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Abstract

Oblique convergence of the Caribbean and North American plates has partitioned strain
across a major transpressional fault system that bisects the island of Hispaniola. The
devastating Mw 7.0, 2010 earthquake that struck southern Haiti, rupturing an unknown fault,
highlighted our limited understanding of regional fault segmentation and its link to plate
boundary deformation. Here we assess seismic activity and fault structures across Haiti using
data from 33 broadband seismic stations deployed for 16-months. We use travel-time
tomography to obtain relocated hypocenters and models of V, and V/V;s crustal structure.
Earthquake locations reveal two clusters of seismic activity. The first corresponds to
aftershocks of the 2010 earthquake and delineates faults associated with that rupture. The
second cluster shows shallow activity north of Lake Enriquillo (Dominican Republic),
interpreted to have occurred on a north-dipping thrust fault. Crustal seismic velocities show a
narrow low-velocity region with an increased Vp/V;ratio (1.80-1.85) dipping underneath the
Massif de la Selle, which coincides with a southward-dipping zone of hypocenters to a depth
of 20 km beneath southern Haiti. Our observations of seismicity and crustal structure in
southern Haiti suggests a transition in the Enriquillo fault system from a near vertical strike-
slip fault along the Southern Peninsula to a southward-dipping oblique-slip fault along the
southern border of the Cul-de-Sac-Enriquillo basin. This result, consistent with recent
geodetic results but at odds with the classical seismotectonic interpretation of the Enriquillo

fault system, is an important constraint in our understanding of regional seismic hazard.
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1 Introduction

The oblique convergence of the Caribbean and North American plates at 19 mm/yr
has resulted in a transpressive fault system that affects the island of Hispaniola (Haiti and
Dominican Republic)(Calais et al., 2016). Previous geophysical studies into crustal structure
have mainly focused on the epicentral region of the My, 7.0, 12" January 2010 Haitian
earthquake, revealing a network of subsurface faults which accommodates strain across the
broader fault zone (Calais et al., 2010; Douilly et al., 2013; Wang et al., 2018). Regional
crustal structure across Haiti has also been constrained by the use of receiver functions
(Corbeau et al., 2017b).

The 2010 Haiti earthquake highlighted the importance of understanding crustal
structures in seismic hazard assessment. Prior to the event there was no knowledge of the
Léogane fault, the main fault which ruptured, with regional fault slip models only being able
to incorporate a single vertical strike-slip fault, the Enriquillo-Plantain Garden Fault (EPGF,
Figure 1)(Manaker et al., 2008). Only through inversions of ground motion data recorded
during the. 2010 earthquake was the oblique rupture on the Léogane fault recognized (Calais
et al., 2010; Symithe et al., 2013), and later confirmed by precise aftershock relocations
(Douilly et al., 2013). While the 2010 Haiti earthquake led to a vast improvement in our
understanding of the regional seismotectonics, historical records indicate this is not the only
region on the island capable of producing a devastating earthquake (Figure 1)(Bakun et al.,
2012; Prentice et al., 2010; ten Brink et al., 2011).

The aim of this paper is to use the Trans-Haiti seismic network to analyze local
earthquakes, determining hypocenter locations, a local magnitude scale and 2.5-D crustal
models for P-wave velocity (Vp) and Vy/Vsratios. The spatial coverage of the Trans-Haiti
network, consisting of 27 temporary broadband seismometers, provides an excellent
opportunity to assess both the distribution of seismicity 3 years after the 2010 Haitian
earthquake and crustal structure at a regional scale across Haiti. This is crucial for

understanding how the crust is modified by active tectonics and for future hazard assessment.
1.1 Tectonic Setting

Geological and geophysical studies have shown that Haiti is formed from three
distinct tectonic domains (Figure 1). Northern Haiti is part of the Great Arc of the Caribbean,

which initially formed by subduction along an inter-American transform fault at ~135 Ma
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during the Cretaceous (Burke, 1988; Hastie et al., 2013; Pindell et al., 2012). During the
eastward movement of the Caribbean plate the Great Arc became inactive towards the end of
the Upper Cretaceous, subsequently colliding with the Bahamas carbonate platform and
fragmenting to form the Greater Antilles islands (Cuba, Jamaica, Hispaniola, Puerto Rico and
Virgin Islands)(Cruz-Orosa et al., 2012; Hastie et al., 2013; Leroy et al., 2000; Mann et al.,
1995). It has been estimated that the Great Arc constitutes two thirds of Hispaniola and

consists of dominantly volcanic arc and forearc-accretionary prism facies (Mann et al., 1991).

The southern tectonic domain of Haiti is part of the Caribbean Large Igneous
Province (CLIP), which consists of the Caribbean oceanic plateau and magmatic terranes
along the Pacific coast of Central America and western Columbia, associated with the
initiation of the Galapagos hotspot in the mid-Cretaceous (Duncan and Hargraves, 1984;
Geldmacher et al., 2003; Pindell, 1990). The CLIP outcrops on the Southern Peninsula of
Haiti and has been geophysically imaged south and west of Haiti (Calmus, 1983; Corbeau et
al., 2016a; Leroy et al., 2000; Mauffret and Leroy, 1997; Mauffret et al., 2001). The presence
of the CLIP is consistent with elevated V,/Vs ratios of ~1.80, which are typical for mafic
crustal rocks, seen in velocity models from local earthquake tomography (Douilly et al.,
2016) and P-to-S receiver functions (Corbeau et al., 2017b) along the Southern Peninsula of
Haiti.

