a 90◦ rake results in the largest tsunami wave. 
The possible sub-fault geometries are also guided by the focal 
mechanism of the 1997 M5.4 earthquake in the area, which was a 
reverse faulting earthquake with one nodal plane with strike 132◦ , 
dip 84◦ and rake of 95◦ (https://earthquake .usgs .gov /earthquakes /
eventpage /usp0007vma #moment -tensor). The inversion algorithm 
attempted to fit the first two large peaks in the DART buoy record 
and a 2-hour long record. The initial finite-fault model is homo-
geneous with 1 m slip on each sub-fault. The inversion procedure 
assimilates the observed tsunami waveforms and gradually adjusts 
the slip at each sub-fault, rendering most of them zero slip. Ta-
ble S1 lists the geographical coordinates and slip amount for each 
sub-fault with slip > 0 for each model.

We used the MOST (Method of Splitting Tsunami) model (Titov 
and Synolakis, 1995, 1998) for tsunami simulations. MOST solves 
the nonlinear depth-integrated shallow water equations, which 
are derived from the Navier-Stokes equations with the assump-
tions that 1) the tsunami waves propagate in an incompressible 
and irrotational medium; 2) tsunami propagation is primarily 
dominated by the geometry of the ocean floor; and 3) tsunami 
waves have much greater horizontal length scale than vertical 
length scale. MOST is capable of simulating tsunami generation, 
transoceanic propagation, and inundation and is the standard 
model used at the NOAA Center for Tsunami Research. The MOST 
model has been numerically verified against laboratory experi-
mental results and benchmarks (Synolakis et al., 2008) and fur-
ther validated with modern tsunamis simulated both after the 
fact and in real time (Tang et al., 2016; Wei et al., 2013; Tang 
et al., 2012; Wei et al., 2008). MOST uses the Manning’s coef-
ficient to account for the frictional resistance that the tsunami 
flow experiences when passing over the earth surface. A uniform 
Manning’s coefficient of 0.03 is used in the inundation models 
along the coasts of Santo Domingo and Jacmel. MOST does not 
include the horizontal displacement effect on tsunami genera-
tion due to steep bathymetric features. However, an advantage 
of the DART-inverted source is that it accounts for the total en-
ergy built in the tsunami generation, no matter whether the 
source was horizontal or vertical. The preferred very steep dip 
in many of the inversions detailed in this paper could repre-
sent a bathymetric effect. MOST employs three variable resolution, 
telescoping grids to achieve increasing resolution of nearshore 
bathymetry starting with spatial resolution of 1 arc min (∼1.8 
km) and temporal step of 6 sec using the GEBCO 30 arc-sec 
global terrain model (https://www.gebco .net /data _and _products /
gridded _bathymetry _data /gebco _30 _second _grid/). The MOST in-
undation computation for the Haiti tsunami consisted of three 
telescoped grids with increasing spatial resolutions culminating in 
a spatial resolution of 3 arcsecond (∼90 m). These 3 arcsecond 
grids were obtained from Caribbean 9-arcsecond bathymetric DEM 
developed by the NOAA Center for Tsunami Research, from a nau-
tical chart of Jacmel Bay, and from the 3 arcsecond global Shuttle 
Radar Topography Mission (SRTM) (Farr et al., 2007). Note how-
ever, that the innermost grid, the 3 arcsecond grid, is based on 
sparse bathymetry of the nearshore region, limiting the accuracy 
of the simulations in the near shore.

3. Results

A suite of finite-fault models can explain the wavelength and 
amplitude of the first two peaks on the DART buoy (Figs. 1, 3, 
Supplementary figures S1–S10) and the first peak-trough transition 
in the Santo Domingo tide gauge data. (The later part of the tide 
gauge wavelet was not considered because of harbor oscillations). 
Our results suggest that the DART buoy data cannot constrain the 
finite-fault model uniquely. Models that fit the tsunami wave data 
equally well are shown in Figs. 1, 3 and in the Figs. S1, S2, S9, 
and S10 and include finite faults with strikes of 117◦ , 132◦ , 147◦
and dip of 84◦ and finite faults with strike of 117◦ and dips 30◦
and 15◦ . These seismic sources are located in the Caribbean Sea 
offshore the Southern Peninsula of Haiti.

