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of Earth Sciences, University of California, Riverside, California, USA, 3Department of Geophysics, Stanford University,
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Abstract we investigate 3-D local earthquake tomography for high-quality travel time arrivals from
aftershocks following the 2010 M7.0 Haiti earthquake on the Léogane fault. The data were recorded by 35
stations, including 19 ocean bottom seismometers, from which we selected 595 events to simultaneously
invert for hypocenter location and 3-D V,, and V; velocity structures in southern Haiti. We performed several
resolution tests and concluded that clear features can be recovered to a depth of 15 km. At 5 km depth

we distinguish a broad low-velocity zone in the V,, and V; structure offshore near Gonave Island, which
correlate with layers of marine sediments. Results show a pronounced low-velocity zone in the upper 5 km
across the city of Léogane, which is consistent with the sedimentary basin location from geologic map. At
10 km depth, we detect a low-velocity anomaly offshore near the Trois Baies fault and a NW-SE directed
low-velocity zone onshore across Petit-Goave and Jacmel, which is consistent with a suspected fault from a
previous study and that we refer to it in our study as the Petit-Goave-Jacmel fault. These observations suggest
that low-velocity structures delineate fault structures and the sedimentary basins across the southern
peninsula, which is extremely useful for seismic hazard assessment in Haiti.

1. Introduction

The 2010 M7.0 Haiti earthquake ruptured the multisegment Léogane fault [Douilly et al, 2013, 2015;
Meng et al., 2012; Symithe et al., 2013], killed about 240,000 people, and caused heavy damage in the
Port-au-Prince region equivalent to the country’s annual gross national product [Bellerive, 2010]. As tragic
as this event was, data collected during this event and its associated aftershocks provide useful insight
to better understand the tectonics of this region. This event was originally thought to have happened on
the Enriquillo Plantain Garden Fault (EPGF), the main active fault running through the southern peninsula
(Figure 1), based on historical seismic activity and geodetic measurements showing significant strain
buildup on this fault [Manaker et al., 2008]. However, results of post-event investigations revealed that
the 2010 earthquake occurred on the previously unknown Léogane fault just a few kilometers from
the Enriquillo Fault [Calais et al., 2010; Douilly et al., 2013].

GPS measurements constraining block models suggest that the EPGF, which previously ruptured more than
250 years ago, has accommodated sufficient strain in that time period to generate a M7.2 earthquake if all of
that strain was released in one event [Calais et al., 2010; Manaker et al., 2008]. The 2010 rupture only released
a fraction of this strain buildup, which combined with the lack of large earthquakes in the past two centuries
suggests that the potential for additional activity remains high. A significant number of aftershocks occurred
on the offshore reverse Trois Baies fault (TBF), triggered by an increase in coseismic Coulomb stress change
[Symithe et al., 2013]. This raises possibility that the Trois Baies and the Léogane faults are representative of
previously unrecognized active faults. Recently, Saint Fleur et al. [2015] mapped a south dipping thrust fault
that they referred to as the Lamentin fault. This fault runs offshore at the Canal-du-Sud and continues
onshore to connect to the EPGF. This raises the question of whether there might be other unknown,
potentially active faults in the region.

Douilly et al. [2013] developed a 1-D velocity model of southern Haiti, from the joint inversion of Pand S arrival
times from aftershocks of the earthquake. Large, positive P and S station corrections (i.e., observed travel
times are slow) were observed for their deepest Ocean Bottom Seismometer stations offshore. They inferred
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Figure 1. (a) Tectonic settings of the Caribbean plate with respect to the surrounding plate boundaries. The island of
Hispaniola lies at the boundary between the Caribbean plate and the North American plate. (b) Enlarged view of the
southern peninsula of Haiti. The red triangles show the location of urban cities. The black lines represent the fault traces.
Enriquillo Plantain Garden fault, EPGF; Trois Baies fault, TBF; Petit-Goave-Jacmel fault, PGJF. The green star shows the
location of the 2010 Haiti earthquake according to the NEIC. The blue circles show the relocated subset of aftershocks from
this tomography study. The red rectangle in Figure 1a shows the area covered on Figure 1b.

that the delays were caused by thick sedimentary layers, providing clear evidence for lateral variation in
velocity. A change in velocity can be caused by several possibilities. Tomographic studies have shown that
high-velocity anomalies are sometimes associated with seismic activity, with more brittle and competent
rock in the crust with the ability to sustain seismogenic stress and release it in seismic events [Lees and
Nicholson, 1993; Scott et al., 1994; Zhao and Kanamori, 1995]. Low-velocity zones within the crust have
also been associated with known faults, presumably because of the fractured nature of the crust
[Eberhart-Phillips and Bannister, 2002; Eberhart-Phillips and Reyners, 1997; Lees, 1990]. And other factors such
as compositional variations, high fluid pressure [Zhao and Kanamori, 1995], or the presence of sedimentary
basin [Baher and Davis, 2003] have also been associated with the presence of low-velocity zones.

