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1. Introduction
On 14 August 2021, a Mw 7.2 earthquake struck the Southern Peninsula of Haiti causing 2,248 deaths, with more 
than 12,760 people injured, and damaging or destroying at least 137,500 buildings (PDNA, 2021). The epicenter 
is located in the Nippes province (Calais, Symithe, Monfret, et al., 2022; Okuwaki & Fan, 2022), ∼100 km west 
of the Léogâne fault that ruptured in the Mw 7.0 earthquake of 12 January 2010 (Calais et al., 2010; Douilly 
et  al.,  2013; Hayes et  al.,  2010). These two events mark a renewal of activity after more than two centuries 
of seismic quiescence since the series of large and destructive earthquakes that struck southern Haiti in 1701, 
1751, and 1770 (Figure 1a) (Bakun et al., 2012; Scherer, 1912). These large historical earthquakes in southern 
Haiti are often interpreted as strain release on the Enriquillo-Plantain Garden Fault (EPGF), the EW-trending 
left-lateral strike-slip fault that marks the boundary between the Caribbean and Gonave plates (Figure 1a). Global 

Abstract On 14 August 2021 the Mw 7.2 Nippes earthquake struck southern Haiti, rupturing a 
segment of the Enriquillo-Plantain Garden Fault system (EPGF), a 300 km-long strike-slip fault system that 
accommodates half of the highly oblique convergence displacement between the Caribbean and the North 
American plates. We use coseismic surface displacements from Interferometric Synthetic Aperture Radar 
and Global Navigation Satellite System (GNSS) to estimate the geometry of the rupture through a systematic 
parametric exploration, determine its mechanism, and relate them to the regional tectonics derived from 
interseismic GNSS measurements. We show that the earthquake ruptured a north dipping fault (66 ± 4° dip) 
with a geodetically determined moment release that is 40% reverse and 60% strike-slip. We cannot conclude 
whether this north-dipping structure is the EPGF itself or a distinct fault running parallel to the EPGF. The 
rupture then evolved to the west on a vertical (86 ± 2° dip) fault parallel to the EPGF, the Ravine du Sud fault, 
with left-lateral strike-slip motion. The coseismic slip distribution of the 2010 Léogane and 2021 Nippes 
earthquakes, consistent with the transpressional interseismic strain rate field, show a segmentation of the 
Caribbean–North American plate boundary in southern Haiti and imply a revision in our understanding of the 
mode of earthquake rupture within the EPGF system.

Plain Language Summary On 14 August 2021, a magnitude Mw 7.2 earthquake struck the 
Southern Peninsula of Haiti, a Caribbean country highly vulnerable to natural hazards. Haiti's Peninsula is the 
locus of the Enriquillo-Plantain Garden Fault (EPGF), known to accumulate elastic strain susceptible to be 
released in earthquakes to come. We use satellite radar images and Global Navigation Satellite System (GNSS) 
data acquired in the epicentral areas of the earthquake to investigate the geometry of the fault involved in the 
earthquake, the fault motion, and how they match the long-term, decadal-scale, regional deformation pattern 
derived from GNSS data. We show that the earthquake first ruptured a north-dipping fault (66 ± 4°) and 
continued to the west on a vertical strike-slip (86 ± 2°) fault corresponding to the mapped Ravine du Sud fault. 
We cannot conclude whether this north-dipping structure is the EPGF itself or a distinct fault running parallel 
to the EPGF. We show that the fault motion during the earthquake is consistent with the long-term deformation 
pattern, with strong similarities with the devastating 2010 event which did not rupture the EPGF. These events 
show an unexpected segmentation of the fault system that is not yet accounted for in the regional earthquake 
hazard maps.
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Navigation Satellite System (GNSS) geodetic measurements combined with kinematic block models indicate 
7 ± 2 mm/yr of slip on the EPGF, while the remainder of the ∼19 mm/yr of highly oblique convergence between 
the Caribbean and North American plates (DeMets et al., 2000) is distributed on the Septentrional strike-slip 
fault and the North Hispaniola thrust fault offshore to the north of the island (Benford et al., 2012; Manaker 
et al., 2008; Symithe et al., 2015).