The central domain is a collisional wedge between the CLIP and Great Arc of the
Caribbean, which began forming in the Early Miocene (Pubellier et al., 1991). As a result, it
is characterized by a significantly thicker region of 40 km thick crust, compared to 20-30 km
thick for the northern and southern domains (Corbeau et al., 2017b). Geological studies have
indicated the crust in this domain is of island arc origin, with either a back-arc or Cretaceous-
Eacene remnant arc origin (Heubeck et al., 1991; Mann et al., 1991). P-to-S receiver function
analysis found this thick central domain to have a mean V,/Vs of 1.80 (Corbeau et al.,
2017b). This was inconsistent with a purely island arc crust, therefore Corbeau et al. (2017b)
inferred the presence of dense material, which they interpreted to be related to either,
Quaternary volcanics generated from a subcontinental lithospheric mantle (Kamenov et al.,

2011) or mafic CLIP material from the south trapped in central Haiti early in its evolution.
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1.2 Faulting

Haiti is bisected by two major left-lateral strike-slip faults, the Septentrional-Oriente
fault zone (SOFZ) in the north, which has been mapped offshore (Calais and De Lépinay,
1995; Leroy et al., 2015; Rodriguez-Zurrunero et al., 2019), and the EPGF in the south
(Figure 1)(Mann et al., 1995). Between these faults the fold and thrust belt, known as the
Trans-=Haiti belt and active in the Miocene and Pliocene, controls much of the relief on Haiti
(Pubellier et al., 1991). It extends westward, forming the Gonave Island as well as
transpressive structures offshore (Granja-Brufa et al., 2014; Corbeau et al., 2016b), and
eastward up to the Muertos Trough (Byrne et al., 1985; Ladd et al., 1977). South of Gonave
Island there is a series of southward dipping faults extending 50 km, known as the Trois

Baies thrust system (Momplaisir, 1986; Mercier de Lépinay et al., 2011; Wang et al., 2018).

Initial slip models for the My 7.0 2010 Haitian earthquake indicated the rupture
initiated.on a south dipping EPGF (Hashimoto et al., 2011; Hayes et al., 2010). However,
recent consensus has switched to an oblique rupture on a north dipping structure, interpreted
to be the Léogane fault, that intersects the south dipping EPGF at depth (Calais et al., 2010;
Douilly et al., 2013). This hypothesis explained the lack of surface rupture, aftershock
patterns, shoreline uplift and was later supported by slip models of the rupture (Douilly et al.,
2015; Hayes et al., 2010; Kocel et al., 2016; Saint Fleur et al., 2015; Symithe et al., 2013).
Aftershocks clustered on both the EPGF, Léogane fault and Trois Baies fault system (Douilly
etal., 2013; Mercier de Lépinay et al., 2011), which was consistent with static slip models
and Coulomb stress changes (Douilly et al., 2015; Saint Fleur et al., 2015). Focal mechanisms
from aftershocks also indicated mostly reverse faulting on WNW-ESE oriented faults dipping
south at 30-40° (Nettles and Hjorleifsddttir, 2010). The 2010 rupture therefore highlighted
that the mode of faulting in southern Haiti is not simply a near vertical strike-slip fault
system. Instead, there are many structures oblique to the main EPGF trace, which also have

shallower dips and appear to me more seismically active.

The EPGF is well expressed offshore west of Haiti and shows a clear trace in the
surface morphology on Haiti’s Southern Peninsula (Bourgueil et al., 1988; Cowgill et al.,
2012; Prentice et al., 2010; Wessels et al., 2019). However, its surface expression is much
less-clear eastward of where the fault intersects the Cul-de-Sac-Enrquillo (CSE) basin (Figure
1, 72.3°W). Early geological work mapped the EPGF as terminating against reverse faults
bounding the southern edge of the CSE basin (Bourgueil et al., 1988). Cowgill et al. (2012)
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more recently observed a left-lateral offset in the EPGF at a site to the east of Port-au-Prince,
at the boarder of the CSE basin. In the CSE basin Mann et al. (1995) and Wang et al. (2018)
described curvilinear en echelon drag folds and interpreted them to mark the surface trace of
the EPGF cross cutting the basin. East-west linear structures observed in chirp sonar profiles
from Lake Azuey and Lake Enqruillo have also been used to interpret the presence of the
EPGF crossing the CSE basin (Rios et al., 2013; Wang et al., 2018).

Saint Fleur et al. (2015) used air photographs and LIDAR topography to suggest that
some of the folds in the CSE basin are fault propagation folds over shallow décollements,
rooted on a major south dipping reverse fault beneath the Massif de la Selle. GPS data is also
fit better by elastic strain accumulation on a south dipping fault plane along the southern
border of the CSE basin rather than a vertical fault cross cutting it, which results in 9 mm/yr
of reverse slip and 6 mm/yr of strike slip motion (Symithe and Calais, 2016). Seismicity has
also been observed south of the CSE basin with a predominantly thrust component to the
moment tensors, and a mean P-axis consistent with the NNE-SSW compression orientation
(Rodriguez et al., 2018). These observations are consistent with recent geological surveys
that show the reverse faults, which border the CSE basin, affecting Quaternary alluvial
sediments in the city of Port-au-Prince area and to the east (Terrier et al., 2014). It seems
therefore that while there may be evidence that the EPGF exists as a vertical structure across
the CSE basin, present day motion is mainly accommodated along either one or a series of
southward dipping thrust faults along the southern border of the CSE basin.

2 Methods
2.1 Data

In April 2013, a temporary network of 27 broadband seismometers were deployed as
part of the Trans-Haiti project (Figure 2). Most stations were deployed along a north-south
transect across the island with a spacing of approximately 5-10 km. Continuous seismic data
was recorded over a 16-month period at a sampling rate of 100 sps at all stations. Given the
linearity of the network, E-W spatial coverage was improved by the addition of six
permanent stations that were active at the same time as the temporary deployment (Figure 2,
Table S1). Data for these stations was downloaded from the Incorporated Research
Institutions for Seismology (IRI1S). Due to high anthropogenic noise levels at most stations

the highest signal to noise ratio was achieved using a 4-pole Butterworth bandpass filter with
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corner frequencies at 1 and 6 Hz. This filter was applied to all stations prior to the manual
picking of P- and S-phase arrivals. This created an initial dataset of 1055 local earthquakes

that was used in this study.
2.2 1-D velocity inversion

Previously derived velocity models for Haiti are limited to the immediate crustal
region around the 2010 Haitian earthquake on the Southern Peninsula (Douilly et al., 2013;
Douilly et al., 2016). However, there is likely to be strong lateral variation in seismic
velocities between the tectonic domains as shown by the heterogeneous Vp/Vs ratios
measured by receiver functions at the Tran-Haiti network stations (Corbeau et al., 2017b).

