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Abstract: A devasting Mw?7.2 earthquake struck southern Haiti on 14 August 2021, leading to over
2000 casualties and severe structural failures. This earthquake, which ruptured ~70 km west of the
2010 Mw?7.0 event, offers a rare opportunity to probe the mechanical properties of southern Haiti.
This study investigates the kinematic multi-fault coseismic rupture process by jointly analyzing
teleseismic and interferometric synthetic aperture radar (InSAR) datasets. We determined the optimal
dip of different segment faults through finite-fault inversion, and the results show that the dips of
the first, second and third faults are 62°, 76° and 76°, respectively, coinciding with the relocated
aftershock distribution. The results estimated from our joint inversion revealed that the slip was
dominated by reverse motion in the first segment and strike-slip motion in the second and third
segments. Three slip patches were detected along the strike, with a peak slip of 3.0 m, and the rupture
reached the surface at the second segment. The kinematic rupture process shows a unilateral rupture
with a high centroid rupture velocity (5.5 km/s), and the rupture broke through the stepover and
caused a cascade rupture. The rupture front experiences a directivity pulse of high ground motions
with high amplitude and short duration, which may be an additional factor explaining the many
landslides concentrated on the western end of the fault. The Coulomb failure stress change result
indicates the increases in the probability of future events to the east and west of the 2021 main shock.

Keywords: joint inversion; multi-fault segment; cascade rupture; unilateral propagation

1. Introduction

On 14 August 2021, a devasting Mw?7.2 earthquake struck southern Haiti (Figure 1),
causing over 2000 deaths, 13,000 injury casualties, destruction of at least 140,000 houses,
and severe infrastructural damage [1]. The Caribbean and North American plates converge
obliquely at ~20 mm/year (Figure 1a) [2-5]. The plate motions are largely accommodated
by the Septentrional fault zone and Enriquillo-Plantain Garden (EPG) strike-slip fault
zones [6,7], forming the intermediate Gonave microplate. Haiti is located on a tectonic
boundary between the Caribbean plate and the Gonave microplate and has long been
recognized as an active tectonic region. The observations revealed that the plate motion
between the Caribbean and Gonave microplates is accommodated by ~6 mm/yr and
9 £ 3 mm/yr of sinistral slip [3] and reverse slip [8], respectively. Such a tectonic setting
leads to a complex fault system and earthquake rupture mode.

Historical earthquake studies show that southern Haiti was struck by several sig-
nificant earthquakes (i.e., 1701, 1751, 1770 and 1860) [9-11]. The investigation of 2010
Mw?7.0 and 2021 Mw?7.2 events which were observed by modern instrumental data, have
provided profound insights into the fault system and seismic activity in the southern Haiti
region. Previous investigation shows that the 2010 earthquake did not rupture the EPG
fault but two neighboring faults [12,13], and the rupture mode changed from thrust and
strike-slip motion. The 2021 Mw?7.2 Haiti earthquake occurred in an area ~70 km west of
the 2010 event; the impact was much lower than the 2010 Mw?7.0 event because the area
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of the 2021 Haiti earthquake is mostly rural, with a low population density [2,12-15]. The
U.S. Geological Survey (USGS) National Earthquake Information Center (NEIC) reported
that the 2021 Haiti earthquake occurred at 18.434°N, 73.482°W, and on 14 August 2021
12:29:08 (UTC). Moment tensor solutions from USGS and Global Centroid Moment Tensor
(GCMT) suggest the 2021 Haiti earthquake was an oblique left-lateral thrust event. The
interferometric synthetic aperture radar (InNSAR) shows substantial vertical motion [16,17]
near the epicenter and the north of the EPG fault, and the coseismic deformation reached
the surface at ~40 km west of the epicenter. The crustal deformation suggests that the 2021
Haiti earthquake ruptured a multi-fault system, and the fault geometry of this earthquake
seems to not align with the EPG fault [18,19]. Given the historic earthquake and the tectonic
setting in Haiti, studying the seismogenic mechanism of the Haiti earthquake is valuable for
better understanding the regional mechanical properties with strong earthquake activity.