A number of recent observations indicate that southern Haiti is also the locus of a significant but overlooked 
component of shortening perpendicular to the direction of the mostly strike-slip plate boundary. For instance, a 
third of the seismic moment of the 12 January 2010, Mw 7.0 earthquake was released on a north-dipping fault 
sub-parallel to the major EPGF left-lateral strike-slip fault (Calais et al., 2010; Hayes et al., 2010). Interseismic 
GNSS measurements in southeastern Haiti document an active fault dipping to the south underneath the Massif 
de la Selle that accommodates 9 mm/yr of reverse and 6 mm/yr of left-lateral strike-slip motion (Symithe & 
Calais, 2016). This kinematics is consistent with the geological mapping of compressional structures along the 
southern edge of the Cul-de-Sac plain (Saint Fleur et al., 2019) and with the seismic imaging of a south-dipping 
reverse fault under the Massif de La Selle–Bahoruco (Possee et al., 2019; Rodriguez et al., 2018). However, the 
spatial and temporal distribution of this interseismic transpressional strain is still poorly documented. In particu-
lar, it is unclear which faults might release this combined strike-slip/compressional strain and whether strike-slip 
and thrust earthquakes are decoupled onto different structures. This has a direct bearing on regional seismic 
hazard estimations, as current maps only consider strike-slip sources (Frankel et al., 2011).

The 14 August, Mw 7.2 Nippes earthquake is the most recent example of this dual mode of strain release in 
southern Haiti. Okuwaki and Fan (2022) and Calais, Symithe, Monfret, et al. (2022) used multiple geophysical 
data sets to show that the rupture likely initiated on a reverse thrust fault segment, then transitioned westward 
to a steeper, strike-slip, fault segment. Maurer et al. (2022) reached a similar conclusion, though using a more 
complex rupture geometry, including 5 fault segments inferred from geological mapping. The 2010 and 2021 
earthquakes therefore appear to bear similarities in that they ruptured limited portions of the EPGF system with 
a combination of thrust and strike-slip on multiple segments. The question whether the 2021 earthquake ruptured 
the EPGF itself or secondary structures part of the EPGF system remains open.

Here, we jointly use surface displacements from Interferometric Synthetic Aperture Radar (InSAR) together with 
3-dimensional, near-field GNSS measurements of coseismic displacements to constrain the spatial extent, geom-
etry, and slip distribution of the earthquake rupture. We find that the two geodetic data sets are well-fitted by the 
dual rupture of (a) a north-dipping segment with a geodetically determined moment release that is 40% reverse 
and 60% strike-slip, and (b) a sub-vertical fault parallel to the EPGF, the Ravine du Sud fault, with almost purely 
left-lateral strike-slip motion. Using an improved interseismic GNSS velocity field, we then show that transpres-
sion across the Caribbean-North America plate boundary focuses in the Southern Peninsula of Haiti, consistent 
with the strain released during the 2010 and 2021 earthquakes.

2. Geodetic Observations
2.1. InSAR and GNSS Coseismic Displacements

2.1.1. InSAR Data and Processing

We use Sentinel 1-A and 1-B and ALOS-2 radar images acquired before and after the 2021 Nippes earthquake 
to derive the coseismic surface displacement field. We compute coseismic interferograms shown in Figure 2b 
from Sentinel 1 acquisitions descending track 142 on 3 and 15 August 2021. We use ALOS-2 Stripmap acquisi-
tions along an ascending track on 23 December 2020 and 18 August 2021 and wide-swath acquisitions along a 
descending track on 10 December 2019 and 17 August 2021.

Sentinel radar images were acquired in TOPS mode (Terrain Observation by Progressive Scan), resulting in 
250 km wide swath tiles of Single Look Complex images which we processed with the ISCE processing chain 
(Rosen et al., 2012, JPL/CalTech). SAR images are coregistered using restituted orbital information provided by 
the European Space Agency. Coregistration is refined using the spectral diversity approach (Fattahi et al., 2016) 
on burst overlap regions. Topography contribution is removed using the digital elevation model from the Shut-
tle Radar Topography Mission (SRTM, Farr et al., 2007). Differential interferograms between pairs of images 
are computed burst by burst and stitched together into a single image. We downsample the raw interferogram 

Methodology: B. Raimbault, R. Jolivet, 
E. Calais
Project Administration: R. Jolivet, E. 
Calais, P. Dubernet
Resources: S. Symithe, Y. Fukushima, 
P. Dubernet
Software: P. Dubernet
Supervision: R. Jolivet, E. Calais
Validation: B. Raimbault
Visualization: B. Raimbault
Writing – original draft: B. Raimbault
Writing – review & editing: R. Jolivet, 
E. Calais, S. Symithe, Y. Fukushima

 15252027, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010752, W

iley O
nline L

ibrary on [23/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geochemistry, Geophysics, Geosystems

RAIMBAULT ET AL.