We therefore derive new velocity models to account for these differences.

We use the VELEST code to invert P- and S-wave travel times for velocity models,
station corrections and hypocenter locations (Kissling et al., 1994). The method iteratively
minimizes the root mean square (RMS) travel time residuals by changing velocities in layers
that are specified by the user. We define the velocity layers to be optimal for the subsequent
tomographic inversion of the data, velocities are therefore allowed to vary at -2, 0, 2, 4, 8, 12,
16, 20 and 24 km. An additional fixed velocity layer is added at 40 km for model stability,
this-depth. is chosen based on the deepest Moho depth found by a receiver function study
(Corbeau et al., 2017b). To ensure a stable inversion we only use events with a minimum of
five P-phases, five S-phases and an azimuthal gap of less than 240°. This high-quality subset
of the data consists of 201 earthquakes with 1603 P-phase and 1885 S-phase arrival times.

We evaluate three different starting 1-D velocity models for the inversion to test
convergence and ensure our final model is not significantly biased by the starting parameters.
These include models for southern Haiti (Douilly et al., 2013), Cuba (Moreno et al., 2002)
and Jamaica (Wiggins-Grandison, 2004). The initial model for each inversion was
interpolated from these models and extended to the Moho depth of 40 km using the ak-135
global model (Kennett et al., 1995). Initial inversions were used to test crustal structure and
define a velocity model that best minimized RMS travel time residuals in the data. In these
tests we did not invert for station corrections. In the final stage we selected the best fitting

velocity model and performed a final inversion, including station corrections, to produce the

© 2019 American Geophysical Union. All rights reserved.



final 1-D model that best minimized RMS travel time residuals, termed a minimum 1-D

model.
2.3 Earthquake relocations

Using the minimum 1-D velocity model, hypocenter locations for the full catalogue of
1055 local earthquake were determined using the non-linear NonLinLoc (NLLoc) algorithm
(Lomax et al., 2000). The algorithm computes a posterior density function (PDF) that
represents a probability-derived solution to the inverse problem of earthquake location. The
1-D model is used to calculate travel times between all stations and nodes on a 3-D grid for
the search region. Locations are then determined for each event using an Oct-Tree sampling
algorithm, which successively searches over the PDF by subdividing cells increasingly finer
until a termination criterion is reached. This generates complete earthquake location PDFs in
3D space for the search volume.

2.4 Magnitudes

Accurate magnitude determination is essential for assessing seismic hazard in any
particular region. To determine local magnitudes (M_) for the earthquakes in our catalogue
we use a-new local magnitude scale based on the original definition by Richter (1935) and
updated scale of Hutton and Boore (1987), which normalizes the scale at 17 km for an

amplitude of 10 mm for a M. 3.0 earthquake.
log(A) + 2 = —nlog (%) —K(r—17)+M, — S (1)

where A is equal to the measured amplitude, r is the hypocentral distance, S is an empirical
station correction factor, while and n and K are constants related to geometrical spreading and
attenuation of seismic waves. In the new local magnitude scale we derive, n = 0.90137 and
K = 0.0036789 using the inversion procedure of IlIsley-Kemp et al. (2017)(Figure S1). For

more information on how these constants were obtained see the supporting information.

In addition, seismic moments (M,) are estimated for each earthquake. There is no

local M_-M, scale determined for the region, therefore we assumed a 1:1 conversion from M.
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to My (body wave magnitude) and then used a global empirical relationship to convert My, to
Mo (Scordilis, 2006).

2.5 Seismic tomography

We used the SIMULPS code, which performs the tomographic inversion iteratively
using a damped least-squares approach (Eberhart-Phillips, 1990; Thurber, 1983; Thurber and
Eberhart-Phillips, 1999; Um and Thurber, 1987). The code jointly inverts for hypocentral
locations and velocity models on up to a full 3-D grid, where V, and V,/Vs values are

calculated at each grid node and linearly interpolated between nodes.

For the starting Vo model we use the minimum 1-D model determined in this study.
For the starting Vp/Vs model we choose to use a constant value of 1.77, calculated using the
gradient of the best-fit line through a Wadati diagram. In this way, we avoid as much bias in
the starting model as possible. Events were selected from the NLLoc catalogue located using
the minimum 1-D model. To maximize the spatial coverage of the inversion, additional
events were included compared to the 1-D inversion, extending the maximum azimuthal gap
to 270°. In total, 437 events with robust location were selected, meaning they had a mean
RMS travel time residual of less than 1 s and a minimum of six phases picked at more than
five stations. The final inversion consisted of 4843 manually picked seismic phases (2619 P-

phases and 2224 S-phases) at 30 seismic stations.

In SIMULPS model parameterization should be in part defined by the average station
spacing and distribution. Our linear station distribution is not ideal for a full 3-D tomographic
inversion. We therefore optimize our inversion procedure to assess the lateral variation in
seismic velocities along the NNE-SSW profile, which is approximately perpendicular to the
major tectonic domains and faults that form Hispaniola. We parameterize the model with a
N-S horizontal node spacing of 12 km and a vertical node spacing of 4 km (Figure 2). For
increased stability and to remove any off-structure influences on the final 2-D profile,
additional nodes were added to the east and west at a spacing of 50km to the main profile
(Figure 2). We therefore refer to this a 2.5-D inversion from this point onwards. In total, the
main profile of the model consisted of 273 Vpand 273 Vp/Vs nodes along with 60 parameters

pertaining to station corrections.

To prevent overfitting of the data, damping values were selected using a trade-off

curve between data variance and model variance after a single iteration. For the final model, a
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value of 500 for both V;, and Vp/Vs models showed a good compromise between data misfit

and model complexity (Figure 3).