Here we develop a three-dimensional V,, and V; structure of southern Haiti by using arrival times for after-
shock of the 2010 earthquake in order to understand the 3-D seismic structure and investigate the cause
for observed velocity heterogeneities. We seek to address whether low-velocity regions can be correlated
with the known or unmapped faults in southern Haiti, whether a tomography study can outline some differ-
ences in the internal structure of the Southern Peninsula and whether it can delineate the extent of the thick
sedimentary layer offshore near the Canal-du-Sud [Momplaisir, 1986] or onshore near the city of Léogane.
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Figure 2. Map view and the E-W cross section of the aftershocks selected for this study. The inverted triangles show the
seismic station distribution, and the plus sign represent the horizontal 10 x 10 km grid size used for the 3-D inversion.
The grey lines on the map view and cross section represent the ray coverage from the minimum 1-D model between the
595 events and the stations that were used to locate them.

2. Data Selection and Inversion Method

Temporary network seismic stations, installed after the January 2010 earthquake, recorded ~1200 aftershocks
between February and June [Mercier de Lépinay et al., 2011; Douilly et al., 2013] . The network was composed
of 35 short-period and broadband stations (Figure 2) with a non-uniform time deployment (Table 1). P wave
(13,503) and S wave (10,190) arrivals were handpicked by using the Seismic Analysis Code [Goldstein et al.,
2003]. Douilly et al. [2013] used this data set to determine a 1-D regional crustal velocities, to relocate all
events using VELEST [Kissling et al., 1994, 1995], and further improved the locations by using a double differ-
ence algorithm [Waldhauser and Ellsworth, 2000]. However, the depth distribution from this velocity model
was not optimal for carrying out a 3-D tomography study with a depth increment of 5km, consistent with
the density of the raypath distribution. Thus, we begin the present study by re-parameterizing the 1-D velo-
city model in order for the depth profile such that the Minimum 1-D model is a close approximations of the
initial 3-D model [Kissling, 1988].

2.1. Minimum 1-D Velocity Model

In order to insure a stable 3-D inversion, a high-quality subset of events with at least six P and six S arrivals and
with an azimuthal gap less than 180° was extracted from the seismic arrival times from Douilly et al. [2013]. We
used the program VELEST [Kissling et al., 1995] to invert for velocity, station correction, and hypocenter
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Table 1. Seismic Station Information With Their Delay Time Corrections Determined Jointly With the 1-D Velocity Model

P Wave Station S Wave Station Date Date
Station Name Latitude (°N) Longitude (°W) Elevation (km) Correction (s) Correction (s) Installed Recovered Network Name
DBAD 18.2315 72.73536 0.534 0.08 0.47 15/3/10 25/6/10 USGS
HCMD 18.4606 72.65593 0.074 0.00 0.00 13/3/10 25/6/10
HVMG 18.2357 72.30294 0.145 —0.34 -0.29 16/3/10 24/6/10
ROSH 18.9725 72.67772 0.139 —0.55 —0.69 9/3/10 24/6/10
SJPH 18.1903 73.00340 0.022 0.09 0.54 16/3/10 22/6/10
SPHI 18.7501 72.40264 0.101 —0.34 —0.30 11/3/10 22/6/10
TRIN 18.3662 72.65462 0334 0.11 0.63 17/3/10 25/6/10
WSYH 18.833 72.86274 0.029 —0.44 —0.54 10/3/10
JAKH 18.2377 72.5180 0.047 0.11 0.65 16/2/10 NRCAN
LGNH 18.5110 72.6058 0.062 —0.09 0.18 14/2/10
PAPH 18.5225 72.2993 0.218 —0.08 0.28 11/2/10
PEM 18.3627 73.1888 0.29 —0.03 0.30 10/2/10 15/5/10 IPGP
MRG 18.4335 73.0712 0.05 —0.05 0.23 10/2/10 15/5/10
PTG 18.4338 72.8668 0.01 0.05 0.58 10/2/10 15/5/10
GRG 18.4182 72.7738 0.04 0.08 0.49 10/2/10 15/5/10
HAIF 18.5395 72.3097 0.15 —0.06 0.33 10/2/10 15/5/10 Sismo-Ecole
HAO1 18.1167 72.3037 —3.85 —0.16 0.56 10/2/10 15/5/10 GEOAZUR (BBOBS)
HAO5 18.0503 72.6663 —1.98 0.20 1.16 10/2/10 15/5/10
HA11 18.4843 72.766 —1.09 —0.07 0.71 10/2/10 15/5/10
HA14 18.5538 73.1033 —1.55 0.55 1.74 10/2/10 15/5/10
HA17 18.6167 72.9672 —-1.51 —0.03 1.04 10/2/10 15/5/10
HAO02 18.145 72.3938 —-2.71 —-0.12 1.02 10/2/10 9/3/10 IFREMER (microOBS)
HAO03 18.1667 724917 —0.46 —0.04 0.67 10/2/10 9/3/10
HAO04 18.1 72.5498 —24 0.20 1.12 10/2/10 9/3/10
HA06 18.0337 72.8203 —1.64 0.27 1.09 10/2/10 9/3/10
HAO07 18.0752 729135 —1.13 0.21 0.98 10/2/10 9/3/10
HAQ09 18.0747 73.191 -1.16 —0.03 0.67 10/2/10 9/3/10
HA10 18.1137 73.297 —1.43 0.04 0.87 10/2/10 9/3/10
HA13 18.5338 73.0002 —1.65 0.22 1.33 10/2/10 9/3/10
HA15 18.5517 73.1008 —1.55 0.32 1.56 10/2/10 9/3/10
HA16 18.58 73.2082 —1.31 0.17 1.53 10/2/10 9/3/10
HA18 18.6132 73.3367 —1.59 0.21 1.18 10/2/10 9/3/10
HA19 18.7003 73.0337 —1.04 —0.18 043 10/2/10 9/3/10
HA20 18.6052 72.8507 —0.83 0.05 0.77 10/2/10 9/3/10
HA21 18.5565 72.7335 —0.67 —0.01 0.72 10/2/10 9/3/10