10.1029/2022GC010752

3 of 17

(“multilooking”) to improve coherence. We apply 12 looks in azimuth and 48 looks in range directions for a final 
pixel size of 170 × 110 m. We model and correct atmospheric phase delays due to spatio-temporal variations 
of tropospheric conditions using the ECMWF-ERA5 global reanalysis of atmospheric data (PyAPS package, 
Jolivet et al., 2011, 2014a). We filter the interferogram using a phase adaptive filter (Goldstein & Werner, 1998) 
and unwrap it using SNAPHU, a statistical minimum cost-flow approach (Chen & Zebker,  2002). We mask 
Sentinel interferogram pixels with a coherence lower than 0.35. We exclude from the analysis the Sentinel-1 

Figure 1. (a) Seismotectonic setting of Hispaniola Island. Regional map (bottom right inset) shows the current motion of the North-American plate (NA-Plate) with 
respect to the Caribbean plate (CA-Plate). Black lines are fault traces from Saint Fleur et al. (2020). Black arrows in panel (a) are Global Navigation Satellite System 
(GNSS)-derived interseismic velocities with respect to the Caribbean plate from continuous and campaign acquisitions. Error ellipses are 95% confidence interval. 
White stars indicate major historical earthquakes (Bakun et al., 2012; Scherer, 1912). Focal mechanisms are from USGS for the Léogâne (12 January 2010) and 
Nippes (14 August 2021) earthquakes (USGS, 2021). Red dashed rectangle in panel (a) shows the footprint of panel (b). (b) Seismotectonic context of the 2021 Nippes 
earthquake. Gray dots are relocated aftershocks of the 2010 earthquake from Douilly et al. (2016), black dots are relocated aftershocks from Calais, Symithe, Monfret, 
et al. (2022) derived from the Ayiti-Séismes platform. Black arrows show the GNSS-derived coseismic displacement associated with the 14 August, Mw 7.2 Nippes 
earthquake. Error ellipses are 95% confidence interval. ALOS-2 SAR ascending interferogram showing LOS deformation of the Nippes earthquake is overlayed. 
(c) Coseismic displacements along a north-south profile (∼90 km long and ∼100 km wide) across southern Haiti at 73.7°W longitude. Coseismic displacement is 
projected onto directions normal and parallel to the Enriquillo-Plantain Garden Fault. Uncertainties associated with each displacement value are shown in gray. EPGF, 
Enriquillo-Plantain Garden Fault.
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ascending coseismic interferograms due to very low coherence resulting in unwrapping errors close to the EPGF 
(see Figures S5–S7 and S18–S21 in Supporting Information  S1 for a comparative analysis in which we use 
Sentinel-1 ascending interferograms).

ALOS-2 radar images are acquired in Stripmap (SM) and ScanSAR (WD) modes resulting in swaths of 70 and 
350 km width, respectively, which we processed using the RINC processing chain (Ozawa et  al.,  2016). We 
coregister ALOS-2 SAR images and remove the topographic contribution using the digital ellipsoidal height 
models created from the hole-filled SRTM digital elevation models (Jarvis et al., 2008) and the EGM96 geoid 
model (Lemoine et al., 1997). Differential interferograms are computed using the coregistered SLCs and down-
sampled with a spatial averaging (“multilooking”) before unwrapping them. We multilook in the range and 
azimuth directions by 8 and 15 for the Stripmap images and by 8 and 36 for the ScanSAR images. We filter the 
images (Baran et al., 2003) and unwrap them using SNAPHU (Chen & Zebker, 2002). Final pixel size is approxi-
mately 50 × 50 m and 110 × 110 m for the stripmap and wideswath interferograms, respectively. We finally mask 
pixels with a coherence lower than 0.05 for the Stripmap interferogram and 0.13 for the ScanSAR one to keep 
the surface rupture features.

2.1.2. GNSS Data and Processing

The 150 velocities used here are a subset of a ∼500-station data set covering the whole Caribbean region that 
we process on a routine basis. It includes mostly continuously operating stations except for Haiti, where the data 
come primarily from repeated campaign measurements.