The SIMULPS code offers several quantitative methods by which to assess spatial
resolution within the model space. These include the derivative weight sum (DWS), which is
a measure of ray density at each node, and the resolution diagonal element (RDE), which
measures the dependency of the solution on individual model parameters. In addition, we also
performed checkerboard resolution tests to assess the reliability and spatial resolution of the
data. Checkerboard tests were performed by perturbing the model with + 10% V, and Vp/Vs
anomalies. This model was then used to generate synthetic travel times for each event-
receiver pair. Random noise was then added to the arrival times with standard deviation of
0.2 s. The velocity model was then forgotten and the synthetic data inverted to recover the

anomalies using the same parameters as the final model.
3 Results
3.1 1-D velocity model

The three starting velocity models from southern Haiti (Douilly et al., 2013), Cuba
(Moreno-et al., 2002) and Jamaica (Wiggins-Grandison, 2004) had a mean RMS travel time
residual of 0.74, 1.30 and 0.96 s respectively, which reduced to 0.41, 0.40 and 0.43 s after the
first inversion without station residuals. All models showed good convergence (Figure 4a),
however local minima in the RMS solution space were likely responsible for all models not
reaching a single global minimum. As expected, the starting model from southern Haiti
resulted in the best fitting velocity model for the data, with the best distribution of RMS
travel time residuals (Figure 4c). The output of this model was therefore used as the starting
model for the final inversion, including station corrections, to produce the minimum 1-D
model (Figure 5, Table 1). The minimum 1-D model, with station corrections (Table S1), had
a final mean RMS of 0.33 s, again an improvement on the previous model in the inversion

procedure.
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3.2 Tomography
3.21 Resolution

Resolution estimates using the checkerboard approach showed good recovery of
velocity perturbations with a cell size of 30x10 km within the central and southern regions of
the model (Figure 6). There is good resolution to depths of 30 km in the V, model and to 25
km in the V,/VVs model. Amplitude recovery for the input anomalies is good within the well-
resolved region, from the 10% input anomalies the maximum recovered anomalies are 10%
and 6% for the Vp and V,/Vs models respectively. To the north of the well resolved region
there is smearing of velocity anomalies, due in part to the linearity of the seismic network and

lack of crossing raypaths in the northern region of the model space.

The well-resolved region of the checkerboard model also coincides with the 0.1 RDE
contour. We therefore choose a RDE value of 0.1 to approximate the maximum extent of
resolution in the final models. The 15x7 km checkerboard cell test demonstrates the ability to
recover smaller anomalies in the central and southern region of the model (Figure 7).
However, smearing of velocity anomalies is still prevalent in the northern part of the model
space. In addition, the amplitude recovery of anomalies is reduced with maximum anomalies
recovered being 6% for the Vp, model and 4% for the V,/Vs model.

3.2.2 Maodel performance

The final velocity model showed a decrease in RMS from 0.29 to 0.20 s over 10
iterations of the inversion. This represents a reduction in the model misfit by 31% over the
starting model. Figure 8 shows cross-sections through the final V, and Vp/Vs models along
the primary profile, which corresponds to the central line of nodes in the inversion (Figure 2).
As shown in the resolution test, the 0.1 RDE contour marks the outer limit of the well-
resolved model space, which extends beneath the land surface of Haiti (-80 to 80 km in the

model space) and to depths of 25 km beneath southern Haiti.
3.2.3 Vp model

Multiple low-velocity anomalies, with a 5-8% decrease in VVp compared to the starting
model, are present in the top 5 km of the crust along the profile (Figure 8 and 9). These

anomalies correspond to the major sedimentary basins (CSE, Artibonite and Plateau Central
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basins), which are identified by the regions of low-lying topography along the profile.
Between these basins, mountainous regions such as the Massif de la Selle and Montagnes
Naoires have higher Vp values. Deeper in the crust, at depths of 5-25 km, V, is still laterally
heterogeneous. High-V, values are generally present beneath the Massif de la Selle and CSE
basin. However, a low-velocity zone, with a 3-5% decrease in V;, can be seen extending from
the southern border of the CSE basin to a depth of 15 km. Equally, to the north of the CSE
basin another large low-velocity zone, with a 5-7% decrease in Vy, is present to a depth of 20

km.
3.2.4 Vp/Vs model

High V,/V;s values of >1.80 are recovered for the upper 10 km of the crust for most of
the resolved region of the model in the southern half of the model space (Figure 9). The
largest anomaly is observed at the southern boundary of the CSE basin, with V,/V;s values of
1.85-1.90. In the lower crust at depths of 10-20 km high Vp/V;s values of 1.80-1.85 are
observed beneath southern Haiti. This feature corresponds to the low-velocity anomaly
observed in the VV, model. Further north in the model space, we observe a transition to lower
VplVs values of 1.70-1.75 at depths of 10-15 km beneath the Plateau Central basin.

3.3 Seismicity
3.3.1 Catalog completeness

The magnitude completeness (M) for the catalogue was estimated using the
maximume-curvature method (Wiemer and Wyss, 2000), the magnitude bin with the greatest
number of earthquakes (Figure 10). This returned a Mc value of 2.2 for the entire catalogue,
which was corrected to 2.4 since Woessner and Wiemer (2005) indicated that this method
under-estimates M. by 0.1-0.2. Using this catalogue completeness, a b-value of 1.07 + 0.09

was calculated using the maximume-likelihood method (AKki, 1965).
3.3.2 Hypocenter locations

983 earthquakes from the initial catalogue of 1055 yielded hypocenter locations with
a mean RMS travel time residual less than 1 s (Figure 11). Absolute location errors for
individual events were highly dependent on the relative location of the event to the network.

In southern Haiti, where the spatial distribution of stations was good, location errors were
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typically in the order of + 1.2 km horizontally and + 2.0 km vertically. To the north, where
station distribution was more linear, mean location errors increase to + 1.6 km horizontally

and + 4.0 km vertically.

Earthquake locations were distributed across Haiti, however significantly higher rates
of seismicity were seen in the south compared with either the central or northern regions of
the island. Two major clusters of seismicity were observed; the first around the epicenter of
the 2010 Haitian earthquake, near to the city of Léogéane at ~72.5°W along Haiti’s Southern
Peninsula (Figure 12); the second was located at ~71.5°W along the northern boundary of the
CSE basin (Dominican Republic; Figure 13). In addition, sparse seismicity was seen

throughout the Trans-Haiti deformation belt and along the SOFZ to the north.