location by minimizing the travel time residual [Crosson, 1976; Kissling et al., 1994, 1995]. For inversion of tra-
vel times, each observation provides one equation to the system, and each equation is weighted in relation to
the individual uncertainty normalized with respect to the top quality. Top quality of our data/equations is
defined by error for class 0, i.e., 0.02s. Class 1 is attributed double this error and, hence, acquires half the
weight of that of class 0, i.e., 50%. Consequently, for the data set at hand, class 2 is attributed a weight of
33% and class 3 a weight of 25%. At present in VELEST, class 2 observations are attributed only 25% rather
than the 33% they would deserve and class 3 observations are attributed only 12.5% rather than the 25%
they would deserve. Therefore, we fixed this imbalance by merging the current two classes (2 and 3), naming
it newly all class 2 and attributing it a weight of 25%.

We interpolated the Douilly et al. [2013] final velocity model to six layers as an initial model (Figure 3). Owing
to the very wide range of station elevations from 534 m to —3850 m, we defined the first layer to have a thick-
ness of 5km in order to satisfy the VELEST requirement that all stations locate in the first layer [Kissling et al.,
1995]. We chose station HCMD as the reference station because of its central location and its high number of
recordings, and we performed several inversions where we consider P arrivals only, S arrivals only, and finally
P and S arrivals simultaneously. After the third iterations for the P-only and the S-only inversions, the velocity
adjustments are small (in the order of ~0.015 km/s) and the hypocenter adjustments are below observation
uncertainty for origin time and within normal noise level for the location. We further removed events that
have an azimuthal gap greater than 180° that have large residuals and that have a root-mean-square
(RMS) greater than 0.35 s for P-only inversions and 0.6 s for S-only inversions. We then re-ran the inversion
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with the new subset by using P, S, and P
and S arrivals, respectively, and compare
the final velocity and hypocenter loca-
tion to ensure the stability of our
solutions.

Figure 3 shows the initial P and initial S
velocity model (red dashed line), the
final P-only and final S-only inversions
(blue line), and the final P and S model
from the simultaneous inversion (black
line). The P-only and P and S (respec-
tively, the S-only and P and S) model
converged to the same V, (respectively,
Vi) solution. We observed an increase of
0.22km/s at 9km depth for P model
and 0.17km/s for the S model. At 12
and 15km depth we also observed an
increase of about 0.11 km/s for P velocity
and 0.14 km/s for S velocity model. There
are very few rays that sample the layer
below 20km, and therefore, the initial
and final velocities below that depth
are unchanged.

We also tested the convergence of the
hypocenter for the P inversion only and
the P and S simultaneous inversion by
tabulating the longitude, latitude, and
depth difference (Figure 4). This figure
shows that more than 400 events have
an epicenter difference of nearly 0.1 km
and the maximum difference in the
epicenter is ~1km Also, more than 450
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is observed for the stations onshore compared to those on land on both models. The 3-D inversion exhibits smaller
station correction compared to the 1-D inversion.
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Figure 6. 1-D velocity inversion from three distinct starting models. The red dashed line is a starting low input velocity, the
green dashed line is a high input velocity, and the black dashed line is the starting velocity from Figure 3. The solid lines
represent the output velocity from each starting model, respectively. The low (solid red line) and high (solid green line)
output velocities converge to the minimum 1-D model (solid black line), which document the stability of the solution. The
black squares indicate the vertical grid node distribution for the starting 3-D inversion.

events have their depth difference less than 1 km, and overall, the maximum depth difference is about 3 km,
which show the stability of the inversion. The station corrections for this study (Table 1 and Figure 5) are con-
sistent with the result of Douilly et al. [2013], where we find small correction on land and large positive station
correction for the lowest offshore stations. This indicates the presence of low-velocity zones and confirms the
hypothesis of lateral heterogeneity in the crustal velocity being mostly due to the various basins across the
southern peninsula [Momplaisir, 1986; Pubellier et al., 2000].

We also evaluate the RMS with respect to the number of events for all three inversions. The final simultaneous
inversion has an average RMS misfit of 0.1s, which is consistent with the average misfit for the P-only
inversion. To further investigate the stability of the 1-D velocity model we test different starting models. In
addition to the input velocity from the simultaneous inversion of Figure 3, we consider a low (resp. high) P
and S starting model as shown in red dashed line (resp. green dashed line) in Figure 6. The resulting models
(solid lines) from low and high input remain very close to the minimum 1-D model (solid black line) which
shows great stability of the solution. We also note that within the depth range where we have hypocenters
from 0 to 20 km, the layer velocities vary within less than +0.05 km/s.
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Figure 7. Trade-off curve of solution versus data variance after one (black line), two (red line), and three (blue line) itera-
tions for selecting optimum damping parameter for the P data set and the S data set. The squares marked the chosen
damping values tested, and the solid squares indicate the selected value that shows a prominent reduction in the Pand S
data variance, respectively, without causing a strong increase of the solution variance. The dashed green line links the 75
damping parameter for each iteration and points toward the initial data variance.