We use the GAMIT-GLOBK software package (Herring et al., 2010) to process the double-difference GNSS 
phase measurements using the International GNSS Service (IGS) and Earth orientation parameters from the 
International Earth Rotation Service to produce loosely constrained daily solutions. We then combine these 
regional solutions with global daily solutions for the whole IGS network available from the Massachusetts Insti-
tute of Technology IGS Data Analysis Center. These solutions are finally combined into a single position/velocity 

Figure 2. Geodetic Datasets—Global Navigation Satellite System (GNSS) coseismic displacements and unwrapped coseismic interferograms of the Mw 7.2 Nippes 
earthquake used in this study. White arrows represent the surface projection of the LOS vector from the ground toward the satellite. (a) GNSS-derived coseismic 
displacements associated resulting from the 14 August, Mw 7.2 Nippes earthquake. Colored dots are the GNSS-derived coseismic vertical displacement. The 
displacement at site BARZ (∼0.36 m) is saturated to highlight variations of vertical displacements at other stations. (b) Surface displacement in the satellite line-of-sight 
(LOS) direction from the Sentinel-1 (S1) descending interferogram formed from acquisitions on track 142 on 3 and 15 August 2021. (c) ALOS-2 ascending 
interferogram formed from acquisitions on track 43 on 23 December 2020 and 18 August 2021. (d) ALOS-2 descending interferogram formed from acquisitions on 
track 138 on 10 December 2019 and 17 August 2021.
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solution, which we tie to the International Terrestrial Reference Frame (ITRF2014, Altamimi et al., 2016) by 
minimizing position and velocity deviations from a set of globally defined IGS reference sites common to our 
solution via a 12–parameter Helmert transform. We then rotate the velocities into a Caribbean-fixed reference 
frame using a Caribbean-wide kinematic block model (Meade & Loveless, 2009), following the same procedure 
as described in detail in Symithe et al. (2015), resulting in the interseismic velocity field displayed in Figure 1a.

We obtain the coseismic displacement at GNSS sites by estimating an offset at the date of the earthquake (see 
Table S1 in Supporting Information S1). At continuous stations, we directly determine the offset using 1 week 
of pre- and post-earthquake data. This only concerns 4 sites in southern Haiti (ANSV, CAMY, JACX, JME2, see 
Figure S1 in Supporting Information S1). At campaign sites, we fit the entire position time series available and 
impose the interseismic velocity determined using the pre-earthquake data set while solving for an offset at the 
date of the earthquake. We only use sites with at least 3 pre-earthquake measurement epochs over a time interval 
of at least 5 years, with well-determined interseismic velocities. Post-earthquake data were acquired between 17 
and 31 August 2021, with three to five 24-hr-long measurement sessions at each site.

2.1.3. Coseismic Ground Displacement

The interferograms shown in Figure 2 provide a complete coverage of the earthquake rupture from three different 
viewing geometries. The ALOS-2 ascending interferogram shows motion toward the satellite from the epicentral 
region in the western part of the rupture area (74° and 73.5°W), whereas both descending interferograms show 
motion toward the satellite only in the epicentral area and away from the satellite from 73.7°W to the westernmost 
part of the rupture (∼74°W). Motion toward the satellite in the epicentral area in both geometries indicate that 
LOS motion is dominated by uplift, with up to ∼50 cm of displacement in the LOS direction. The opposite sense 
of motion on ascending and descending interferograms in the western part of the rupture indicates that motion is 
mostly horizontal and left-lateral. Moreover, the sharp color gradient on the ALOS-2 stripmap interferogram near 
18.38°N/73.9°W on Figure 2b suggests that the rupture reached the surface in its western part, coincident with 
the left-lateral strike-slip Ravine du Sud fault mapped by Saint Fleur et al. (2020).

GNSS-derived coseismic displacement shown in Figures  1b and 2a are consistent with motion derived from 
the interferograms. GNSS stations located north of the EPGF show westward motion from the epicentral area, 
whereas those located south of the EPGF show mostly northward displacements. Combined horizontal and verti-
cal displacement reach 0.63 m at station BARZ (73.64°W/18.48°N), the closest to the epicenter. A north-south 
profile perpendicular to the EPGF of the coseismic displacements (Figure  1c) confirms that the earthquake 
released both left-lateral strike-slip motion parallel to the EPGF and north-south shortening normal to the EPGF. 
GNSS-derived coseismic displacement shows up to ∼0.4 m of shortening, up to ∼0.55 m of left-lateral motion, 
and up to ∼0.2 m of vertical motion. Since the post-earthquake GNSS field survey took place during the 2 weeks 
following the event, it may include a contribution of early postseismic displacements. Radar interferograms 
indeed show cm-level afterslip during the first few days after the event (Figure S17 in Supporting Information S1, 
Maurer et al., 2022; Yin et al., 2022). Since afterslip appears to be restricted to the first kilometers of the crust at 
depth, we only expect a sub-centimeter contribution at the GNSS sites in that area, although deeper post-seismic 
processes cannot be excluded.