Several authors have studied the source characteristics of the 2021 Haiti earthquake
utilizing seismic and/or geodetic datasets [18-21]. Relocated aftershock distribution de-
lineates three north-dipping structures located north of the EPG fault [21], providing a
reference for fault geometries. Okuwaki and Fan (2022) obtained a finite-fault model
with two slip patches that combine thrust and strike-slip motion, using the teleseismic
P wave [18]. The slip patches separate ~70 km due to the low spatial resolution of the
teleseismic data, which is different from the INSAR observation. To better illustrate the fault
model, Maurer et al. (2022) generated fault geometries from an updated fault database for
finite-fault inversion [19]. They argued that the earthquake started with a reverse slip on
the EPG fault near the hypocenter and jumped the restraining bend in the EPPG fault near
Pic Macaya, with a left-lateral slip. Calais et al. (2022) solved two fault models through a
non-linear least squares search method and a coseismic slip model using InNSAR data [20].
The main characteristics of the finite-fault inversion results from previous studies revealed
two slip patches; the first slip patch is located near the hypocenter with primarily reverse
motion, and the second is located at the west of the epicenter with primarily left-lateral
motion [18-20]. However, the finite-fault models derived using a single dataset are con-
strained to the sparse spatial or temporal resolution, with which it is difficult to represent
the detailed rupture characteristics. Up to now, there is no research about the joint inversion
with geodetic deformation and seismic waves in the finite-fault rupture process of the 2021
Haiti earthquake. Therefore, it is significant to determine the fault geometry and obtain
a rupture process model that simultaneously explains the teleseismic and InSAR data.
Additionally, a high spatiotemporal resolution fault model contributes to understanding
the rupture evolution of the 2021 Haiti earthquake.

In this study, we investigate the rupture process of the 2021 Haiti earthquake by
jointly analyzing teleseismic and InSAR datasets, and the Coulomb stress-related triggering
relationship between this event and its peripheral fault zone based on the finite-fault rupture
process model. Our principal scientific objective is to delineate the kinematic rupture
process evolution of the 2021 Mw?7.2 Haiti earthquake and to obtain basic knowledge about
the mechanical response following the event. Therefore, the main work process of this
study is as follows: (1) We determined the optimal fault geometry strikes and dips using
the grid-search method and inverted the coseismic rupture model by joining the teleseismic
and InSAR data. The results show that the 2021 Haiti earthquake combines the thrust and
strike-slip motion and the dips in the thrust and strike-slip fault have changed ~14°. (2) We
calculated the Coulomb failure stress change (ACFS) through the joint finite-fault model.
(3) We explored the implications of our results.
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Figure 1. Map of the epicentral region of the 2021 Haiti earthquake. (a) Major active faults of the
Caribbean—North America plate boundary zone [22,23]. The red, blue and yellow stars denote the
epicenter location of 2021, 2010 and historic earthquakes (i.e., 1701, 1751a, 1751b, 1770 and 1860).
Black arrows denote the Global Positioning System (GPS) velocities [3]. The inset at the upper-
left corner shows the 32 teleseismic stations (red triangles) and the epicenter (red star) of the 2021
Haiti earthquake. (b) The orange dots denote the relocated aftershock catalogs from 20 August to
31 December 2021 [21]; the cyan dots denote the relocated aftershock catalogs after the 2010 main
shock [14]; and the blue dots denote the landslide distribution [24]. The red ellipse in (b) denotes the
Pic Macaya National Park, and the red line denotes the Ravine du Sud fault.

2. Materials

To better understand the rupture history and assess the hazards of the 2021 Haiti
earthquake, we use the teleseismic data and InSAR data to image the earthquake rupture
process. We downloaded the teleseismic wave from the Incorporated Research Institutions
for Seismology (IRIS) data center. We considered the teleseismic stations with epicentral
distances between 30° and 90° and selected 32 vertical components of teleseismic P waves
to ensure good coverage of both azimuthal and take-off angles over the epicenter (inset
in Figure 1a). The raw data were resampled to 1 sample per second, and the duration
is 60 s. We integrated original velocity seismograms into displacement waves and then
bandpass-filtered to 0.01-0.2 Hz.

We also obtained the surface line-of-sight (LOS) displacements from the Sentinel-1
(TO04A and T142D) and ALOS-2 (T042A, T043A and T138D) data [16,17]. The LOS displace-
ments of these five tracks are shown in Figure S1. Finally, 507, 364, 570, 612 and 507 data
points were downsampled from the T004A, T042A, T043A, T138D and T142D datasets,
respectively, using a quadtree sampling algorithm [25].

