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Abstract

The devastating magnitude 7.0 earthquake that struck Haiti on 12 January 2010 was
followed by hundreds of aftershocks. The largest were recorded at regional to teleseismic
distances. The smaller aftershocks were not recorded in the days immediately following the
mainshock as there was no seismic monitoring capacity within Haiti. With the installation of
a real time three-station network in Haiti by the GSC in mid-February the ability to monitor the
aftershocks was vastly improved. Using the new Haitian stations as well as existing stations
elsewhere in the Caribbean, focal mechanisms and depths of many of the aftershocks can be
determined, both of which provide insight into the seismotectonics of the region and
implications for future seismic hazard assessments. This paper summarizes the focal
mechanisms and depths of the larger (magnitude = 4.5) aftershocks determined by regional
moment tensor inversion and the focal mechanisms of the smaller aftershocks determined by
a composite first motion inversion. The results are consistent with the teleseismically
determined focal mechanisms of the mainshock and largest aftershock and provide further
evidence for a complex faulting regime consisting of strike-slip faulting in the east of the
aftershock zone where the mainshock initiated and thrust faulting in the west where the
largest number of aftershocks has occurred.



Introduction

At 2153 UT (1653 local time) on 12 January 2010 a magnitude 7.0 earthquake occurred 25
km WSW of Port-au-Prince, Haiti. The earthquake resulted in nearly a quarter of million
deaths and caused widespread destruction throughout southern Haiti. Although no surface
rupture was found, the earthquake was widely believed to have occurred on the Enriquillo-
Plaintain Garden Fault (EPGF; Figure 1), a fault which makes up part of the boundary
between the North American and Caribbean plates and which is known to have generated
comparable earthquakes in the past. A more detailed summary of the earthquake may be
found on the United States Geological Survey (USGS, 2010) website and a very thorough
description of the EPGF in Mann et al (1995).

It had been more than one hundred years since the last major earthquake in Haiti, and due to
a lack of routine seismic monitoring in that country little is known about the background
seismicity making reliable hazard assessments difficult. Seismograph stations deployed in
Haiti after the earthquake have been recording its numerous aftershocks, most of which are
too small to be recorded at larger distances. Analyzing the aftershocks and longer term
monitoring of seismic activity in Haiti should provide improved seismic hazard assessments
for Haiti. In particular, reliable magnitude recurrence rates may be established and more
detailed analysis of the individual aftershocks should provide additional information about the
seismotectonic processes in the region of the Enriquillo-Plaintain Garden Fault system.

The relative motion between the North American and Caribbean plates along the EPGF is
primarily left-lateral strike slip (Manaker et al 2008; Mann et al, 1995, 2002). The focal
mechanism of the mainshock (Global CMT, 2010; USGS, 2010) is consistent with this
motion. The focal mechanism of the largest, magnitude 6.0, aftershock, however, is
indicative of nearly pure thrust faulting suggesting that the motion along and near the plate
boundary is more complex. The thrust faulting may be occurring on a landward extension of
the South Haiti Fault discussed by Mann et al (2002).

Many groups have undertaken studies of the mainshock (among them, Eberhard et al, 2010;
Hjorleifsdottir and Nettles, 2010; Lin et al, 2010; Seeber and Waldhauser, 2010). Less
attention has been paid to the aftershocks. This study focuses on the aftershocks and in
particular on their focal mechanisms and depths, which provide information about the fault(s)
on which they occur. This report is intended as a preliminary summary of the aftershock
focal mechanisms determined by regional moment tensor inversion and first motion analysis.
It is anticipated that a more detailed paper will follow, which will include the results and a
more in depth analysis of the focal mechanism project as well as several additional ongoing
studies of Haiti by this author and several GSC colleagues, some of which have been briefly
summarized by Bent et al (2010), Cassidy et al (2010) and McCormack et al (2010).

Seismograph Stations and Data

Approximately one month after the mainshock, NRCAN'’s Canadian Hazard Information
Service (CHIS) installed three seismograph stations in Haiti. The stations (Figure 2) are
located in Port-au-Prince (PAPH), Jacmel (JAKH) and Léogéane (LGNH). Each site consists
of a three component broadband seismometer as well as a three component strong motion
accelerometer. All instruments are continuously recording at 100 samples per second and
data are transmitted in real time via satellite to Ottawa, where they are archived and
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forwarded to other groups, including the USGS and the Caribbean Tsunami Warning System.
Additional stations were installed by the USGS but data from most are not available in real
time as is also the case for a series of ocean bottom seismometers (OBS) and four land
seismometers deployed by a French research team (GéoAzur).