Coseismic ground displacement therefore show that the Nippes earthquake combined left-lateral strike-slip 
motion with a significant component of north-south shortening, as observed during the 2010, Mw 7.0 event 
along the fault system ∼100 km to the east (Figure 1b). Such oblique motion is consistent with the current trans-
pressional tectonic regime in southern Haiti, where long-term interseismic deformation appears to be partitioned 
between left-lateral strike-slip motion on the EPGF and a plate boundary-perpendicular shortening further north 
(Calais et al., 2010, 2016). In the following, we use the coseismic ground displacement derived from InSAR and 
GNSS to determine the geometry of the rupture and the coseismic slip distribution that best fits both data sets.

3. Coseismic Slip Inversion and Geometry Exploration
3.1. Fault Geometry Exploration

Several studies have already proposed finite fault solutions for the 2021 Nippes earthquake rupture. The U.S. 
Geological Survey (USGS, 2021) used long-wavelength teleseismic data and far-field GNSS data to propose 
the rupture of a single north-dipping fault, which surface trace coincides with the EPGF. In their model, the 

 15252027, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010752, W

iley O
nline L

ibrary on [23/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geochemistry, Geophysics, Geosystems

RAIMBAULT ET AL.

10.1029/2022GC010752

6 of 17

earthquake initially ruptured an oblique-slip segment with 50% strike-slip and dip-slip motion, then propagated 
westward with mostly left-lateral strike-slip. Okuwaki and Fan  (2022) used teleseismic data to propose that 
the earthquake (a) ruptured two fault segments that do not align with the EPGF, (b) initiated with a significant 
reverse component, and (c) jumped westward to a segment oriented 45° from the direction of the EPGF. That 
last assertion does not match InSAR data (see above) or aftershock relocations (Douilly et al., 2022). Calais, 
Symithe, Monfret, et al. (2022), in a study that emphasized the role of citizen-hosted seismometers in a devel-
opment context, combined precise aftershock relocations with seismic and InSAR data to propose the rupture 
of two north-dipping fault segments. In their model, the first segment to the east, with a ∼60° dip and a ∼263° 
azimuth, involved mostly dip-slip reverse motion, with a surface projection compatible with the mapped trace of 
the EPGF. They propose that the rupture propagated westward on a steeply dipping fault segment coinciding with 
the Ravine du Sud fault, with mostly strike-slip motion. Maurer et al. (2022) used InSAR data similar to the ones 
used here to infer that the earthquake involved a complex rupture of 5 segments within the EPGF system. Here 
we improve over the limitations of previous studies by using all the geodetic data currently available, including 
near-field coseismic GNSS horizontal and vertical data (Figure 2), and by systematically exploring the simplest 
possible geometry of the rupture.

We build a generic fault geometry starting from the non-linear inversion model described in Calais, Symithe, 
Monfret, et al. (2022), which we extend laterally using the surface fault traces of the RSF, EPGF, and geologically 
mapped fault traces from Saint Fleur et al. (2020) to account for possible coseismic slip to the east and west of 
those segments. We mesh our generic geometry with triangular elements (Figures S8 and S9 in Supporting Infor-
mation S1) using the python implementation of “distmesh” (Persson & Strang, 2004). Triangular patches have a 
2 km length at the surface and their along-dip size increases with depth by a tenth of their depth. Starting with the 
generic geometry described above, we generate all the other dip combinations by rotating faults around the axis 
line between fault traces terminations. For each fault dip angle, that is, from 0° to 90°, we compute the Green's 
functions assuming a stratified elastic half space (Zhu & Rivera, 2002) using profiles of P- and S-wave velocity 
(see Figure S10 in Supporting Information S1) from a previous seismological study of the region by Douilly 
et al. (2016). Our elastic structure may not align with the findings of most recent studies (Douilly et al., 2022) and 
might result in a slight overestimation of the derived seismic moments. Then, we explore the dip angles from 0° to 
90° for the modeled RSF and north-dipping thrust to determine the coseismic slip distribution that minimizes the 
misfit between model prediction and geodetic data, that is, GNSS and atmospheric-corrected InSAR. All compu-
tations are done using the CSI package (Elliott et al., 2016; Jolivet et al., 2015, https://github.com/jolivetr/csi).