3. Inversion and Results
3.1. Finite-Fault Inversion

This study uses a linear inversion method to determine the finite-fault rupture model [26].
In the rupture process inversion, the subfault source time functions (STFs) were modeled
in a linear way [27], and the rake of each subfault can be estimated simultaneously. The
joint inversion can be expressed as
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where Uy and U, denote the observation of waveform and InSAR data; G, Gy and Q,, Q,
denote the Green’s function of waveform and InSAR data; m, and m, represent the slip
rate amplitudes of all subfaults; A1, A, denote the relative weight of waveforms and InSAR
data; D, T, Z denote the matrix of the spatial, temporal smoothness and minimization scalar
moment constraints; and Ay, Ay, Ajjy are the corresponding weights of constraints. The
conjugate gradient least-squares method is used to solve this inversion equation, and we
can obtain the final results after the iterations.

In the joint inversion, we used the code “QSSP” [28] to calculate the Green’s functions
for teleseismic data based on the AK135 model [29], and used the software “PSGRN" [30]
to calculate the Green’s functions for INSAR data. We assumed a total rupture duration of
35 s in inversion, which means the rupture window of each subfault lies in 0-35 s. This time
duration was chosen by considering that (1) the half-duration time of centroid moment
tensor solution is 9 s and 16 s, respectively, from GCMT and USGS; and (2) previous
studies [18,20] (e.g., Calais et al., 2022; Okuwaki and Fan, 2022) showed the rupture
durations are about 30 s. Additionally, we used a maximum rupture velocity and a
maximum duration time to limit the subfault rupture window to stabilize the inversion. In
principle, we preferred a narrow time that improves the calculated efficiency and generates
a small-enough misfit. Finally, we used a maximum rupture velocity of 3.2 km/s and
a duration of 8 s in inversion according to the relative misfit curve (Figure 2), which
means that the rupture velocity can range between d/(d/3.2 + 8) and 3.2 km/s for a
subfault d km away from the rupture initiation [27,31]. Additionally, spatial, and temporal
smoothness and minimizing scalar moment constraints were introduced to stabilize the
ill-posed problem in the inversion of the rupture process [26]. The weights of 300, 1 and
0.5 were chosen using the trial-and-error method to ensure a small-enough relative misfit
between the observed and that synthetic data and the inversion results (i.e., moment-rate
function and slip distribution) change smoothly.

—T=5s

0.235

0.23 1

Relative misifit

0.225r

0.22 ¢ ¢ <
2.5 3 3.5 4 4.5 5
Maximum rupture velocity

Figure 2. Relative misfit curve with different maximum rupture velocities (changes from 2 to 5 km/s)
and maximum rupture duration time of 5 s (red), 8 s (green), 10 s (blue) and 12 s (cyan) of each
subfault. We prefer a maximum rupture velocity of 3.2 km/s and a maximum rupture duration of 8 s
for each subfault in this study (black diamond).

The teleseismic and InSAR data were normalized by their vector L?-norm (i.e.,
uobsfori

Y (uobsfori(n))z
data; n denotes the data points of each dataset) in the joint inversion. Considering the

uobs — ; 1P is the normalized data, and u°%-°"! is the original observed



Remote Sens. 2023, 15, 1730

50f16

teleseismic data have a good distribution on both the azimuthal and take-off angles of the
source, and the InSAR data cover the entire coseismic deformation area well, we equally
weighted the waveform data and deformation data in the inversion. Additionally, the
relative weights of the teleseismic wave and InNSAR deformation were set to 1. After the
inversion, we shifted the teleseismic waves to best correlate their synthetics, because the
teleseismic waves constrain only the relative position of fault slips compared with the
hypocenter [27]. We used variance reduction (VR) to evaluate the data fitting by calculating

as follows.
VR, (1 L (u°b5<n>—usy"2<n>>2>
Lo (w0 (n) , )
Y21 T (A ()~ A (n))
21 Lo (A (n))” )
where the superscript ‘obs” and ‘syn” denote observed and synthetic data; A; is the relative
weight corresponding to the i dataset; and the relative weights are set to 1 in this study:.