Temporally, only one cluster of seismic activity was observed to clearly start and stop
during our observation window. The cluster of seismic activity on the northern border of the
CSE basin consisted of 121 earthquakes, 101 of which occurred during June and July 2013
(Figure 13). The remaining observed seismicity occurred at a consistent rate, including events
around the epicenter of the 2010 earthquake, which were detected at a rate of 1-2 events per
day (Figure 13).

Seismically active fault structures along Haiti’s Southern Peninsula are shown by the
projection of hypocenters onto cross-sections (Figure 12). The orientation of the cross-
sections was chosen to be perpendicular to the seismically active structures that we observe in
this study. Seismicity was observed at depths of 10-20 km south of the surface trace of the
EPGF (Figure 12, profile AA’). Hypocenters also delineate a north dipping structure between
the depths of 5 and 20 km, with a strike of 255° and a dip of 70°N (Figure 12, profile CC”).
Hypocenters in Figure 12, profile BB’ only weakly delineate active structures. Further west
only diffuse seismicity was observed across the fault zone with hypocenters failing to
delineate any clear structure (Figure 12, profile DD’).

To the east, in southern Haiti and the Dominican Republic, the dominant strike of
major faults is approximately NW-SE so cross sections were plotted perpendicular to this
orientation (Figure 13). Beneath the Massif de la Selle seismicity weakly delineates a
southward dipping structure (Figure 13, profile AA’), that if projected to the surface would
intersect at the southern boundary of the CSE basin. At the northern edge of the CSE basin,
the cluster of seismicity observed was dominantly restricted to the upper 10 km of the crust,
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however seismicity was present throughout the crust to 40 km (Figure 13, profile BB’).

Hypocenter locations do not delineate any obvious linear structure near to the surface.
4 Discussion
4.1 Crustal Vp and Vp/V;s structure

Body wave velocities can be used as a proxy to infer rock properties in the subsurface,
varying according to composition, density, cracks, fluids and temperature (Christensen, 1996;
Shearer, 1988; Zhao et al., 1996). As shown in the tomographic models Haiti has an
extremely heterogeneous velocity structure (Figure 8, 9), which is expected given the
accretion of several tectonic terranes during the formation of the island. First order variations
relating to the compositional differences between the tectonic terranes are most obviously
seenin the V,/V;s structure across the island. The high Vy/Vsratios of >1.80 observed across
southern and central Haiti can be linked to the dominantly mafic composition of the crust. For
example, the southernmost part of Haiti is composed of the Caribbean Large Igneous
Province (CLIP) with a basaltic composition. However, in central Haiti high the V,/Vs ratios
we observe are inconsistent with a crust of island arc origin and composition, as has been
inferred in previous studies (Mann et al., 1991). High Vp/Vs ratios determined using receiver
functions were also observed by Corbeau et al. (2017b), who suggested the possible inclusion
of mafic material at a depth of 30-40 km in the crust. While our model cannot resolve
features this deep, our high crustal Vp/Vs values to depths of 20 km indicate this mafic
material may not be limited in extent to the base of the crust. This could suggest that
Quaternary mafic volcanic facies, which are seen in limited outcrops at the surface (Kamenov
etal., 2011), are more common throughout the crust in central Haiti with the dense MgO rich
material contributing to the elevated V,/V;s ratios that we observe. However, sedimentary
basins in the upper 5 km of the crust and pervasive faulting throughout the Trans-Haiti belt

may also contribute to the high V,/V; ratios we observe.

The north of Haiti is by contrast characterized by lower V,/Vs ratios of <1.75. The
transition observed in our model between high and low V/Vs values occurs at the northern
edge of the Plateau Central and San Juan basins (Figure 9, -20 km in the model space). This
boundary likely parallels the Los Poloz-San Juan fault zone (LPSJFZ) which bisects both

Haiti and-the Dominican Republic and has an approximate strike of 130°. This is consistent
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with the northern part of Haiti being comprised of the Great Arc of the Caribbean island arc

terrane, with a dominantly felsic composition giving the observed lower V,/Vs ratios.

Elongate sedimentary basins such as the CSE, Plateau Central and San Juan basins
form the low-lying topography of the compressional Trans-Haiti belt, which extend to depths
of 3-4 km.in the crust (Mann and Lawrence, 1991). Our results show that these basins are
characterized by low P-wave velocities and high Vp/V; ratios >1.85, which extend to depths
of 8-10 km in our model (Figure 8). This would suggest that parts of these basins may be
thicker than 3-4 km. However, it is also possible there may be an apparent thickening of the
sedimentary basins due to the coarse vertical node spacing (4 km) used in the inversion

procedure.

At depths of 10-12 km the P-wave velocity model is extremely heterogeneous
throughout the profile (Figure 8, 9). To the south beneath the Massif de la Selle, P-wave
velocities 6-8% faster than the starting 1-D model reflect the mafic composition of the CLIP
terrane that forms the bulk composition of the crust south of the EPGF. However, a low-
velocity zone with a 3-5% decrease in P-wave velocities along, with increased V,/V;s ratios of
>1.80, is also imaged dipping south, which coincides with hypocenter locations (Figure 9). In
previous studies a southward dipping structure thrust structure has been inferred from
geodetic data (Symithe and Calais, 2016) and from seismicity (Rodriguez et al., 2018). Our
observations are consistent with such a structure and are indicative of a significant
deformation zone associated with this fault. The geometry of this fault is discussed in more
detail in the next section. It is likely that fracturing within this deformation zone is causing
the modified seismic velocities that we observe. Fluids may be present, but due to the
resolution of our model we do not observe the high V,/V;s ratios, often >2.0, observed in
some other tomographic studies of fault zone (Thurber et al., 1997).