3.2. Coseismic Slip Inversion

Assuming a vector m of slip values on a fault, together with Green's functions relating fault unit slip to surface 
displacement G, one can compute a prediction of surface displacements d as d = Gm. The inversion strategy here 
is to find, by exploring all combinations of dip angles for both faults, the vector m of slip values that is consist-
ent with the geodetic data dobs. We downsample the three coseismic interferograms using a quadtree approach 
(Welstead, 1999) guided by the distance to the EPGF trace (Jolivet et al., 2014b, 2015; Saint Fleur et al., 2020) 
and use the 3D GNSS coseismic displacements (see Figure S11 in Supporting Information S1 and Figure 2a). 
We use the SLSQP method of Scipy (Virtanen et al., 2020) to minimize the least-square function defined as (e.g., 
Tarantola, 2005):

S(𝐦𝐦) = (𝐆𝐆𝐦𝐦 − 𝐝𝐝𝐨𝐨𝐨𝐨𝐨𝐨)
𝑇𝑇
𝐂𝐂d

−1
(𝐆𝐆𝐦𝐦 − 𝐝𝐝𝑜𝑜𝑜𝑜𝑜𝑜) + (𝐦𝐦𝑝𝑝 −𝐦𝐦)

𝑇𝑇𝐂𝐂−1
𝐦𝐦

(

𝐦𝐦𝐩𝐩 −𝐦𝐦
)

 (1)

where Cd is the data covariance matrix of each downsampled interferogram and mp the prior model (here, the null 
vector), Cm is the model covariance matrix described in Radiguet et al. (2010) as

𝐂𝐂𝐦𝐦(𝑖𝑖𝑖 𝑖𝑖) =

(

𝜎𝜎
𝜆𝜆0

𝜆𝜆

)2

exp

(

−𝑑𝑑(𝑖𝑖𝑖 𝑖𝑖)

𝜆𝜆

)

 (2)

where d(i, j) is the distance between nodes, λ0 is a normalizing distance, λ is a correlation length along horizon-
tal and along-dip directions, and σ is the a priori standard deviation of the model parameters fixing the ampli-
tude of the correlation. Cm is a regularization scheme similar to a spatial smoothing that penalizes unrealistic 
slip distribution. Slip on the fault is defined as the linear interpolation between slip values at each vertex of 
the triangular mesh. We test several horizontal and vertical length-scale values to find values of λ and σ that 
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optimizes data misfit to model roughness. In the end, we use the values of 
λ = 1 km, λ0 = 0.2 km (minimal distance between nodes) and σ = 2 m. In the 
inversion, we account for additional long-wavelength artifacts and possible 
orbital errors on InSAR data with a second-order polynomial function. For 
each couple of dip angles for the modeled RSF and thrust segment, we solve 
for strike-slip and dip-slip motion on each fault and calculate the associated 
normalized misfit between model prediction and geodetic data as:

Θ = (𝐆𝐆𝐆𝐆 − 𝐝𝐝𝑜𝑜𝑜𝑜𝑜𝑜)
𝑇𝑇𝐂𝐂−1

𝑑𝑑
(𝐆𝐆𝐆𝐆 − 𝐝𝐝𝑜𝑜𝑜𝑜𝑜𝑜)∕

(

𝐝𝐝𝑇𝑇

𝑜𝑜𝑜𝑜𝑜𝑜
𝐂𝐂−1

𝑑𝑑
𝐝𝐝𝑜𝑜𝑜𝑜𝑜𝑜

)

 (3)

with Gm the data prediction, dobs the coseismic (InSAR + GNSS) data and 
Cd the data covariance matrix derive from the covariance function of inter-
ferograms describing the noise of the measurement (Jolivet et  al.,  2012; 
Sudhaus & Jónsson, 2009). Θ estimates the proportions of the norm of the 
residues that corresponds to the norm of the data.

Results from all tested geometrical configurations (Figure  3) show that 
the data effectively favor a north-dipping thrust, while the dip of the RSF 
segment is less well-determined. This wider range of possible dip angles for 
the RSF segment reflects the fact that slip on the RSF is mostly horizontal 
(i.e., strike-slip), as shown by the geodetic observations and other studies 
(Calais, Symithe, Monfret, et  al.,  2022; Maurer et  al.,  2022; Okuwaki & 
Fan, 2022; USGS, 2021). We choose to discard all the south-dipping options 
for the RSF segment as this kind of structure is quite unlikely in mainly strike-
slip contexts. Besides, as we are uncertain if the north-dipping structure we 
modeled is the EPGF or a separate thrust running parallel to the EPGF, we 
refer to it as the north-dipping thrust. We find that the misfit is lowest for a 
RSF segment dipping to the north at a 86 ± 2° angle (within 5% error) and a 
thrust segment dipping to the north at a 66 ± 4° angle (within 5% error). The 