VRTotul = (1 -

3.2. Fault Geometry

The relocated aftershock distribution [21] delineates primarily a north-dipping seg-
ment (60°-65°) around the epicenter and a north-dipping ~75° dip angle on a fault segment
along the Ravine du Sud fault (Figure 3b,c). The cross-section shows that the second and
third segments have similar dip angles (Figure 3). The relocated aftershock distribution
provides a prior reference for this fault system. Additionally, the rupture reached the sur-
face from the T043A map (Figure 3a), which provides detailed information on the locations
of the fault strike. Here, we constructed three fault segments for finite-fault inversion.
Since the slip has not reached the surface around the epicenter, we determined the strike
of the first segment using the grid-search method based on the finite-fault inversion. The
uncertainty of the strike of the first segment needs to be considered, since less prior infor-
mation can be used during the 2021 Haiti earthquake. The strike of the second segment is
set 260° along the rupture traces, and the strike of the third segment is set 272° along the
mapped Ravine du Sud fault (Figure 1a). Hence, the fault dips remained to be determined
after fixing the strike. We grid-searched the optimal dip and strike of the first segment
through the normalized misfit in finite-fault joint inversion. The dips of the second and
third segments were assumed to be identical to improve the calculation efficiency in the
finite-fault joint inversion. Finally, the optimal strike of the first segment is 269° (Figure 4a),
which coincides with the non-linear inversion result [20]. The optimal dips of the first,
second and third are 62°, 76° and 76°, respectively, corresponding to the minimum relative
misfit of 0.22, and the result is consistent with the profile of the aftershock distribution
(Figure 3c). The inferred fault geometry is illustrated in Figure 3d. Comparing the fault
geometry derived from non-linear inversion using InNSAR data only or aftershock distribu-
tion, the fault geometry derived from this study explained the teleseismic and InNSAR data
simultaneously, since we determined them based on the finite-fault joint inversion. The
optimal fault geometry parameters of the three fault segments used in this study are listed
in Table 1. Then, 645 subfaults were defined in rupture inversion and each subfault size is
2 km x 2 km. We used the epicentral location of 18.4°N, 73.5°W and the depth of 10 km as
the rupture initiation point on the fault.

Table 1. Fault parameter setting of three fault segments.

Strike/° Dip/° Length/km Width/km
First segment 269 62 38 30
Second segment 260 76 18 30

Third segment 272 76 30 30
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Figure 3. (a) Line-of-sight (LOS) displacement of T043A track and the projection of the fault geometry
used in this study. (b) Orange dots denote the aftershock distribution, and hypocenters within the
red rectangular box are projected into the corresponding north—south cross-section. (c) Aftershock
distributions within different cross-sections; the vertical black lines mark the EPG fault; the red lines
denote the inversion fault determined in our finite-fault inversion through the grid-search method.
(d) View of the fault geometry model in 3D around the mainshock; the black, magenta and red
rectangles denote the first, second and third faults used in this study. The blue rectangle denotes the
EPG fault assumed to be purely vertical. The red star denotes the epicenter.
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3.3. Results

Our finite-fault joint inversion results revealed a slip area about 65 km long and 25 km
wide, and the 2021 Haiti earthquake ruptured unilaterally westward (Figures 5 and 6).
Coseismic slip model and source time functions showed three slip patches: the first patch
is centered near the epicenter in the first fault segment; the second patch is ~20 km west
of the epicenter in the first fault segment; and the third slip patch is ~40 km west of the
epicenter in the second fault segment (Figure 5b,c). The peak slips of the three slip patches
are about 3.0 m, 2.3 m, and 2.8 m, respectively. The source time functions showed that
the total rupture duration is 30 s, and the local peak moment rates appear at 7 s, 11 s,
and 19 s, respectively. The total seismic moment is 7.93 x 10! Nm, corresponding to the
moment magnitude Mw7.2. For the first and second slip patches in the first segment fault,
the slip was dominated by reverse motion, with little strike-slip motion. The average slip
angle is ~60° in the first segment and decreases to ~25° in the second and third segments
(Figure 5b). The coseismic slip distribution model shows that the slip has not reached
the surface and is mainly concentrated at depths of 4-20 km in the first segment. In
contrast, a shallow coseismic slip dominated by strike-slip motion reached the surface in
the second segment fault, and the main slip was concentrated above 14 km depth, with
the high-frequency signals derived by the slip reaching the surface captured using the
back-projection method [18,20]. For the third segment, the slip is mainly concentrated at
6-10 km. The finite-fault model derived in this study shows that the rupture process is a
combination of reverse motion around the epicenter and strike-slip motion to the west.
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Figure 5. (a) Surface projection of the slip distributions from the finite-fault joint inversion and
the centroid locations with every second and its centroid rupture velocity. Black dots denote the
aftershock distributions. (b) Slip models from the joint inversion of the three segments. (c) Source
time functions of the three fault segments. (d) AK135 velocity model used in this study.
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the epicenter. The faults ruptured unilaterally, and the peak slip rate value is ~1.0 m/s. At ~10s
after the earthquake origin time, the second segment fault started to rupture, and at ~15 s the third
segment fault started to rupture. The rupture of the first segment terminated at 20 s.