The most obvious feature at mid-crustal depths across central Haiti is a large low-
velocity zone located to the north of the CSE basin and beneath the Chaines des Matheux
(Figure 8-and 9, 30 km in the model space). There is no simple compositional reason for this
anomaly based on geological models of the subsurface (Mann et al., 1991; Pubellier et al.,
1991). Given the active deformation and observed seismicity on the southernmost faults of
the Trans-Haiti belt in both this study and others, the decrease in velocities may relate to
another extensive deformation zone and fracturing of the crust. The deformation may also

relate to the suture zone between the CLIP to the south and the Great Arc to the North which
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is thought to be somewhere in the subsurface beneath the CSE basin. Increased V/V;s ratios
(~1.85) in the same areas would suggest fluids are not pervasive amongst the fractures and
faults, however we are restricted by the same limitations of model resolution described
above. The remainder of the Trans-Haiti belt, the northern region of the well resolved model
space, is characterized at mid-crustal depths by both moderate increases and decreases in P-
wave velocities that likely relate to the heterogeneous crustal composition of the accretionary

island arc terrane that forms most of central and northern Haiti.

Lower crustal properties are poorly constrained in both the P-wave velocity and Vp/Vs
madels with no evidence of the Moho, including beneath the Southern Peninsula where
crustal thickness has been estimated to be as thin as 20 km (Corbeau et al., 2017b). Across
central Haiti, although below the resolution limit of our model, generally slower P-wave
velocities are observed from 25-40 km, which is also evident in the minimum 1-D velocity
madel. The slower velocities in the deeper parts of our models are explained well by a thicker
crust of 40 km for the Trans-Haiti deformation belt across central Haiti (Corbeau et al.,
2017b).

4.2 Seismicity

Seismicity along Haiti’s Southern Peninsula shows continued activity along faults that
ruptured during the My 7.0, 2010 earthquake (Figure 12). A large proportion of the seismicity
in the area delineates structure dipping north at 75° and striking 255°, which is active
between the depths of 5 and 20 km (Figure 12, profile BB’ and CC”). This structure is the
Leogéne fault, observed and modelled in aftershock studies as the fault on which slip initiated
in the 2010 earthquake (Calais et al., 2010; Douilly et al., 2013; Symithe et al., 2013). In map
view, a spatial separation of the clusters along the Léogane fault may also indicate that the
fault is segmented beneath the basin (Figure, profile BB’ and CC’). Wang et al. (2018)
suggest that the Léogéane fault forms a conjugate pair with southward dipping faults such as
the Lamentin thrust, accommodating shortening across the region. Possible stress transfer
between the faults during the 2010 earthquake (Saint Fleur et al., 2015), and the continued

seismicity we observe on both faults is consistent with these fault systems being coupled.

Seismicity located just south of the EPGF surface trace is shown to cluster at a depth
of approximately 15 km (Figure 12, profile AA”). One interpretation of this seismicity is that

it represents activity at depth on the main strike-slip portion of the EPGF, or small fractures
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in the surrounding damage zone associated with faulting. However, a second interpretation is
that these earthquakes occurred at the intersection of a blind thrust fault with the EPGF. In a
recent study Wessels et al. (2019) mapped a new south dipping thrust fault, which they called
the Redoute Fault (Figure 12). We propose that the seismicity we observe is occurring at the
subsurface intersection of this fault with the EPGF, which is consistent with proposed fault
geometries (Wessels et al., 2019). The orientation of this structure is likely similar to the Petit
Goave-Jacmel fault imaged to the west (Douilly et al., 2016) and a southward dipping oblique
slip fault beneath the Massif de la Selle to the east (Symithe and Calais, 2016). Seismicity
rates on the Léogane fault are also seen to increase at depths of 7-10 km, the depth at which
the fault intersects the EPGF (Figure 12, profile BB’ and CC’). Therefore, an intersection of
faults on the southern side of the EPGF may also explain the observed seismicity over the
narrow depth range of 15-20 km. This would also suggest that the EPGF is acting as a
mechanical barrier to the propagation of active faults, observed through slip and the lack of

surface rupture during the 2010 earthquake.

To the east, there are two main hypotheses for regional fault geometry. The first
suggests the eastward extension of a near vertical strand of the EPGF fault across the CSE
basin, bisecting both Lake Azuey and Lake Enriquillo, based on evidence of curvilinear
surface folds and shallow seismic structures (Mann et al., 1995; Wang et al., 2018). The
second proposes that motion is primarily accommodated on NW-SE striking thrust faults on
both the north and south margin of the CSE basin (Rodriguez et al., 2018; Saint Fleur et al.,
2015; Symithe and Calais, 2016).

Our observations of seismicity beneath the Massif de la Selle show that hypocenters
weakly delineate a broad southward dipping fault structure that dips at ~40° + 10 (Figure 13,
profile AA’). When projected to the surface, the fault would intersect the surface along the
southern border of the CSE basin. A south dipping fault at this location is consistent with
linear fault propagation folds and reverse faults that have been mapped along the southern
edge of the basin (Mann et al., 1991; Saint Fleur et al., 2015). Symithe and Calais (2016) also
showed that a 45° southward dipping oblique-slip fault beneath southern Haiti was consistent
with GPS observations of oblique slip, as oppose to a near vertical strike-slip fault across the
CSE basin. Moment tensors for seismicity recorded south of the CSE basin also have a
dominantly thrust component with an average NNE-SSW P-axis orientation (Rodriguez et al.,
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2018), which is consistent with the strain directions calculated from GPS data (Calais et al.,
2016).