The final relocation, using the minimum 1-D P and S model and the data selection requirements described
above, yielded a data set of 595 events with 8531 P readings and 5923 S readings. Those arrivals, including
the 1-D velocity model marked as black dot on Figure 6 (which was linearly interpolated at depth between
the grid nodes), will be used as a starting point for the 3-D inversion.

2.2, Local Earthquake Tomography

Based on the ray coverage for this data set, we consider a 100 km wide area in the east-west and north-south
direction along the southern peninsula of Haiti. This region was gridded with a spacing of 10 km x 10 km (11
nodes X 11 nodes) in the horizontal plane and a spacing of 5km in the depth to 20 km. P arrival times and S
minus P times are used with the damped least squares computer algorithm SIMULPS14 [Eberhart-Phillips,
1993; Eberhart-Phillips and Michael, 1998; Evans et al., 1994; Haslinger and Kissling, 2001; Phillips, 1990;
Thurber, 1983, 1993] to simultaneously invert for a 3-D P velocity and V,/V; ratio. We set the station correc-
tions to zero upon input to SIMULPS, and we allow the inversion to simultaneously solve for 3-D velocity,
hypocenter, and station corrections. The choice of damping for the inversion was determined based on
trade-off curves between the data variance and model variance after several iterations [Eberhart-Phillips,
1986]. The trade-off curve was computed based on a wide range of damping values and for one, two, and
three iterations, respectively, as shown in Figure 7. The damping values of 100, 75, and 50 showed a
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prominent reduction in the P and S data variance, respectively, with small increase of the model variance
mostly for the simulation with three iterations. To narrow the choice of damping, we ran synthetic tests with
those three selections and we chose a damping value of 75 for our inversions since it allows better amplitude
recovery and less single cell anomalies.

We carried out other quantitative tests to assess the geometrical distribution of rays in our medium and the
quality of our data set. SIMULPS implemented the derivative weighted sum (DWS) which measure the relative
ray density in the volume by weighting the importance of each ray segment by its distance to the model
node [Foulger and Toomey, 1989]. Poorly sampled nodes generated relatively small values for the DWS and
well-resolved nodes produced high values. The resolution diagonal element (RDE), also implemented by
SIMULPS, measures the dependency of the solution for one model parameter on all the other model
parameters. The RDE ranges between 0 to 1 where 0 indicates a poorly to nonresolved region and 1 perfect
resolution. The distribution of the RDE values for the 3-D P velocity only and the 3-D S velocity only inversions
is superimposed on the synthetic tests shown in Figure 8.

This synthetic test contains elongated anomalies with 5 and 10% amplitude difference relative to the 1-D
velocity. We used this synthetic model to calculate the travel times; we then perturbed the arrival times by
incorporating a random Gaussian noise of £0.04s for P (resp. £0.08 s for S) arrivals and invert to recover
the anomalies from the synthetic test. The yellow line in this figure marks the region that we consider to
be well resolved. We see some vertical leakage between layers 5 and 10km in the SW corner. While at
5 km depth the high-velocity anomaly terminates a bit far north; in the 10 km layer the low-velocity anomaly
is interrupted (refer to mark 1 on Figure 8) due to positive and negative anomalies canceling out which is visi-
ble on both P and S. In the 10 km layer, we could not resolve the W-E elongated single-cell wide positive
anomaly (mark 2 on Figure 8) neither in P nor in S, and therefore, we concluded that a single-cell anomaly
of 5% is not resolvable in this specific location. We also note for P velocity that we do well resolve the N-S
elongated 10% high velocity outlined in the 5 km layer (marked with 3 on Figure 8) and with reduced ampli-
tude in layer 15 km (marked with 4 on Figure 8). For the S velocity, we also see good recovery of anomalies
outside the yellow outlined region as marked by 5 on Figure 8 and reduced amplitude recovery at region 6.
We can clearly distinguish the noise-related artifacts (mark by 7) as single-cell anomalies or as features of very
low amplitude. We also clearly see the elongated anomalies to be restricted to the fairly well resolved areas.

We also undertook independent synthetic checkerboard test analyses for V,, and V; as shown on Figure 9. We
considered the same grid spacing of 10 x 10 x 5 km and calculated the synthetic travel times with alternating
input velocities of £15% variation compared to the minimum 1-D model. The arrival times were then
perturbed with a distributed random noise of +0.04s for P waves and +0.08 s for S waves, similar to the
synthetic test above, in order to take into account the picking error. To better interpret the checkerboard test,
we overlay the RDE isolines (green lines) and the well-resolved region (yellow lines) from Figure 8. The shal-
lowest part of the model (0-5km) have well-resolved regions mostly near the intersection of the Léogane
and Trois Baies faults, which is where the majority of the rays are concentrated (Figure 2). Due to the distribu-
tion of hypocenters and stations, we can observe a large well-resolved area at layer 10 km for both P and S. At
this depth, the RDE=0.4 for P and RDE=0.6 for S approximately match the outlined well-resolved region
marked by the yellow line in Figure 9. We can also note at 10 and 15 km depth that some regions outside
the outlined area still exhibit some resolution power. Since checkerboard tests mostly reveal the sensitivity
rather than the resolution and since the geometry of all anomalies has the same amplitude in just one cell
[Haslinger and Kissling, 2001; Spakman et al., 1993], therefore in order to quantitatively address the imaging
resolution with respect to our target structure, other characteristic synthetic tests have been performed
(Figures S1 and S2 in the supporting information).