Figures 6 and S2 show the snapshots of the slip rate and slip distribution. In the first
6 s after earthquake initiation, the rupture expanded to a broad area along the fault and
was mainly concentrated at depths of 4-20 km around the epicenter. At 6 s after earthquake
initiation, the rupture propagated to the west, and at 10 s and 15 s, the second segment
fault and third segment fault started to rupture, respectively (Figure 5c). At 10 s, the first
segment fault released the most moment rate, and the rupture simultaneously jumped
from a thrust event with a dip of 62° to a strike-slip event with a dip of 76°. The slips
in the first slip patch and second slip patch terminated at 12 s and 16 s, respectively. We
calculated the centroid rupture velocity by measuring the centroid speed, rather than the
rupture-front velocity, because of the uncertainty of the estimation of the slip onset time
for each subfault [31]. Figure 5a shows a significant abrupt change in rupture velocity
at the junction between the first and second fault segments. Generally, slip migrating
between different faults would cause an abrupt change in rupture velocity and/or slip
rate [32-36]. Our results show that the rupture breaks through the stepover caused by
the different fault geometry between the first and second segment faults and results in an
abrupt change in rupture velocity. The centroid rupture velocity reached 4.6 km/s and
5.5km/s at 13 s and 14 s, respectively. The interval of centroid location increases during
the junction between the thrust and strike-slip fault (Figure 5a), and the temporal variations
of the slip rate show a cascading rupture between the first and second fault segments
(Figure 6). We also calculated the average rupture velocity based on the centroid rupture
velocity. The result shows the average rupture velocity is approximately 2.6 km/s, similar
to the back-projection [20] result (~2.8-3.0 km/s).

The main difference in the rupture model between our study and previous studies
may be dependent on the inversion data and inversion methods. A single dataset was used
in the previous studies to determine the fault model, which will lead to the sparse spatial
or temporal resolution. We also invert the rupture model using only teleseismic and InNSAR
data in this study. In our teleseismic slip model, two slip patches are consistently found:
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the first slip patch is concentrated around the epicenter at the first segment, and the second
slip patch is ~40 km west of the epicenter at the second segment (Figure S3 left panel).
The teleseismic model appears to be smooth, most likely because of the poor resolution in
spatial information of the teleseismic data. In contrast, three slip patches are identified in
our InSAR data inversion (Figure S3 right panel). The INSAR model shows a higher spatial
resolution than the teleseismic model. It is worth noting that the slip distribution derived
from InSAR data is consistent with our joint inversion result because the near-field data
constrain the absolute slip positions rather than the relative position compared with the
hypocenter. A teleseismic waveform inversion study based on a potency-density tensor
approach [37] in the 2021 Haiti earthquake found two major slip patches with a peak slip of
1.42 m: the first slip patch is centered near the epicenter, and the second slip patch is ~70 km
west of the epicenter [18]. However, we found three slip patches in the INSAR model: the
first is around the epicenter; the second is ~20 km west of the epicenter; and the third is
~40 km west of the epicenter. The major slip features (i.e., slip patches, scale) derived from
the joint inversion are consistent with Calais et al. (2022) [20], because the INSAR data were
used in the finite-fault inversion. The geodetic model based on InSAR data shows higher
spatial resolution than teleseismic data inversion [19,20], while the geodetic model does
not have temporal information about the earthquake. In summary, we built an improved
rupture model of the 2021 Haiti earthquake that contains the spatiotemporal history by
jointly inverting the teleseismic wave and InSAR deformation.