As no previous seismological studies indicated any large seis-
mic sources south of Haiti, we prefer finite-fault models with the 
smallest magnitude (Table 1). Such sources might have been buried 
in the 2010 Haiti earthquake mainshock coda and can be diffi-

https://earthquake.usgs.gov/earthquakes/eventpage/usp0007vma#moment-tensor
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https://www.gebco.net/data_and_products/gridded_bathymetry_data/gebco_30_second_grid/
https://www.gebco.net/data_and_products/gridded_bathymetry_data/gebco_30_second_grid/
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Fig. 3. Same as Fig. 1 but for a finite-fault model with a strike of 117◦ and a dip of 84◦ and an alternative inversion result (Inversion 2).
cult to resolve. We further prefer the smallest number of fault 
sources as expressed by the smallest number of sub-fault clusters. 
The vertical seafloor deformation generated by seismic sources 
with a dip of 84◦and strikes of 117◦ (Inv. 2), 132◦ and 147◦ , as 
well as a source with strikes of 117◦ and 132◦ and a dip of 60◦ , 
have the smallest number (2–3) of source clusters (Table 1). These 
finite-fault sources form two aligned regions of uplift and subsi-
dence (Figs. 1, 3, S2, S4). In all the models, the larger seafloor 
deformation is to the NW, with smaller deformation to the SE. 
Other models which fit the DART buoy data exhibit less contiguous 
sources and a more complex seafloor deformation map (Fig. S1, S5, 
S7–S12).

We can further narrow down the choice of models by exam-
ining the locations of these sources relative to the bathymetry 
(Table 1). Our preferred finite-fault models with strikes of 117◦
and 132◦ and dips of 84◦ and 60◦ (Figs. 1, 3, S3, and S4) align 
well with a ridge complex, which is indicated by a steep bathy-
metric variation extending southeast from Ile á Vache (Figs. 1, 4). 
The largest of the two finite-fault sources collocates with the shal-
lowest submarine peak of this ridge (−340 m), and the smaller 
source collocates with a second submarine peak (−1585 m).
Bien-Aime Momplaisir (1986) hypothesized that the ridge ex-
tending from Ile á Vache may be undergoing compressional de-
formation. Re-processed seismic profiles HA82-3 from the 1982 
Geophysical Services Incorporated survey and EW9501-1322 from 
the 1995 R/V Ewing multichannel seismic survey EW9501 show 
reverse faults cutting through the sea floor at the northeast flank 
of the ridge (Fig. 4). The ridge complex separates the 4300-m-deep 
Haiti sub-basin from an elevated seafloor to the NE, which is some-
times referred to as the Haiti Plateau (Fig. 1). The termination of 
basin stratigraphy against the ridge (Fig. 4) indicates, however, that 
the deformation is not focused at the basin-ridge boundary.

The amplitude of tsunami runup in Jacmel can be fit by finite-
fault models with a strike of 132◦ and a dip of 84◦ (Fig. 1) and 
with a strike of 147◦ and a dip of 60◦ (Figs. S5). Both models gen-
erate a wave amplitude >3 m, similar to observations. However, 
only the model with a strike of 132◦ and a dip of 84◦ also fits the 
other criteria discussed above (Table 1).

The predicted magnitudes of the finite-fault model that best-
fits the tsunami DART buoy waveform, the travel time to the Santo 
Domingo tide gauge and the observed runup at Jacmel (strike 
of 132◦ and a dip of 84◦) are 6.83 for the major source in the 
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Table 1
Predicted magnitudes and subjective ranking of goodness of fit of the different finite-fault models to observations (1 is best fit).