Other tests have been explored to check the robustness of the solutions. We have considered a model where
we split the entire data set into two groups (subsets 1 and 2) with similar spatial distribution of the hypocen-
ters, invert each group separately, and compare the results to verify if the same structures are present in both
data sets. We also test a model where we shift the nodes 45° to half the distance of two consecutive diagonal
nodes. The results from the shifted grid and the splitting data set clearly establish that the overall results are
stable. Other resolution strategies, such as finer grid size (6 X6 x 5km) and different starting models, have
also been conducted to further investigate the quality of our solutions. As an alternative to a homogeneous
layered starting model, we consider a model where we average the resolved final velocities output from the
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Figure 8. P and S synthetic test with RDE contour lines (green line) resulting from the real data set. The first column shows
the synthetic input test, and the second (resp. third) column represents the recovered P (resp. S) velocity structure. The
yellow lines represent the region that we consider to be well resolved. The purple lines and annotations marked specific
anomalies that we interpret in the text.

homogeneous case to the north and south of the EPGF. In the well-resolved parts of the model, the EPGF
appears to be a boundary mostly at 5 km where there is a clear change in velocity in the northern part com-
pared to the southern part of the EPGF, as we expect from the morphology of this region. Therefore, if the
solution is insensitive to the initial model, it should converge to the same solution where the data require
it and perhaps result in a more realistic model in areas where data are few or absent. The output from this
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Figure 9. Resolution tests performed for a synthetic checkerboard model. The green lines represent the RDE contour lines,
and the yellow lines represent the region that we consider to be well resolved. The first column shows the synthetic input
structure, which consists of an alternating positive and negative anomalies of +15% variation with respect to the
starting P or S velocity model. The second column represents the recovered P velocity structure, and the third column
shows the recovered S velocity structure. The bold grey lines represent the coastlines, and the black lines represent the
fault traces. See text for more details.
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Figure 10. Horizontal slices for the change in P wave velocity structure relative to the stating model at the depths of 0, 5,
10, and 15 km. The bold grey lines represent the coastlines, and the black lines represent the fault traces. The green dots
indicate the inversion nodes. The inverted triangles represent the seismic stations. The pentagon symbol indicates the
location of the city of Léogane. The purple contour lines denote regions where we considered to be well resolved as
denoted by the yellow lines in Figures 8 and 9.

alternate input velocity is consistent with the results of the homogeneous starting model where the same dis-
tinctive features can be observed on both models. Those resolution tests have shown that clear features can
be recovered from this data set at a depth up to 15 km in the southern peninsula, both onshore and offshore.

3. Tomography Results

The final P wave and S wave velocities (Table S1 in the supporting information) are presented in several
horizontal depth slices shown in Figures 10 and 11. As explained above, we consider a 10 km horizontal grid
spacing and we jointly invert the travel times for the hypocenter, the 3-D crustal velocity, and the station cor-
rections. The station delays from the 3-D inversion are smaller than the station delays from the 1-D inversion
but consistent (Figure 5). We only show results from 0 to 15 km depth, where resolution tests indicate suffi-
cient ray coverage, and we only draw conclusions in the well-resolved regions illustrated in Figures 8 and 9.
The tomography model shows distinct lateral variation in seismic velocities at several depth ranges.

Near the surface, distinct zones of increase and decrease in velocity can be observed. Offshore near the Trois
Baies fault, we observed a decrease of about 6% in V), in the northern part of the fault and an increase of
about 5% in the southern region. This fast-velocity zone seems to continue further south in the region of high
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Figure 11. Horizontal slices for the change in S wave velocity structure relative to the stating model at the depths of 0, 5,
10, and 15 km. The bold grey lines represent the coastlines, and the black lines represent the fault traces. The green dots
indicate the inversion nodes. The inverted triangles represent the seismic stations. The pentagon symbol indicates the
location of the city of Léogane. The purple contour lines denote regions where we considered to be well resolved as
denoted by the yellow lines in Figures 8 and 9.

topography around latitude 18.3 and longitude —72.9. We also observed patches of decrease in velocity
near the N125° fault mapped by Mercier de Lépinay et al. [2011], which we refer to in the figures as the
Petit-Goave-Jacmel fault (PGJF). Similar structures are detected in the S wave velocity model. We observed a
prominent low-velocity zone (LVZ), about a 9% decrease from the initial S velocity model, above the Trois
Baies fault. These features are also noticeable at greater depths. At 5km depth we can distinguish a broad
LVZ offshore near Gonave island of about 6% decrease in the V, and 10% in the V; models. This LVZ seems
to correlate with a region of thick submarine sediments in the Canal-du-Sud basin [McHugh et al., 2011;
Momplaisir, 1986]. We also observe a low-velocity zone in the northern part of the Léogane fault and on
the Petit-Goave-Jacmel fault. The V, and Vs models also reveal fast-velocity zones on opposite sides of the
PGJF, in regions of high topography (latitude 18.3, longitude —72.9 and latitude 18.35, longitude —72.5 on
Figure 10). On the eastern part of the southern peninsula, the EPGF delineates a clear boundary between
regions of decreased (near Léogane) and increased velocity structure.