Comparisons between the observations and synthetics suggest that most of the ob-
served data were well explained (Figure 7). The signal-noise ratio of the observed data,
the crust velocity model, and the resolution ability of the data may influence the variance
reduction value. In the inversion of the 2021 Haiti earthquake, teleseismic data show a low
signal-to-noise ratio, and Green’s function of teleseismic data only used AK135 velocity
model, resulting in a lower variance reduction of 62.9%. However, the peak value of the
teleseismic waves fit well (Figure 7a). The InNSAR data fit well (Figure 7b) with a variance
reduction of 92.5% because the surface deformation calculation is of higher accuracy.
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Figure 7. Comparison between the observed and synthesized data. (a) Teleseismic data fitting. The
observed and synthesized waves in (a) are represented by black and red lines, respectively. The values
denote the correlation coefficient between the observed and synthesized waves, and the teleseismic
station names are given on the left-hand side of each figure. (b) INSAR data fitting. The first column
denotes the observed data (OB); the second column denotes the synthetic data (SYN); and the third
column denotes the residual between the observed and synthetic data (RES).

4. Discussion
4.1. Stability of the Rupture Model

To better illustrate the stability and effectiveness of the joint inversion, we performed
a resolution test in this study (Figure 8). In the resolution test, we used a uniform rupture
velocity of 2.5 km/s and a half-cycle triangle function with a length of 3 s to represent the
source time function for each subfault. A single fault plane that is 86 km in length and
30 km in width with a strike of 270° and dip of 67° was used in the resolution test. The
fault was divided into 645 subfaults, and each subfault size is 2 km x 2 km. We assumed
the epicenter is located at the 6th and 5th subfault in strike and dip direction, and three slip
patches with slip values in each subfault are 3 m, with different depth extensions assumed
in the input model (Figure 8c). We calculated the synthetic seismograms and synthetic
surface deformation with the same data set (i.e., velocity model and observation dataset)
used in the 2021 Haiti earthquake, according to the input slip model, and added 10 percent
Gaussian noise. As mentioned previously, we used a maximum rupture velocity of 3 km/s
and a duration time window of 8 s in the joint inversion after grid-search in the numerical
experiments. Additionally, the fault strike and dip angles were allowed to change £5° in
the numerical experiments to test the resolution with different fault geometry parameters.
It should be noted that synthetic data are more sensitive to strikes than dips: relative
misfit changes more smoothly with various dip angles than with various strike angles
(Figure 8a,b). However, we can still determine the optimal fault geometry parameters
corresponding to the minimum relative misfit. The final strike and dip angles are 270° and
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67°, respectively, corresponding to the relative misfit of 0.03. The fault geometry derived
from the numerical tests is consistent with the input value (Figure 8), which means the fault
geometry used in the real 2021 Haiti earthquake source inversion is reliable. To test the
resolution with different data sets, we performed the finite-fault inversion using teleseismic
data and InSAR data only. The slip model estimated from teleseismic data inversion
only recovered two slip patches due to this low spatial resolution, and the maximum slip
is slightly smaller than the input model (Figure 8d). For the INSAR data inversion, we
noticed that the first and second slip patch cannot be well distinguished, and the peak
value of the first and second is slightly smaller than the third slip patch. It should be
because of its greater depth, and the InNSAR data inversion always prefers to attribute the
surface deformation to shallow-depth slip patches instead of the deep-depth slip patches
(Figure 8e) [26]. Three slip patches are well retrieved by joint inversion and consistent with
the input model (Figure 8f), indicating that joint inversion synthesizes the advantages of
teleseismic data and InSAR data and results in an improved finite-fault model. Another
factor that plays an important role in joint inversion is the relative weight of each data set.
Because the teleseismic data and the InSAR data were normalized by their L>-norm and
equally weighted in the joint inversion, the relative weights of the teleseismic data and
InSAR data are set to 1. The numerical experiment indicates that the joint inversion has
improved the resolution of the slip model on the slip distribution, scale and maximum slip
values. The joint inversion combines the advantages of teleseismic inversion and geodetic
inversion, suggesting that the model derived from joint inversion is reliable.
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Figure 8. Resolution test. The strike and dip in input model are 270° and 67°, respectively. (a) Relative
misfit plotted against different strike angles. (b) Relative misfit plotted against different dip angles.
Red circles in (a,b) denote the optimal strike of 270°and the optimal dip of 67°, corresponding to the
minimum relative misfit of 0.03. (c) Given slip model with three slip patches. (d) Slip model from the
teleseismic data inversion. (e) Slip model from the geodetic INSAR data inversion. (f) Slip model from
the joint inversion. Source time functions are shown in the bottom right corner in (c,d,f). The red star
in (c—f) denotes the pricenter, the source time function is showed in the right bottom with cyan.
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4.2. Cascading Rupture of the Multi-Fault System