As is their practice for global earthquakes, the USGS routinely determines the locations and
magnitudes of only those aftershocks of magnitude 4.5 or greater. Focal mechanisms tend
to be determined by the USGS and the Global CMT Project only for the earthquakes of
approximately magnitude 5.0 or greater although smaller earthquakes of particular interest
are sometimes analyzed.

Using data from the three Haitian stations and supplementing the dataset when appropriate
with data from additional Caribbean stations (GRTK, GTBY and SDDR; Figure 2), the GSC
has been making an effort to locate as many of the smaller aftershocks as possible. The
arrival times and magnitudes are forwarded to the International Seismological Centre (ISC)
where they can be catalogued and where data from other stations may be added to improve
the solutions. To date, more than 700 aftershocks have been located (National Earthquake
Database, 2010; hereafter referred to as the NEDB). The solutions are also archived by the
GSC and posted on the internet: http://earthquakescanada.nrcan.gc.ca/haiti/index-eng.php

This paper is focused primarily on the moderate-sized aftershocks. That is, those too small
to be evaluated by research groups employing teleseismic data but for which regional data
may be used to determine depths and focal mechanisms. These earthquakes are generally
in the magnitude 4.5 to 5.0 range. Some attempt has also been made to analyze the smaller
events albeit in somewhat less detail.

Regional Moment Tensors

For aftershocks large enough to be recorded at regional distances (150-1500 km) but too
small to have good teleseismic signals, a regional moment tensor inversion may be used to
determine the focal mechanism as well as the depth and moment magnitude. Moment
tensor inversions were performed for thirteen aftershocks of magnitude 4.5 or greater. The
USGS locations and origin times were assumed. Small errors in location will not adversely
affect the solution. The largest events were not analyzed as they had been previously
evaluated by one or more groups (USGS (2010), Global CMT Project (2010)) using
teleseismic data. Not all magnitude 4.5+ events in the USGS database were analyzed. The
first events analyzed were those that occurred after the Canadian stations had been
deployed in an attempt to determine a relation between M, and My. The number of events
was too small for any conclusions on this topic to be robust. The project was extended to
include more of the early aftershocks when it appeared that they were not being studied by
other research groups. Most of the magnitude 4.5 and greater events occurring more than a
few days after the mainshock have been analyzed. Not all of those occurring within the first
48 hours following the mainshock have been evaluated. Events within this time frame were
selected with the intent of improving the geographic coverage of events analyzed and an
attempt was made to avoid any aftershocks whose signal was likely to be buried in the coda
of a larger or previous event. The events for which focal mechanisms were determined in
this study are summarized in the Table.

Data from four regional stations (BCIP, GRTK, GTBY and SDDR; Figure 2) at four different



azimuths were accessed via the IRIS-DMC. The regional moment tensor code of Kao et al
(1998) was used to determine the depth, focal mechanism and moment magnitude. The
velocity model used for routine earthquake locations in Puerto Rico (Huerfano and Bataille,
1994) was selected as a representative regional model. It is noted that this model may not
be ideal for the path to GRTK which crosses the subduction zone. The initial inversion was
run using all available components and stations. If the solution provided very poor fits to the
data for some components, these components were down-weighted and the inversion was
rerun. It should be noted however, that these components are still considered when the
overall misfit is calculated and also that excluding these components did not radically alter
the initial solution (focal mechanism, depth, moment) but only the fit to the solution.

The focal mechanisms (Figures 4a-4m) determined via the regional moment tensor inversion
are consistent geographically with the teleseismic solutions for the large events and with the
composite solutions for the smaller ones. Again, there is evidence for thrust faulting in the
west and strike-slip in the east. Most events have at least one nodal plane whose strike
corresponds roughly to that of the EPGF but this fact should not be taken as proof that the
events occurred on it.