The 10 km horizontal depth slice is mostly marked by clear broad low-velocity zones mostly in the S velocity
and some high-velocity zones in the P velocity. Near the PGJF, we can distinguish a continuous NW-SE obli-
que decrease of ~6% drop in the V, and ~10% in V; model. We also observed a W-E trending high-velocity
anomaly along the northern side of the fault in the V,, and V; models, very similar to what we see in layer

DOUILLY ET AL.

LOCAL EARTHQUAKE TOMOGRAPHY IN HAITI 8825



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2016JB013123

15 km. The 15 km depth layer is less well resolved compared to the shallower layers. Nevertheless, we can still
observe a LVZ near PGJF on both P and S wave velocity and a pronounce high-velocity increase mostly in the
V, model near the city of Léogane and offshore near the canal-du-Sud. Overall, we observed that high-
velocity amplitudes generally to be stronger in P velocity and the low-velocity amplitudes to be stronger
in S velocity.

Our results show a pronounced narrow low-velocity zone from 5 km to 15 km depth to follow the oblique
fault from 18.1 N/72.5 W to 18.4 N/72.9 W and possibly continuing across the W-E main fault along the oblique
fault toward NW. As noted before, this low-velocity anomaly is visible with stronger negative anomalies in S
than in P. The second large-scale structure reliably imaged and clearly visible both in P and in S is the pro-
nounced velocity contrast (higher velocity to the north) across the main W-E trending fault from 7 km depth
to below 15 km depth. The SE-NW trending low-velocity band could be a gouge zone along the fault, while
the high-velocity anomaly corresponds with two specifically different crustal blocks north and south to now
be juxtaposed along the main W-E trending fault. The low-velocity anomalies at shallow depths north of the
main fault could be related to the thickened sediments in this basin.

Our model could not resolve the Moho discontinuity since according to previous studies from regional seis-
mic data and receiver functions analysis [McNamara et al., 2012], this region has a crustal thickness of ~20 km
and our model has low resolution at these depths. In our 3-D analysis, we also invert for the hypocenter loca-
tion of each aftershock. We compared the hypocenter location and the RMS values from the 1-D inversion to
the 3-D. We found that the average epicentral variation among the two is very small (~1.1 km) but despite the
average ~1.5 km change in the hypocentral depth and the 32% reduction of the average RMS in the 3-D relo-
cations compared to the 1-D, the 3-D velocity model did not alter the sharp fault geometry delineated by the
aftershocks as concluded by Douilly et al. [2013].

4, Discussion

This study presents the first three-dimensional P and S velocity structures for the southern peninsula of Haiti
from aftershock travel time arrivals following the 2010 Haiti earthquake. Our study region surrounding the
2010 earthquake uncovered high-velocity regions mostly in the P velocity, but the S velocity is mostly gov-
erned by fault-related low-velocity zones. In studies of the 1966 Parkfield, 1995 Northridge, and 1989 Loma
Prieta earthquakes, tomography results showed a correlation between aftershock activity and these faster
velocity crustal features [Lees and Malin, 1990; Thurber et al., 1995; Zhao and Kanamori, 1995]. Similar correla-
tion was also observed along other segments of the San Andreas Fault [Michael and Eberhart-Phillips, 1991;
Nicholson and Lees, 1992]. But recent tomography studies in California have found aftershocks on both
fast- and slow-velocity anomalies [Allam and Ben-Zion, 2012; Hauksson, 2000; Lin et al., 2007, 2010]. Lin
et al. [2007] have found that aftershocks below 5 km depth tend to occur in region of fast P velocity anomaly,
whereas aftershocks near the 15 km depth tend to lie in slow P velocity anomaly. Furthermore, Allam and Ben-
Zion [2012] stated that off-fault regions with lack of seismicity seem to correlate with high seismic velocity but
areas of focus seismicity seem to occur in region of reduced seismic velocity. In our study, we were not able to
differentiate those characteristics at this scale. The seismicity pattern following the 2010 Haiti earthquake
occurred in both regions of fast and slow velocities (Figures S3 and S4). However, at shallower depth
(<10km), we observe that more aftershocks are located in regions of low velocity, while the seismicity at
greater depth (>10km) is mostly located in regions of fast-velocity material. This might constitute a direct
effect of the limited seismic record for this region or an effect of the grid spacing of our tomography study
compared to the greater resolution of the California studies in which it was possible to detect small and loca-
lized anomalies. Nevertheless, we can distinguish clear horizontal polarity velocity contrasts across TBF, PGJF,
and EPGF segments (Figures 11 and 12), which could be associated with bimaterial fault interfaces, similar to
several faults in Southern California [Allam and Ben-Zion, 2012; Allam et al., 2014]. Several studies have shown
the influence of bimaterial fault interfaces on rupture directivity [Ben-Zion and Shi, 2005; Shi and Ben-Zion,
2006]. Shi and Ben-Zion [2006] have found that bimaterial interfaces, with a certain degrees of contrast, gen-
erate dynamic dilatation at one rupture tip and dynamic compression at the other. This implies that the rup-
ture is likely to die quicker in the direction of compression, while it continues to grow in the opposite
direction. Thus, we could infer a preferred rupture direction during a large earthquake across each of our fault
structures due to the influence of the velocity contrast. At the upper layers, all three faults (PGJF, TBF, and
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Figure 12. Aftershock distribution from the tomographic inversion and cross sections of Vj, V, and V,,/V; ratio along the W-E directions, parallel to the main fault
trace delineated by the aftershocks, as indicated in the map view. The hypocenters in the map view are coded by hypocenter depth. Hypocenters within the
rectangular box are included in each cross section. The box with the grey lines indicates the topographic elevation along the cross sections. The black lines in the V,,
V, and Vp/ Vs ratio cross sections, respectively, represent contour lines of the absolute Vo, Vs, and Vp/Vs ratio values, respectively, with depth.