Model Strike Dip Mw of two largest 
sources

Total 
Mw

Fit to 
first 2 
waves

Fit to 
S.D. 
tide

Source 
clusters

Fit to ridge 
bathymetry in 
Jacmel

Fit to 
tsunami

Fit with 
aftershock 
locations

Fit to 
GPS

Sum

117 (inv1) 84 6.77 6.53 6.88 1 1 4 3 3 2 4 18
117 (inv2) 84 6.77 6.57 6.88 1 1 2 1 2 2 4 13
132 84 6.83 6.45 6.90 1 1 2 1 1 1 2 9
147 84 6.88 6.10 6.94 1 1 1 3 4 2 1 13
117 60 6.65 6.35 6.73 2 3 2 1 3 2 2 15
132 60 6.65 5.98 6.72 2 1 1 2 4 2 1 13
147 60 6.65 6.38 6.78 2 2 3 4 1 4 1 17
117 45 6.57 6.30 6.67 3 4 3 4 4 4 - >22
132 45 6.84 6.25 6.91 2 3 3 4 4 3 - >19
147 45 6.55 6.45 6.75 3 4 4 4 2 4 - >21
117 30 7.16 6.71 7.20 1 1 4 4 4 4 - >18
132* 30 - - 7.40 - - - - - - - -
147* 30 - - 7.40 - - - - - - - -
117 15 6.97 6.25 6.99 1 1 2 4 3 2 - >13
132* 15 - - 7.32 - - - - - - - -

*Not ranked because total predicted magnitude was much larger than the magnitude of the main shock.
– Rigidity of 3 × 1010 N/m2 is used for magnitude calculations.
– Qualitative ranking of finite-fault tsunami source clusters (simple source geometry) is represented by the number of non-contiguous sub-faults (rank 1–2 sub-fault 

clusters; rank 2–3 clusters; rank 4–5 or more clusters).
– Qualitative ranking of the collocation of tsunami sources with Ile á Vache ridge (rank 1 – all sub-faults are on the ridge; rank 2–1 sub-fault is not on the ridge; rank 

4–3 or more sub-faults are not on the ridge).
– Qualitative ranking of tsunami observations in Jacmel: Rank 1 – wave amplitude >3 m; rank 2 – 2–3 m; rank 3 – 1–2 m; rank 4 – wave amplitude < 1.
– Qualitative ranking of tsunami source collocation with aftershock locations (rank 1 – all sub-faults are within the peak seismic energy contours; rank 2–1 sub-fault is 

outside the contours; rank 4–3 or more sub-faults are outside the contours).
– See Table 2 notes for explanation about the qualitative ranking of GPS fit.
northwest and 6.45 for the minor source in the southeast. The fi-
nite fault model is composed of two sources that are collocated 
with bathymetric peaks in a possibly tectonically active subma-
rine ridge. The total energy release of our preferred finite-fault 
sources is 14% of the energy release from the tsunami source 
model proposed in Fritz et al. (2013). The predicted tsunami wave 
and tsunami runup from the best-fit finite-fault model, is similar 
to a model which also includes rupture of the main shock (com-
pare Fig. 5 with Fig. 1). In other words, the 2010 Haiti main shock 
by itself could not have generated the observed tsunami in the 
Caribbean Sea.

4. Discussion

4.1. Supporting evidence

The predicted magnitudes of the finite-fault model that best-
fit the tsunami observations (strike of 132◦ and a dip of 84◦) is 
6.83 for the major source in the northwest and 6.45 for the mi-
nor source in the southeast (Table 1, Fig. 1). The sub-faults that 
generate this model collocate well with the peak seismic energy 
of the early (20-60 s) aftershocks that were dynamically triggered 
by the Haiti earthquake. Several other models (Fig. 3, supplemen-
tary Figs. S1, S2, S3, S4, and S10) collocate almost as well with the 
early aftershocks. Three aftershocks hidden in the coda of the 2010 
Mw 7.0 Haiti earthquake occurred 20–40 s, 40–60 s, and 120–140 
s after the onset of the main shock (Fan and Shearer, 2016). These 
early aftershocks were detected by a back-projection method (Fan 
and Shearer, 2016), which takes advantage of the coherent phases 
recorded by globally distributed dense seismic arrays (Ishii et al., 
2005; Kiser and Ishii, 2013). Such early aftershocks are dynami-
cally triggered by large earthquakes (7 ≤ Mw < 8) within a few 
fault lengths (∼300 km), when high-amplitude surface waves ar-
rive from the mainshock (≤200 s).