The depths range from 2 km to 15 km with most in the 5-10 km range, which corresponds to
the shallow to mid-crust. Most depths are constrained to within a few km although there are
a few events for which the depths are not well constrained (see insets in Figures 4a-4m).
There is no obvious geographic trend to the depths which could be used to infer the dip
direction or angle of the fault(s) on which the earthquakes occurred. The depths and
mechanisms are consistent with those determined by Seeber and Waldhauser (2010) and
Waldhauer et al (2010) using a dataset consisting of earthquakes that occurred early in the
aftershock sequence.

For the most part, my, and My are within 0.2 magnitude units of each other (Table). There
are a few events for which the difference is greater but there is no consistency in terms of
which of the two is larger.

Composite First Motion Focal Mechanisms

The majority of the aftershocks are too small to be recorded outside of Haiti. However, there
are not enough stations in Haiti to uniquely determine their focal mechanisms from first
motion data. Instead, composite mechanisms are determined for these aftershocks.
Composite mechanisms assume that nearby aftershocks occurred on the same fault
segment and have the same focal mechanisms and that the data from them can therefore be
combined and treated as a single earthquake (Sbar et al, 1972). If these criteria are not met,
the resulting focal mechanism may be unreliable (Barth et al, 2008).

Because there was some indication from the mechanisms of the mainshock and largest
aftershocks (Global CMT Project (2010)) that the style of faulting might not be uniform across
the aftershock zone, the aftershocks were grouped into three geographical regions (Figure
3). The western region consists of earthquakes whose azimuth to the station JAKH is in the
range of 105°-145°. The central group consists of earthquakes that are approximately due
north of JAKH and north or west of LGNH. Earthquakes in the eastern region are also north
of JAKH but to the east of LGNH. Whether the azimuth (earthquake to station) to LGNH is
greater than or less than 200° determines which of these two groups the aftershocks are
assigned to. Any events lying outside of these three regions were excluded. With eighty-
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three polarity readings, the western group is the largest. The central and eastern groups
have eighteen and twenty-three polarity readings respectively.

The first motions used were those recorded in the NEDB. There is a slight uncertainty in the
azimuth to the station introduced by the choice of velocity model used to locate the
earthquakes. A greater source of uncertainty, however, is associated with the take-off angle
as it is dependent not only on the epicentral distance (velocity model dependent) but also on
the depth of the earthquake. The depth is particularly of concern in this case since almost all
of the phases used were Pg which is sensitive to depth whereas the take-off angle for Pn is
independent of depth although it too will be affected by the choice of velocity model. The
depths of most of the aftershocks were fixed at 10 km. A minimum magnitude (M) of 2.5
was used in the data selection to ensure that the phases read were likely to be clear. It has
been verified (Bent, unpublished data) that the polarities of the instruments are correct.

The first motions were inverted for focal mechanism using the program “focmec” (Snoke et
al, 1994), which is a grid search algorithm. While there were a number of misfits for each
group, most of them were near nodal, suggesting that the composite solutions are a good
approximation and that the misfits would likely be eliminated if the true depths of the
earthquakes were known. The solutions were stable in the sense that as more aftershocks
were added to the dataset, the focal mechanisms for each region did not change.

The resulting focal mechanisms were consistent geographically with the focal mechanisms of
the mainshock and largest aftershock as determined from teleseismic data. That is, the
western group was indicative of thrust faulting and the central and eastern groups of strike-
slip faulting (Figure 5a-5c). It should be noted that the exact orientation of the strike-slip
mechanism is not well-constrained. There are some polarities that misfit the preferred
solution but they are near-nodal, suggesting that the exact mechanism for the earthquake
from which the polarity was taken is slightly different from the average for the region or that
the fixed depth (and therefore take-off angle) is incorrect.

Discussion and Conclusions

Individually determined focal mechanisms for the mainshock and moderate to large
aftershocks of the 12 January 2010 Haiti earthquake and composite mechanisms for the
smaller aftershocks suggest that the aftershock zone is dominated by strike-slip faulting in
the east and thrust faulting in the west (Figure 6). The activity in the eastern zone is
consistent with the expected style of faulting on the EPGF based on plate motion studies
employing GPS as well as geological observations (Manaker et al, 2008; Mann et al, 1995,
2002). The thrust faulting in the west suggests that not all of the aftershocks are occurring
on the EPGF but instead on what may be a landward extension of the South Haiti Fault and
is referred to by Seeber and Waldhauser (2010) as the Jacmel thrust. Continued monitoring
and analysis of the aftershock sequence and subsequent seismic activity in Haiti will provide
additional data for verifying these conclusions and provide the backbone of future seismic
hazard assessments for Haiti. For example, how much of the EPGF, if any, ruptured during
the 2010 earthquake in still not known and which nearby faults may have ruptured also
needs to be considered. While this paper was in review, a series of articles citing a wide
range of seismological, geological and geophysical evidence were published (Calais et al,
2010; Hayes et al, 2010; Prentice et al, 2010) all of which concluded that little, and possibly