EPGF) are delimited by low-velocity structure in the northern side and faster-velocity anomaly in the southern
one. This suggest that the preferred rupture direction, along those faults, is west to east due to the dynamic
dilatation generated at the eastern side compared to the western one. However, this was not the case during
the 2010 Haiti event. Rupture on the Léogane fault had unclamped the Trois Baies fault (TBF) located west of
the rupture [Symithe et al., 2013]. A possible explanation for the east-west rupture direction during this event
is the reverse polarity observed near Léogane at greater depth (Figure 10) and also the fact that the rupture
did not reach the surface. At this depth, the fast-velocity anomaly is located north of the EPGF compared to
south at shallower depth, which is consitent to a east-west preferred rupture direction.

Bimaterial fault interfaces also influence ground motion during an earthquake [Ben-Zion, 2001]. Therefore,
this result is vital to assess ground motion level from potential earthquake scenarios mainly on the EPGF
not only because this fault still remains a major seismic threat for the nearby cities in southern Haiti [Calais
et al., 2010; Douilly et al., 2015; Prentice et al., 2010; Symithe et al., 2013] but also because sedimentary basin
could trap the energy and significantly amplify the ground shaking [Day et al., 2006; Olsen, 2000; Wald and
Graves, 1998]. As an example, Komatitsch et al. [2004] used a spectral element method to simulate ground
motion in the Los Angeles basin and their results uncover large amplification within the basin for their 3-D
simulation with respect to their 1-D case. In our study region, the low-velocity zone underneath Léogane
could cause similar effects by enhancing the ground motion during large earthquakes and endanger the
infrastructure that sits atop them.
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Figure 13. Aftershock distribution from the tomographic inversion and cross sections of V), Vs, and V,/V ratio along the N-S directions, perpendicular to the main
fault trace delineated by the aftershocks, as indicated in the map view. The hypocenters in the map view are coded by hypocenter depth. Hypocenters within
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Vi, Vs, and Vp/V; ratio cross sections, respectively, represent contour lines of the absolute V), Vg, and V,,/V; ratio values, respectively, with depth.

Figures 12 and 13 show cross sections parallel and perpendicular, respectively, to the 2010 earthquake
rupture. Under the city of Léogéane and at shallow depth (upper 5km), a clearly distinguished low-velocity
anomaly is present, which has a P wave velocity in the range of 5.0-5.3 km/s. We associate this low-velocity
zone to the quaternary sedimentary basin as mentioned by Pubellier et al. [2000]. Similar low-velocity contrast
in shallow layers is observed in California along the San Andreas Fault, the Los Angeles basin, the Salton
Trough, and the San Jacinto fault zone from tomographic inversion [Allam and Ben-Zion, 2012; Chen et al.,
2007; Hauksson and Haase, 1997; Lees, 1990; Lewis et al., 2005; Magistrale et al., 1996; Shapiro et al., 2005;
Tape et al., 2009; Yang et al., 2014]. In our study we also observed a correlation between the low-velocity struc-
ture and upper depth limit of seismic activity. Aftershocks occurred below the LVZ, ceasing at the zone’s
lower boundary (Figures 12 and 13). We hypothesized that this low-velocity anomaly could act as a barrier
to aftershocks reaching the surface, but we do not dismiss the possibility that the EPGF itself could act as a
barrier to the aftershocks since there are very few aftershocks south of that fault or that this correlation could
be an artifact of the coarse vertical layering of the model. Future studies such as controlled source experi-
ments [Hardebeck, 2010], ambient noise tomography [Shapiro and Campillo, 2004; Shapiro et al., 2005], or
teleseismic tomography [Bezada et al., 2013] with a higher resolution would be able to clarify this assertion.

The low-velocity feature near the city of Léogéane has V,/V; ratio in the range of 2.00-2.19 (Figure 12),
which corresponds to a rise of 10 to 20% compared to the V,/V; ratio at the same depth outside this
region and the V,/V, ratio along the depth distribution. High V,/V; ratio is also observed in Parkfield
region around the San Andreas Fault from double difference tomography [Zhang et al., 2009]. Similar
to our findings, the shallow high-V,/V; zone from Zhang et al. [2009] correlates with region of low-V,
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and low-V; structures. Thurber et al. [1995] also observed a rapid increase of V,/V; with depth for the
Loma Prieta rupture, which they hypothesized being due to a change in elastic properties. They also infer
that a change in elastic properties with depth could explain the upward termination of the Loma Prieta
earthquake. The 2010 Haiti earthquake and the 1989 Loma Prieta earthquake share several similarities in
tectonics and earthquake rupture processes [Douilly et al, 2013, 2015; Symithe et al., 2013]. They both
involved rupture initiation on smaller blind thrust fault adjacent to major strike-slip fault without transfer-
ring to the main fault. They both also involved patches of slip that did not reach the surface. We could
therefore infer that the significant decrease in shear modulus as the surface is approached, as proposed
by Thurber et al. [1995], might explain the termination of the upper limit of the rupture and the reason
why there was no surface rupture [Prentice et al., 2010].