To further understand the detected early aftershocks from back-
projection, we evaluated the near-field dynamic peak strain field 
following the approach proposed by Pollitz et al. (2012). The 
source-time function for the 2010 Haiti earthquake was obtained 
from the SCARDEC database (http://scardec .projects .sismo .ipgp .fr/). 
We first calculated the initial 500 s wavefield with the PREM 
model (Dziewonski and Anderson, 1981) and the Instseis method 
(Driel et al., 2015) from the six-component GCMT moment ten-
sor solution instead of the double-couple solution to account for 
the earthquake source complexity (see details of the complexity 
in Hayes et al., 2010), on 3D grids with 5 km spacing (horizon-
tally and vertically). We then calculated the six-component strain 
tensor of grids at 10 km depth using a second order finite dif-
ference scheme (10 km is the middle depth of the finite faults in 
the preferred tsunami model with a dip of 84◦ , downdip width of 
20 km starting 1 km below the surface). The Instseis method uses 
pre-computed Green’s functions from the AxiSEM method (Nissen-
Meyer et al., 2014). Here the synthetic seismograms are calculated 
with the PREM velocity model up to 5 s. Assuming the regional 
medium is Poisson solid with a Vp = 6 km/s and a density of 
2830 kg/m3, we compute the regional stress tensor from the dy-
namic strain tensor assuming the medium is isotropic. Finally, the 
dynamic strain as well as the dynamic Coulomb stress on the pre-
ferred fault orientation were computed at each time step for a 
given grid on the preferred fault orientation (strike 132◦ , dip 84◦ , 
rake 90◦) (Pollitz et al., 2012). Our results show that the 2010 
Haiti mainshock generated a high strain field (>2.5 and >2 micro-
strain, respectively) and high dynamic coulomb stresses (300 and 
200 kPa, respectively) in the vicinity of the two detected after-
shocks (Fig. 6), which also collocates with the two subevents of 
the tsunami finite-fault model. The results suggest that the two af-
tershocks were likely dynamically triggered by the mainshock, and 
the back-projection detected early aftershocks are likely to be the 
two subevents resolved from the tsunami wave data.

The detected early aftershocks are unlikely to be artifacts from 
water or depth phases. As discussed in Fan and Shearer (2016, 
2017), depth phases do not bias the results very much when 
stacking time windows longer than 20 s. In addition, although 
water-phases are likely to occur when reverse faulting earthquakes 
in the ocean rupture to the trench (Yue et al., 2017; Fan and 
Shearer, 2018), the 2010 Haiti earthquake ruptured faults on land. 
Therefore, the earthquake was unlikely to generate prominent wa-
ter phases. Furthermore, p-waves over a large azimuthal range do 
not have extended multiple ringing effects (Fig. 7). Instead, the p-

http://scardec.projects.sismo.ipgp.fr/
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Fig. 4. Multichannel seismic profiles across Haiti sub-basin and Ile á Vache ridge complex. See Fig. 1 for their location. The structures in the two seismic lines are either a 
single curved ridge or two ridges with an along-strike relay or transfer zone between them. Note that the only active fault appears to be a sub-vertical reverse fault on the 
north side of the Ile á Vache ridge complex, not at the boundary between the ridge complex and Haiti sub-basin. Field data for profile EW9501-1322 was downloaded from 
the Academic Seismic Portal at LDEO http://www.marine -geo .org /portals /seismic/, and was stacked. Stacked profile HA82-3 is from Triezenberg et al. (2016). Both profiles 
were migrated using a 1500 m/s Stolt migration to remove noise due to seafloor diffractions.
waves associated with the early aftershocks show polarity reversals 
from 117◦ to 132◦ in azimuth confirming possible nodal planes of 
the focal-mechanism of the early aftershocks (Fig. 7).

Horizontal displacement due to rupture of several of the finite-
fault models (strike of 147◦) and dips of 84◦ and 60◦ in combi-
nation with the main shock, fit the observed co-seismic geodetic 
displacement at the campaign GPS sites AQIN, CAVA, JACM, and 
MARI along the south coast of the Southern Peninsula (Calais et 
al., 2010, Fig. 1) better than displacements from the main shock 
alone (Table 2). Other models, including our preferred model fit 
the observed co-seismic displacement almost as well as the main 
shock alone. All the models include the main shock solution from 
Calais et al. (2010) plus the finite-fault sources with slip >0.1 m 
(See supplementary Table S1 for source coordinates and slip). The 
surface horizontal displacement of the modeled sources was calcu-
lated using Coulomb 3.3 program (Lin and Stein, 2004; Toda et al., 
2005).