Our preferred rupture model shows that the rupture is initiated at a fault dominated
by reverse motion and jumps to a fault dominated by strike-slip motion. As shown in
Figure 8a, the strikes of the first, second and third fault segments used in this study are 269°,
260°, and 272°, respectively, and the dips are 62°,76°, 76°, respectively. These strike and dip
angle changes can act as a geometric barrier that was caused by the irregular fault geometry
between the multi-fault segments of the 2021 Haiti earthquake. The rupture process of
the 2021 Haiti main shock indicates the rupture broke through the stepover, causing a
simultaneous rupture process and a cascade rupture scenario between the first and second
fault segments (Figure 6). Figure 4a shows the abrupt change in rupture velocity around
the junction between the thrust and strike-slip fault, with the maximum centroid rupture
velocity of ~5.5 km/s, coinciding with the migration speed of 6 km/s in Okuwaki and
Fan (2022). It is noted that many other factors, including hypocenter location and extra
near-field observed data, will influence the centroid rupture velocity calculation and are
needed in future work to reveal more detailed rupture kinematics. In the case of the 2021
Haiti earthquake, the rupture broke through the stepover during the major earthquake,
causing a cascade rupture and fast rupture propagation.

The 2021 Haiti earthquake has many similarities with the 2010 event in southern
Haiti. Both earthquakes initiated with a reverse motion on an eastern segment and prop-
agated to the west with the strike-slip motion [12,13]. The oblique plate convergence
may explain such a multi-fault rupture process combining reverse motion and strike-
slip motion. The 2021 Haiti earthquake was also consistent with the 2002 Mw?7.9 Denali,
Alaska, earthquake [38], the 2003 Mw6.6 Bam, Iran, earthquake [39], and the 2008 Mw?7.9
Wenchuan, China, earthquake [40,41], with the rupture processes including simultaneous
or near-simultaneous reverse and strike-slip motion. An earthquake with a simultaneous
multi-fault rupture often leads to higher hazards [42] because breaking through multiple
segments may require critically loaded faults, leading to the release of large stress accumu-
lations [41]. The 2021 Haiti earthquake broke through the stepover that connects the first
and second segments in a cascade rupture. The cascade rupture scenario may help explain
why most of the landslides occurred in the west compared to the epicenter, especially in
the Pic Macaya National Park, where the terrain is rugged [24]. Our rupture model shows
the 2021 Haiti earthquake propagated unilaterally from east to west, and the slip reached
the surface close to the Pic Macaya National Park. Areas toward the rupture direction
experience a directivity pulse of high ground motions, and the rupture front bears high
amplitudes and short duration; this Doppler effect in the 2021 Haiti earthquake may be an
additional factor explaining the many landslides concentrated in the west compared to the
epicenter [24,43].

4.3. Potential Seismic Hazard

Southern Haiti, controlled by complex seismotectonic structures, shows high seis-
mic hazards. Many studies have demonstrated that the ACFS values associated with an
earthquake can induce or retard seismic activities in the peripheral fault zone. Calcula-
tions of the ACFS associated with earthquake failure have been used to explain seismic
observations, including aftershock distributions, in normally active regions following large
earthquakes [44—47]. Moreover, the failure threshold for inducing or delaying the occur-
rence of an earthquake is considered to be £0.01 MPa [47]. It should be noted that Coulomb
stress disturbances do not change the nature of regional strain accumulation but rather
advance or delay the time of earthquake occurrence [48]. Previous studies show that the
2010 earthquake triggered the 2021 earthquake: the initiation area of the 2021 rupture
occurred in regions that the ACFS calculated to have been brought to >0.01 MPa (or 0.1 Bar)
(called stress triggering zone) caused by 2010 events [18,20,49]. In this study, we calculated
the influence of the ACFS caused by the 2021 Haiti earthquake on the surrounding fault
zone based on the coseismic slip model derived from our joint inversion. We evaluated
the ACFS using Coulomb 3.4 [50,51] at a depth of 20 km, since most aftershocks occurred
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(a)