hypocenter location from Calais, Symithe, Monfret, et al. (2022) matches that latter rupture segment at depth. The 
square-root of the variance of residuals displacements (RMSE), a measure of the model misfit, ranges between 
0.01 m misfit for the Sentinel descending track, 0.09 m for the ALOS-2 SM acquisition, 0.05 m for the ALOS-2 
WD acquisition, and 0.08 m for the GNSS data (Figure 4). The model shows similar or even better residuals 
compared to the study of Maurer et al. (2022) without the uses of low coherence areas in interferograms of low 
quality. Our model slightly underestimates surface displacements visible in the ALOS-2 stripmap data only near 
the fault surface rupture, around 73.9°W/18.35°N, an area that is masked in other viewing geometries which 
might also holds early postseismic deformation. We therefore conclude that this two-segment rupture geometry 
is sufficient to explain the bulk of the InSAR and GNSS observations.

The preferred coseismic model, which 3D geometry is shown in Figure 5a, is characterized by a combination of 
reverse and strike-slip motion at depth between 10 and 20 km on the north-dipping thrust and left-lateral strike-
slip at shallow depth (<7 km) on the RSF segment. The model shows a maximum coseismic slip of 2.95 m at a 
depth of 12 km on the north-dipping thrust and 2.61 m at a depth of 4 km on the RSF. Dip-slip distribution (Figure 
S13 in Supporting Information S1) along the north-dipping thrust shows a large area of reverse motion which 
connects with the RSF to the west. Large slip along the RSF is shallow (<7 km wide) and does not extend below 
the intersection between the north-dipping thrust and RSF segments. The distribution of strike-slip motion shows 
a similar pattern (Figure S14 in Supporting Information S1), with the addition of a second patch of slip of lower 
amplitude (∼150 cm) on the north-dipping thrust toward the RSF main slipping patch.

The model that best-fits both GNSS and InSAR data shows that the north-dipping thrust and RSF segments 
released an amount of slip equivalent to a moment magnitude of Mw 7.19 and Mw 6.83, respectively. The overall 
slip distribution estimated here corresponds to a total seismic moment of 1 × 10 20 N·m, equivalent to a moment 
magnitude of Mw 7.2, in agreement with seismological estimates (Calais, Symithe, Monfret, et al., 2022; Okuwaki 
& Fan, 2022; USGS, 2021). The earthquake released strike-slip and dip-slip seismic moments of 8.4 × 10 19 N·m 
and 5.2 × 10 19 N·m, respectively, with 4.3 × 10 19 N·m (40%) of reverse and 6.4 × 10 19 N·m (60%) of strike-slip 
moment on the north-dipping thrust, and 9.7 × 10 18 N·m (30%) of reverse and 2.1 × 10 19 N·m (70%) of strike-slip 

Figure 3. Normalized misfit from the systematic exploration of all 
possible dip angle combinations for the Ravine du Sud Fault (RSF) and the 
north-dipping thrust. The white star shows the combination of dip angles 
that minimizes the model misfit to the Interferometric Synthetic Aperture 
Radar and Global Navigation Satellite System data. The best geometrical 
combinations is for a dip angle of 66° north for the thrust segment, and 86° for 
the RSF, with a normalized misfit value of 19%. White dashed lines indicate 
the 5% and 10% deviation from the optimal combination.
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moment on the RSF segment. This estimated seismic moment release, indicative of dual strike-slip/dip-slip 
release on the north-dipping thrust but dominantly strike-slip on the RSF, is consistent with the geodetic observa-
tions that indicate vertical motion near the north-dipping thrust and mainly horizontal motion to the west.

4. Discussion
4.1. Interseismic Build-Up and Coseismic Release

Since earthquakes at plate boundaries release the slip deficit that builds up during the interseismic period, the 
corresponding stress release should reflect the ambient, that is, long-term, regional tectonic stress field. Early 
GNSS analyses in southern Haiti show a velocity gradient indicative of a locked EPGF system with a slip defi-
cit building up at a rate of 7 ± 2 mm.yr-1 (Calais et  al., 2010; Manaker et  al., 2008), consistent with the to 
9 ± 2 mm.yr-1 rate later derived from paleoseismology (Saint Fleur et al., 2019). These studies however focused 
on the strike-slip component of motion between the Gonave microplate and the Caribbean plate. Subsequent 
offshore mapping show a system of reverse faults and folds along the northern coast of the Southern Peninsula 
and further north in the Gonave Gulf, indicative of an additional component of plate boundary-normal shortening 
(Aiken et al., 2016; Corbeau et al., 2016). Interestingly, a kinematic block model constrained by GNSS-derived 
velocities (Benford et al., 2012) predicts oblique motion on the supposedly purely strike-slip EPGF system, with 
fault-normal convergence of comparable amplitude to the fault-parallel motion. Plate boundary-normal shorten-
ing is also documented further east along the Cul-de-Sac and Enriquillo basins through geological (Saint Fleur 
et al., 2019), geodetic (Symithe & Calais, 2016), and seismological (Rodriguez et al., 2018) investigations.