We examined seismic records from stations within 15◦ of az-
imuthal distance from our modeled aftershocks for possible evi-
dence of the aftershocks. Fig. 8 shows the predicted times of P, 
S, and surface waves of the main shock, and the predicted P and 
S arrivals of the aftershock for potential aftershocks occurring 30 
and 130 s after the main shock at the preferred aftershock loca-
tion (19.70◦N, 73.12◦W) Therefore, travel times from aftershock 30 
and 130 s after the main shock bracket the arrival times of P and S 
waves from the proposed dynamic aftershocks. Note that with the 
exception of SDDR (Fig. 8d), P and S arrivals from an early after-
shock 30 s occur within phases from the main shock, and hence 
cannot be distinguished with confidence (Fig. 8b). P arrivals from 
an aftershock 130 s can be observed on stations GRGR and BCIP 
(Fig. 8C) and may originate from the aftershock 120–140 s after 
the main shock. In summary, regional seismograms do not provide 
conclusive evidence for or against early aftershocks, in contrast to 
the back-projection method, which can distinguish sources by ori-
gin location using a dense array farther away.

It is not rare that arrivals from instantaneously triggered af-
tershocks can be missed by routine analyses due to high level 
of noise following the mainshock arrivals (e.g., Lay et al., 2010). 
Kiser and Ishii (2013) have shown that many of the aftershocks of 
the 2011 Tohoku earthquake were detected by the back-projection 

http://www.marine-geo.org/portals/seismic/
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Fig. 5. Tsunami predictions from a model with both the main shock and the best-fitting finite fault model (strike 132◦ dip 84◦). Comparison of the predictions of this model 
(b), (c) with those of Fig. 1 shows that the contribution of the main shock rupture to the tsunami in the Caribbean Sea is minor. See Fig. 1 for explanation of (a), (b), and 
(c). Main shock rupture parameters are from Calais et al. (2010).

Table 2
Comparison between observed co-seismic GPS displacements (in m) at four GPS sites along the south coast of Haiti’s Southern Peninsula and calculated displacements from 
the main shock and the finite-fault models listed in Table S1.

Observed Main shock only 117_84_inv1 117_84_inv2 132_84 147_84 117_60 132_60 147_60

AQIN disp. (m) 0.016 0.010 0.040 0.048 0.027 0.008 0.023 0.008 0.014
CAVA disp. (m) 0.019 0.006 0.004 0.001 0.010 0.021 0.005 0.009 0.007
JACM disp. (m) 0.109 0.088 0.005 0.082 0.080 0.082 0.079 0.083 0.079
MARI disp. (m) 0.049 0.025 0.080 0.021 0.018 0.018 0.020 0.020 0.017
� disp. AQIN — 0.400 1.502 2.035 0.676 0.510 0.453 0.495 0.150
� disp. CAVA — 0.673 0.777 0.956 0.475 0.136 0.746 0.515 0.602
� disp. JACM — 0.191 0.265 0.252 0.272 0.247 0.280 0.244 0.275
� disp. MARI — 0.487 0.586 0.572 0.629 0.636 0.582 0.595 0.661
sum � disp. — 1.751 3.130 3.815 2.053 1.529 2.061 1.849 1.689
Rank 1 4 4 2 1 2 1 1