(b)

at 15-20 km (Figure 9a, inset in the upper left), and the effective friction coefficient was
set to 0.4. Figure 9a shows that most aftershocks occurred in stress-triggering zones, and
the cross-section of a-a’ (Figure 9a, inset in the bottom right) shows that most aftershocks
occurred at shallow depths (about >12 km), corresponding to the ACFS distribution on the
EPG fault (Figure 9b).
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Figure 9. (a) Coulomb stresses calculated at a depth of 20 km using the source model derived in
this study. The EPG fault is set along with the fault trace, the dip angle is set to 90°, and the rake
angle is set as pure left-lateral strike-slip. The red, blue and yellow stars denote the epicenter location
of 2021, 2010 and historic earthquakes. The orange dots denote the relocated aftershock catalogs
from 20 August to 31 December 2021; the cyan dots denote the relocated aftershock catalogs after
the 2010 main shock. The statistics of aftershock with different depths are showed in the upper left.
(b) Coulomb stresses resolved on simplified planes and the coseismic slip model.
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The non-rupture of the 70 km long segment directly adjacent to the 2010 earthquake
may be explained by the fact that this region could have ruptured prehistorically [49].
Stress released in the 1770 earthquake maybe have been rebuilt by the 2010 earthquake, and
additional stress caused by the 2010 event may have advanced the occurrence of the 2021
earthquake [49]. The historic earthquake studies show that the 1770 earthquake was a major
event with Mw?7.5 or larger; the combined moment release of the 2010 and 2021 earthquakes
is commensurate with an Mw?7.3 earthquake, smaller than the 1770 earthquake [10,11]. The
1860 earthquake is inferred to have released strain in the gap between the 2010 and 2021
events [10]; the stress released in the 1860 earthquake may have rebuilt, and we cannot rule
out the possibility of the earthquake rupture in the gap between 2010 and 2021 events. Our
result shows that the west of the 2021 main shock and the gap between the 2010 and 2021
earthquakes are located in the stress-trigging zone caused by the 2021 earthquake. This
result indicates that the possibility of earthquakes occurring to the west and east of the 2021
main shock cannot be ignored.

5. Conclusions

In this study, we imaged the kinematic rupture process with three fault segments of
the 2021 Haiti earthquake using teleseismic and InSAR data, and we determined the fault
dips through the grid-search method in joint inversion. Our results indicate the following:
(1) The first, second and third fault dips are 62°, 76° and 76°, respectively. Three slip
patches were clearly distinguished in our preferred model. The main slip of the first and
second slip patches was dominated by the reverse motion, and the third slip patch was
dominated by the strike-slip motion. (2) This rupture process likely results from the oblique
convergence between the Caribbean and Gonave microplate. The earthquake initiated at a
fault dominated by reverse motion and jumped to a fault dominated by strike-slip motion.
(3) The rupture broke through the stepover, causing a cascading rupture and abrupt change
in rupture velocity between the junction of the thrust and strike-slip fault segment. (4) Most
landslides occurred at the west of the epicenter due to the Doppler effects and the high
rupture velocity feature from east to west in this unilateral rupture earthquake. In addition,
based on a Coulomb stress analysis and historic earthquake studies, we postulate that
future earthquakes may occur to the west and east of the 2021 Haiti mainshock, and we
cannot rule out the possibility that the EPG fault could rupture.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs15071730/s1, (1) Figure S1 showing the LOS displacement of
the five tracks, (2) Figure S2 showing temporal variations of the slip distribution in three-segment
fault from the finite-fault joint inversion, (3) Figure S3 showing slip models from the inversions of the
teleseismic data and InSAR data only.
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