Another possible explanation for why the Léogane rupture failed to reach the surface is that the Léogane
Fault terminates at the EPGF where they meet in the subsurface. The termination of the 1994 Northridge rup-
ture at the depth where it propagated into the San Fernando fault is a similar case [Mori et al., 1995; Wald
et al., 1996]. For this event, Zhao and Kanamori [1995] inferred that an abrupt change in velocity and the
strength of the crust when the San Fernando fault was encountered might also explain the arrest of
Northridge aftershocks.

The 3-D P and S velocity results show a broad low-velocity zone along the Petit-Goave-Jacmel fault, most pro-
minently around 10 km depth (Figures 10 and 11). Low-velocity anomalies are sometimes associated with
broad zones of deformation or fault zones [Eberhart-Phillips and Bannister, 2002]. Previous studies have found
low velocities on segments of the San Andreas Fault and along the New Madrid fault zone [Mooney and
Ginzburg, 1986; Thurber et al., 1997]. However, low-velocity zones can also represent compositional variations,
high fluid pressure, or high pore pressure [Eberhart-Phillips and Bannister, 2002; Zhao and Kanamori, 1995] [Lin
etal., 2010; Ryberg and Fuis, 1998]. Either hypothesis provides a possible explanation as to why we observed a
midcrustal velocity reduction along the PGJF. Some studies mentioned that low-velocity anomaly sometimes
occurred on active fault systems [Eberhart-Phillips and Bannister, 2002; Eberhart-Phillips and Reyners, 1997], but
in our case study, despite the fact that Aiken et al. [2016] have found light correlation between tremor sources
and the low-velocity anomalies along the PGJF, we do not have enough information to confirm if the PGJF is
active or not. Nevertheless, at 10 km depth, this anomaly seems to extend further offshore to the south and to
the north. Offshore to the north, the LVZ is aligned with the thrust south dipping Trois Baies fault where trig-
gered aftershocks were observed during this event [Symithe et al., 2013].

5. Conclusions

We performed a joint inversion for a 3-D P and S velocity structure and hypocenter location by using arrival
times from 595 aftershocks following the 2010 Haiti earthquake. We considered a 10 x 10 km grid spacing
and used the damped least squares computer algorithm SIMULPS14 to simultaneously invert for 3-D P velo-
city, V,/V; ratio, and hypocenter location. Other inversion techniques, such as double difference tomography
(TomoDD) [Zhang and Thurber, 2003], ambient noise tomography [Shapiro et al., 2005], full waveform inver-
sion [Tape et al., 2009], surface wave inversion [Fang et al., 2015], and joint body wave and Rayleigh wave
inversion [Fang et al., 2016], may be applied to improve the 3-D velocity model of the southern peninsula
when respective data become available. Since our station network consisted primarily of short period stations
(refer to Douilly et al. [2013] for more details), at present only TomoDD could potentially be applied to locally
improve resolution of the velocity structure within the cloud of hypocenters. Nevertheless, it will not change
the main findings from this regional study. More data such as active sources are required in addition to this
data set to obtain higher resolution of finer-scale structure in this region.

We performed several tests in order to check the robustness of the solutions and establish that the regions
anomaly can be resolved by the model. The three upper layers (0, 5, and 10 km) are sufficiently well resolved
that features can be well recovered at those depths. Resolution is poor at 15 km except near Léogane where
most rays are concentrated, and we have no resolution at 20 km depth. The model contains strong lateral var-
iation onshore and offshore of the peninsula near the Trois Baies fault. The offshore low-velocity anomaly
resides primarily at 5 km depth and correlates with the location of thick sediments in the submarine basin.
At 10km depth, we found a sharp N125° low-velocity zone running along the Petit-Goave-Jacmel fault
(PGJF) that extends offshore to the Trois Baies fault. The Petit-Goave-Jacmel fault, which was a suspected fault
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based on geological observations [Mercier de Lépinay et al., 2011], seem to be a major fault according to the
tomography result. However, we cannot say based on the tomography alone whether it is active or not. This
midcrustal anomaly along the PGJF and Trois Baies faults may indicate a broad zone of deformation or the
presence of fluid in the upper crust, or it could correspond to internal features of the Oceanic Plateau.
Zhao and Kanamori [1995] stated that fast-velocity anomalies are sometimes associated with more brittle
and competent rock in the crust, and therefore, we believed that those low-velocity zones could suggest that
the fault zones in the southern peninsula are not intact but in fact consist of high degree of fracture zones.

A fast-velocity anomaly is detected in region of high topography on both side of the PGJF and in the deeper
layer (~15 km depth) mostly onshore under the city of Léogane and offshore in the Canal-du-Sud. Fast-velocity
zones are generally associated with more brittle and competent rock, and in contrast, low-velocity zones indi-
cate more fractured region [Lees and Nicholson, 1993; Scott et al., 1994; Zhao and Kanamori, 1995]. We also
observed a decrease in velocity in the upper layers near Léogane, and the V,/V; ratio revealed a drastic increase
consistent with a change in material property associated with the sedimentary basin that underlie the city of
Léogane. Since Port-au-Prince is underlain by a similar basin [Pubellier et al., 2000] and although our model
did not extend to Port-au-Prince, we hypothesize that crustal velocities similar to those underlying Léogane
are present there. A detailed investigation of crustal structure is necessary in order to confirm this assertion.
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