1. Modeled sources are listed as strike and dip (e.g., 117_84 is strike 117 dip 84). Their coordinates are listed in Table S1.
2. The main shock rupture parameters are: −72.82◦ 18.413◦ to −72.446◦ 18.472◦ , dip – 60◦ , slip – 2.6 m left-lateral and 1.8 m reverse, top depth – 5 km, bottom depth – 
15.5 km (Calais et al., 2010).
3. � disp is the absolute difference between observed and modeled displacement, normalized to the observed displacement = ABS[(observed-modeled)/observed] with 0 
being a perfect fit.
4. Sum � displacement = �AQIN +�CAVA +�JACM +�MARI.
5. Qualitative ranking is based on sum � displacement: 1 – <2.0; 2 – 2.0–2.5; 3 – 2.5–3.0; 4 ≥3.0.
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Fig. 6. Near-field peak second invariant dynamic strain due to the rupture of the main shock, calculated at a depth of 10 km. (b) Peak dynamic Coulomb stress on the 
preferred fault orientation (strike of 132, dip of 84, and rake of 90). See text for the computational details. A peak strain of ∼2.5 microstrain and coulomb stress of 300 kPa 
is predicted in the location of first aftershock (20–40 s), which collocates with the largest assumed source of tsunami.
Fig. 7. Waveform alignment of the Haiti main shock recorded by the seismic global 
array. P-wave phases of the early aftershock do not show multiple ringing effects. 
The predicted arrivals from the early aftershocks coincide with coherent seismic 
phases. The grey band shows the likely strike ranges of the triggered early after-
shocks. A polarity reversal occurred around this strike range, corresponding to a 
nodal plane striking at 123◦ of a possible focal-mechanism of the 20–40 s early 
aftershock (inset B). Inset A shows the mainshock double-couple focal mechanism.

method, but not by the dense Hi-net local seismic network. The 
largest event identified by the back-projection method and missed 
by the Japan Meteorological Agency (JMA) catalog had a magnitude 
of 6.8. The local Hi-net data showed only a very noisy arrival for 
this event and was difficult to identify in a high-pass filtered data 
(Kiser and Ishii, 2013). Kiser and Ishii (2013) hypothesized that 
the lack of detection in the JMA catalog may have been caused 
by a combination of the local velocity structure, differences in 
the rupture properties between the different earthquakes, and by 
increased background noise levels associated with the aftershock 
sequence. Another example is the 2016 M7 Kumamoto earthquake, 
which triggered a M5.8 earthquake ∼80 km away. Only a handful 
of stations near the triggered event observed clear signals associ-
ated with the M5.8 earthquake, while most of the Hi-net stations, 
including some within a 50 km radius of the M5.8 event, missed 
the event (Uchide et al., 2016).

4.2. Other possible triggering sources

Poupardin et al. (2020) modeled the co-seismic displacement 
from four published finite-fault models for the 2010 Haiti earth-
quake. The displacement predicted by these four models only af-
fected the north shore of the Southern Peninsula west of Port-au-
Prince. Tsunami was indeed observed along the north shore with 
wave heights reaching 3 m in the vicinity of the earthquake epi-
center causing 3 fatalities (Hornbach et al., 2010; Fritz et al., 2013). 
Slope failures of river deltas likely contributed to this tsunami. 
Fritz et al. (2013) proposed a finite-fault model to fit the observed 
tsunami in the Caribbean Sea. As discussed in the Introduction, 
their finite-fault model is not supported by geophysical observa-
tions and predicts significantly larger earthquake magnitude. Their 
waveform fit to the DART buoy and the SD tide station is also sig-
nificantly worse than our best-fit models.

Subaerial and submarine landslides have been documented or 
suggested as tsunami sources (e.g. Okal and Synolakis, 2001; Fritz 
et al., 2007, Heiderzadeh et al., 2018). Small landslides and rock 
falls occurred along the southern coast of the peninsula both east 
and west of Jacmel (Harp et al., 2013; Fig. S11), but their con-
tribution to a potential tsunami is unclear. A large (2 km3) deep 
(3500 m) landslide scar ∼30 km south of Jacmel was recently sug-
gested to be the source of the tsunami in the Caribbean, but there 
is no evidence that it was triggered during the 2010 earthquake 
(Poupardin et al., 2020). In fact, submarine landslide scars can be 
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Fig. 8. Three-component seismograms around the time of the 2010 Haiti earthquake from seismic regional stations located less than 15◦ distance from the proposed 
aftershocks. (a) Raw waveforms; (b) waveforms filtered between 5–10 Hz. (c) Enlarged waveforms for stations GRGR and BCIP for the time interval of 250–370 s. (d) Enlarged 
waveforms for station SDDR for the time interval of 0–100 s. Colored lines are predicted, S, and surface wave arrivals of the main shock and P and S arrivals from aftershocks 
30 and 130 s after the main shock calculated with the PREM model and surface wave velocity is assumed as 3.9 km/s. The 30 and 130 s aftershocks are located at the 
aftershock 20–40 s in Fig. 1.
preserved for thousands of years (e.g., Urlaub et al., 2013; ten Brink 
et al., 2014). Although the modeled travel-time from this slide 
approximates the observed times at the DART buoy and the SD 
tide station, the frequency of the modeled wavelet is double that 
recorded on the DART Buoy. The modeled high frequency is due to 
frequency dispersion of landslide sources (Fig. 10 in Poupardin et 
al., 2020). In addition, the fit of the travel times and amplitudes 
of the modeled landslide wavelet to the observed wavelet is much 
worse than the fit from earthquake sources shown in Fig. 1 and 3.