none, of the rupture associated with the 2010 earthquake occurred on the EPGF. Instead
the rupture is believed to have occurred on a series of blind thrust faults with some strike-slip
motion occurring at depth.
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Table
Aftershocks for Regional Moment Tensor Inversion

Date(yyyymmdd) Time Lat. °N) Lon. (°*W) m, My Depth (km)

(hhmm, UT)
20100113 2126 18.49 7250 4.9 4.96 2
20100113 2221 18.36 72.58 4.9 4.87 15
20100114 1239 18.38 7274 4.8 4.86 5
20100115 2104 18.12 72.30 4.7 4.83 2
20100116 1559 18.05 7237 44 4.71 5
20100124 2151 18.51 7264 45 4.41 10
20100126 1116 18.52 7298 4.5 4.37 10
20100127 0057 18.37 7285 4.8 4.81 6
20100204 0500 18.53 7277 4.6 4.05 6
20100222 0936 18.49 7256 4.6 4.62 8
20100223 0626 18.43 7261 4.8 4.67 8
20100301 1037 18.44 7275 4.6 4.29 5
20100520 0634 18.42 7276 45 4.19 6

Note: My, and depth are the values obtained in this study. All other parameters
in the Table are from the USGS (2010).
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map with annotations by J. Adams.

12



70°'W

20°N

el

JAKH

o
SN
15°N =
= {
d
7
:./;’
L
‘(
]
A N
! o N &
g\ B
o~ N

10'N I

70°W

5°N ——
85°'W 80°W 75°'W
Figure 2: Stations used for focal mechanisms determined in this study.

65°'W

25°N

20°N

15°N
BN
8




14

19'N

|Magnitude

18.5'N

18'N ——
73'W 72.5°'W
Figure 3: Aftershocks located by the Geological Survey of Canada from 15 February 2010

through 8 April 2010. The large circles show the approximate groupings used in the
composite first motion solutions discussed in the text. Map drafted by S. Halchuk.



Figures 4a-4m: Regional moment tensor solutions for selected aftershocks. For each station
the first line of text indicates the frequencies modeled (selected by the inversion program
within a range of predefined values), the second gives the station code, distance (km) and
azimuth (degrees), and the third indicates the velocity model used (Huerfano and Bataille,
1994 in all cases) and the weighting of each component. Note that the misfit is calculated for
all components whether or not they are used in the inversion. The dark lines are the data
and the lighter lines are the synthetic seismograms. The numbers next to each data-synthetic
pair indicate the amplitude relative to the largest component and the misfit. The preferred
solution is in the upper right corner with the inset showing the misfit as a function of depth.
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Composite Aftershock Mechanism: Western Group

Figure 5a. Composite focal mechanism from first motions of aftershocks located in the
western region of the aftershock zone (see Figure 3). In this and Figures 5b and 5c the solid
lines represent the focal mechanisms for the data shown, the dotted line is the Global CMT
(2010) solution for the mainshock and the dashed line is the their solution for the largest
aftershock.

29



Composite Aftershock Mechanism: Central Group

Figure 5b: Composite first motion solution for aftershocks in the central region of the
aftershock zone. Format as for Figure 5a.
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Composite Aftershock Mechanism: Eastern Group

Figure 5¢c. Composite first motion solution for aftershocks in the eastern region of the
aftershock zone. Format as for Figure 5a.
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Figure 6: Summary of focal mechanisms. Symbols are scaled to moment magnitude with
the composite solutions fixed at M,, 3.0. The number written on the focal mechanism solution
is the modeled depth in km. Most of the events used in the composite mechanisms had
depths fixed at 10 km. The focal mechanisms for the mainshock and largest aftershock
(shown in orange) were determined by the Global CMT Project (2010).
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