Seismicity observed north of Lake Enriquillo, in the Dominican Republic (Figure 13),
is relatively poorly constrained due to the location of these events in relation to the seismic
network. Therefore, the seismicity we observe is diffuse, especially with depth, and does not
image any single structure. The epicenters are well clustered along the northern edge of the
CSE basin though. Pubellier et al. (2000) mapped these faults to be left-lateral reverse faults
dipping narth, controlling the formation of both the lake and the basin, suggesting they
represent the southernmost extent of the Trans-Haiti deformation belt. However, sonar
surveys looking at the northern edge of the basin in Lake Azuey indicated there was little
evidence for present day deformation (Wang et al., 2018). Further west, moving along strike
into the Gulf of Gonave (300°), offshore seismic data does show active compressional
tectonics with north dipping reverse faults and folding perturbing the most recent sediments
(Corbeau et al., 2016b). Moment tensors determined for this cluster also have a significant
thrust component, again with P-axis that indicates a NNE-SSW compression orientation
(Corbeau et al., 2017a). We therefore suggest that the active seismicity we observe is linked
to a north dipping reverse fault structure, similar to those observed in the field and part of the
Trans-Haiti deformation belt (Pubellier et al., 2000).

Our observations of active seismicity are therefore much more consistent with the
hypothesis that east of the CSE basin (-72.3°W 18.6°N) NW-SE orientated thrust faults are
dominant on either margin of the basin, as oppose to a vertical strike-slip structure cross
cutting it. To the south, a seismically active southward dipping oblique fault accommodates
much of the present-day motion in the region. On the northern margin, seismic activity on
north dipping thrust faults indicates the southern-most part of the Tran-Haiti deformation belt

is likely still active.
4.3 Plate boundary faulting

The broad Caribbean — North American plate boundary is spread across several fault
zones, and near Hispaniola motion is primarily accommodated by the EPGF in the south and
the SF in the north. However, the lateral extent and simplicity of these two major fault zones
is being challenged by our new data set as well as recent geological and geodetic results
(Saint Fleur et al., 2015; Symithe and Calais, 2016). We observe very little seismicity
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associated with a near vertical strike-slip fault, such as the EPGF. Instead seismicity is
associated with thrust structures such as the Léogane fault, Trois Baies fault system, Petit
Goave-Jacmel fault and other NE-SW striking faults dipping to the south, which are also
imaged by low-velocity zones. These observations suggest that the EPGF transitions from a
primarily strike-slip fault in western Haiti, with a minor compressional element, to oblique
thrust faulting along the southern edge of the CSE basin and into the Dominican Republic.
This represents a distinct change in the faulting geometry along Haiti’s Southern Peninsula
and an important constraint for our understanding of seismic hazard along this plate boundary
fault.

In addition to the seismicity we detect in southern and central Hispaniola, we also
record a large number of events in the north of the Domincan Republic and offshore (Figure
11). While these events are far outside our network and have large location uncertainties, it
seems clear that the two most seismically active faults in this region are the SOFZ and the
North Hispaniola fault (NHF), which lies offshore to the north. Rodriguez et al. (2018) also
observed similarly high levels of seismicity associated with these faults, however while the
NHF has been mapped offshore (Rodriguez-Zurrunero et al., 2019), there is still much work
needed to fully characterize the structure of the SOFZ which bisects much of the northern
Dominican Republic onshore. The present day seismicity highlights the seismic hazard
potential of the northern edge of the Caribbean-North American plate boundary, which can
also be seen by the >M7.0 historical earthquakes associated these faults (Prentice et al.,
2010; ten Brink et al., 2011).

5 - Conclusions

Seismicity recorded from the Trans-Haiti network showed significant continued
activity along faults associated with the My 7.0, 2010 earthquake on Haiti’s Southern
Peninsula throughout the observed time period (2013-2014). Hypocenters also revealed
several south-dipping faults beneath southern Haiti, most likely with a significant thrust
component, consistent with observed and modelled surface deformation. A cluster of seismic
activity along the northern edge of the CSE basin also suggests the southernmost faults of the
Trans-Haiti belt may still be active. The hypocenters indicate seismic activity along the SOFZ

in the north of Haiti, however, poor station coverage to the north within the Trans-Haiti
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network meant a high magnitude detection threshold for this region of our study. Future

deployments are needed to fully quantify seismic activity along the SOFZ.

Models of V and Vp/Vs have provided an image of Haiti’s regional crustal structure
across a NNE profile that bisects major tectonic domains and known fault structures. The
results show that Haiti is composed of multiple compositionally distinct tectonic domains,
welded together during the eastward movement of the Caribbean plate. Low Vp/Vs ratios in
the northern Haiti are consistent with a crust comprised of island arc and fore-arc
accretionary prism facies from the Greater Antilles arc. Central and southern Haiti are
characterized by high V,/Vs ratios, which are pervasive in the upper 20 km of the crust that
we image. This fits well with the view that southern Haiti is comprised of mafic facies from
the CLIP terrane. However, it also suggests that the island arc crust of central Haiti has been
significantly modified through compressional tectonics and possibly Quaternary mafic

volcanism causing the elevated V,/Vs ratios throughout the crust.

We also find evidence in low-velocity zones and seismicity that the EPGF transitions
from a near vertical strike-slip fault to a southward dipping oblique-slip thrust fault moving
eastward along Haiti’s Southern Peninsula. This fault echoes other known thrust faults such
as the Petit Goave-Jacmel fault further to the west. The transition is likely gradual along the
Southern Peninsula but the EPGF certainly extends no further as a vertical strike-slip fault

beyond its intersection with CSE basin.
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Table 1: Minimum 1-D velocity model from VELEST.