4.3. Implications

The collocation of the two subevents of the finite-fault model 
inferred from tsunami waves with the early aftershock locations 
and with a region of increased dynamic strain and the coincidence 
with a possible nodal plane for the aftershock with a strike of 
∼123◦ argue for a complex excitation mechanism for the observed 
Caribbean Sea tsunami. We propose that the propagating seismic 
waves from the 2010 Haiti earthquake dynamically triggered two 
early aftershocks on a tectonically active ridge within 60 s of the 
main shock, and the two early aftershocks then excited the ob-
served tsunami at the DART buoy, at the tide gauge, and along the 
SE Haitian coast. The total energy needed to generate the observed 
tsunami is 1/7 of the energy release of the source model proposed 
in Fritz et al. (2013). The two aftershocks could either represent 
two ruptures or were part of the same rupture propagating from 
NW to SE along the submarine ridge (Fig. 1). These dynamically 
triggered aftershocks may be part of the active shortening across 
the Southern Peninsula (Wessels et al., 2019), which helps accom-
modate the NE-SW compression between the Caribbean and North 
American plates (e.g., Calais et al., 2010).

Earthquakes with onshore epicenters rarely trigger tsunamis. 
Therefore, it is peculiar that the 2010 Haiti earthquake caused a 
tsunami in the Caribbean Sea, even though it was ∼27 km north of 
Hispaniola’s Caribbean shoreline. In general, strike-slip earthquakes 
are also not expected to cause significant tsunamis because they 
are less effective at producing vertical seafloor motions. However, 
at least five strike-slip events between 1977–2004 were reported 
to have generated tsunamis (Whitmore et al., 2008). Geist and Par-
sons (2005) analyzed tsunamis caused by thrust aftershocks of the 
2000 M8 New Ireland strike-slip earthquake and drew attention to 
the potential of large strike-slip faults such as the Alpine, Northern 
Anatolia and San Andreas faults to generate tsunamis. The 2018 
Palu earthquake in Indonesia was a strike-slip earthquake and gen-
erated a prominent tsunami (Heiderzadeh et al., 2018). The 2010 
Haiti ruptured along the onshore Enriquillo-Plantain Garden fault, 
one of the two main strike-slip fault systems accommodating the 
lateral motion between the North America and Caribbean plates. 
The collection of observations here suggests that land-based and 
strike-slip earthquake ruptures can cause tsunamis by dynamically 
triggering large aftershocks offshore and should, therefore, be in-
corporated into tsunami warning protocols.
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5. Conclusions

We propose that early aftershocks hidden within the coda of 
the 2010 Haiti earthquake caused the enigmatic tsunami that was 
recorded on a DART buoy in the Caribbean Sea and a tide gauge at 
Santo Domingo harbor and that flooded Haiti’s southern shore. We 
show that the main shock energy and configuration could not gen-
erate the tsunami by itself. Our best-fit aftershock sources of the 
tsunami had magnitudes of 6.8 and 6.5 and reverse-fault mecha-
nisms and were located under a shallow possibly active submarine 
ridge south of Haiti ∼85 km SW of the main shock epicenter. Back 
projection analysis of the seismic waves at teleseismic distances 
and the polarity of the arrivals buttress this interpretation, and cal-
culation of the dynamic strain from the main shock suggest that 
the aftershocks were dynamically triggered. This example high-
lights the need to account for dynamically triggered aftershocks 
from land-based and strike-slip earthquake ruptures in tsunami 
warning protocols.
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