Layer (km) P-wave velocity S-wave velocity
(km/s) (km/s)
0 5.21+0.20 2.71+£0.29
2 5.44 +0.30 2.86 £ 0.10
4 5.44 +0.21 2.94 +0.13
8 5.77 £ 0.26 3.09 £ 0.16
12 6.45 + 0.09 3.64 £ 0.06
16 6.47 £ 0.10 3.75+£0.04
20 6.62 +0.24 3.77£0.11
24 6.78 £ 0.20 3.77 £ 0.09
40 8.03 4.45
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Figure 1: Tectonic map of Hispaniola (Haiti and Dominican Republic). Regional map in top
left shows the relative motion of the Caribbean plate (Ca) and North American plate (NA).
Circles show previous seismicity catalogues for Haiti: blue = Douilly et al. (2013); grey =
National Earthquake Information Centre (NEIC). Stars represent major historic earthquakes
(Bakun et al., 2012; Prentice et al., 2010). Tectonic domains after Corbeau et al. (2017b):
CLIP =Caribbean Large Igneous Province (blue); THB = Trans-Haiti deformation belt
(brown); GAC = Greater Antilles Arc (purple). CSE = Cul-de-Sac-Enriquillo basin. Black
lines show the surface trace of major faults: EPGF = Enriquillo-Plantain Garden fault zone;
SOFZ = Septentrional-Oriente fault zone; LPSJFZ = Los Posoz-San Juan fault zone; TBF =
Trois Bales Fault system. LA = Lake Azuey, LE = Lake Enriquillo.
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Figure 2: Station distribution and model parameterization of the SIMULPS tomographic
inversion. Black lines are the event-receiver raypaths and the central row of blue nodes
corresponds to the final profile analyzed in this study. Inverted triangles represent the seismic
stations. The other island stations refer to seismic stations from the Canadian Seismic
Network, United States Geological Survey (USGS), Centro Nacional de Sismologia (CNS)

and the Greater Antilles Seismic Program active at the same time as the Trans-Haiti Network.
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variance. Blue circles represent the values after one iteration of the inversion for different

damping values, ranging from 10 to 10,000. The red circles represent the optimum damping

values for both the V; and Vp/Vs models, which were used in the final inversion.
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Figure 4: Results from the VELEST 1-D inversion without station corrections. a) velocity

models for the three starting models from southern Haiti (Douilly et al., 2013), Cuba (Moreno
et al., 2002) and Jamaica (Wiggins-Grandison, 2004; Bakun et al., 2012). Dotted lines
represent the input models and solid lines the output models. b) Depth distribution of

seismicity used in the inversion. ¢) Distribution of root mean square (RMS) travel time

residuals for the three output models.
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Figure 5: Results from the final VELEST 1-D inversion, including station corrections. a)
Velocity models for the starting model (dashed lines) and final minimum model (solid lines).
Horizontal grey lines are the error bars. b) Distribution of the root mean square (RMS) travel

time residuals for the input (dashed line) and output model (solid line).
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Figure 6: Checkerboard model test using a cell size of 30x10 km. Top row shows the input

velocity perturbation of alternating + 10% velocity anomalies. Bottom row shows the

recovered velocity anomalies. Black triangles show station locations within the model space.

Black line in the output models shows the 0.1 contour of the RDE matrix.
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Figure 7: Checkerboard model test using a cell size 15x7 km. Top row shows the input
velocity perturbation of alternating + 10% velocity anomalies. Bottom row shows the
recovered velocity anomalies. Black triangles show station locations within the model space.

Black line in output models shows the 0.1 contour of the RDE matrix.
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Figure 8: Final velocity models for a 2-D profile perpendicular to Haiti’s major faults and
tectonic terranes. Exact location of profile can be seen in Figure 2. Top box shows the
topography along the profile with major geological features labelled. Black triangles
represent.the position of seismic stations within the model space. Bold black line indicates
the 0.1 contour of the RDE matrix, model space outside this contour is considered unresolved
and is therefore shaded.
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Figure 9: Final velocity models for a 2-D profile perpendicular to Haiti’s major faults and
tectonic terranes. Velocities are expressed as a percentage change from the input 1-D model
as shown in Figure 5. Exact location of profile can be seen in Figure 2. Top box shows the
topography along the profile with major geological features labelled. Black triangles
represent the seismic stations within the model space. White circles are hypocenter locations
within the model space for events located within 30 km of the profile. Bold black line
indicated the 0.1 contour of the RDE matrix, model space outside this contour is considered

unresolved and is therefore shaded.

© 2019 American Geophysical Union. All rights reserved.



4.0 300

3.5
- 250
301 o o o o
- 200
2.5
E g
N c-
2 2.0 - 150 W
=4 o
S b=1.07+0.09 >
1.5 -
- 100
1.0 -
- 50
0.5
0.0 : 0

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Local Magnitude (M;)

Figure 10: Magnitude distribution and b-value analysis for earthquakes recorded by the
Trans-Haiti network. Black dots (left axis) represent Gutenberg-Richter distribution in which
log,o(N) represents the number of earthquakes at a magnitude of My or greater. Grey bars
(right axis) represent the number of earthquakes for each magnitude bin. Red line represents
the ideal Gutenberg-Richter distribution for the b-value of 1.07 calculated using the
maximum likelihood method (Aki, 1965) with a magnitude completeness (Mc) value of 2.4.
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Figure 11: Seismicity recorded using the Trans-Haiti network for the 11-month period
between June 2013 and April 2014. Red circles are epicenters for the 437 earthquakes
determined during the join inversion of hypocenters and velocities using SIMULPS. Grey
circles are the epicenters of 983 earthquakes located using NonLinLoc and the best fit
minimum 1-D velocity model from VELEST with station corrections. The size of each circle

is scaled by the magnitude of each event.
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Figure 12: Seismicity observed on Haiti’s Southern Peninsula. Red circles are hypocenter
locations from SIMULPS. Blue squares on the map represent cities; P = Port-au-Prince; L =
Léogane; PG = Petit Goave; J = Jacmel. Labelled faults are; EPGF = Enriquillo-Plantain
Garden fault zone, LT = Lamentin fault, LE = Léogane fault, TB = Trois Baies fault system,
PGJ = Petit Goave-Jacmel fault, RF = Redoute fault. The EPGF is assumed to be vertical to
steeply south dipping based on its geomorphic expression (Prentice et al., 2010; Wessels et
al., 2019). Moho depths are plotted using values from P-to-S receiver function for seismic
stations in this region (Corbeau et al., 2017b). Top plot shows the temporal distribution of
seismicity and cumulative seismic moment (Mo) for seismicity along Haiti’s Southern

Peninsula:
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Figure 13: Seismicity observed around Lake Enriquillo in Haiti and the Dominican Republic.
Red circles are hypocenter locations from SIMULPS. Top right plot shows the temporal
distribution of seismicity and cumulative seismic moment (Mo) of the earthquake cluster

north of Lake Enriquillo (blue box).
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