The most recent GNSS analysis (Calais, Symithe, & de Lépinay, 2022) confirms that the motion between the 
Gonave microplate and the Caribbean plate is partitioned between strike-slip on the EPGF system and shortening 
mostly focused on the reverse fault system that runs offshore along the northern coast of the Southern Peninsula, 
which was partly activated during the aftershock sequence of the 2010 Léogâne earthquake along the Trois Baies 
segment (Douilly et al., 2013; Symithe et al., 2013). Therefore, the mode of strain build-up in southern Haiti 
combines plate boundary-normal shortening and plate boundary-parallel strike-slip. Calais et al. (2010) showed 

Figure 4. (a) Black arrows are Global Navigation Satellite System-derived coseismic displacements. Red arrows are predicted coseismic displacement from the 
preferred slip model. Green arrows are residuals, difference between the modeled and observed surface displacement. (b) Residuals along the ALOS-2 ascending track 
43. (c) Residuals along the Sentinel-1 descending track 142. (d) Residuals along the ALOS-2 descending track 138. Interferometric Synthetic Aperture Radar residuals 
are the difference between the model prediction and the geodetic data in the satellite line of sight. Larger residuals are observed in the area where post-seismic afterslip 
has been described and might influence the most our solution.
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that the moment release during the 2010 Léogâne earthquake was 62% strike-slip and 38% by reverse, a result 
very similar to the one found here for 2021 Nippes earthquake. We therefore observe consistency between strain 
release during the 2010 and 2021 earthquakes and interseismic strain build-up in southern Haiti, with both events 
releasing part of this elastic strain via a combination of thrusting and strike slip faulting.

That the 2010 Mw 7.0 and 2021 Mw 7.2 earthquakes ruptured with a combined mechanism does not preclude the 
possibility of a rupture of the main EPGF. Paleoseismological evidence show that this must have been the case, 
even though no reliable dating of these events is yet available (Saint Fleur et al., 2020). Martin and Hough (2022) 

Figure 5. (a) 3D geometry of the preferred coseismic slip model, viewed from the north-west of the Southern Peninsula and showing the two segments described in 
the text. The north-dipping thrust in the east dips at 66 ± 4° while the RSF segment to the west is close to vertical, with a steep northward dip angle of 86 ± 2°. Black 
lines are the surface projection of the modeled faults. Fault segmentation proposed by Saint Fleur et al. (2020) is shown, with MTS: Macaya-Tiburon Segment, CMS: 
Clonard-Macaya Segment, MCS: Miragoâne-Clonard Segment. (b) (left) North-dipping thrust slip model from the best fitting geometry, with slip vectors representing 
the direction of coseismic slip. (right) RSF slip model from the best fitting geometry, with slip vectors representing the direction of slip. Black dots are relocated 
aftershocks from a first month post-rupture subset from the analysis of (Douilly et al., 2022). The mainshock of the Nippes earthquakes is represented by the darkred 
octagon. (c) Cross-section within the main rupture. The main ruptured fault is depicted in red and the darkred octagon indicate the mainshock localization from Calais, 
Symithe, Monfret, et al. (2022). Aftershocks are the same as in panel (b).

 15252027, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010752, W

iley O
nline L

ibrary on [23/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geochemistry, Geophysics, Geosystems

RAIMBAULT ET AL.

10.1029/2022GC010752

10 of 17

also propose that the 8 April 1860, earthquake near the city of Anse-à-Veau (M6.8) ruptured the EPGF, on the 
basis of historical archives of damage descriptions. Conversely, large and purely strike-slip earthquakes on the 
relatively long segments of the EPGF system (Saint Fleur et al., 2019) may actually be rare because of the slow 
tectonic loading of the fault. The transpressional interseismic stress regime may indeed favor the initial rupture of 
reverse faults, secondary and oblique to the EPGF, but well-oriented within the regional stress field.

4.2. Did the Earthquake Rupture the EPGF Itself?

The analogies between the 14 August 2021, Mw 7.2 earthquake and its 12 January 2010, Mw 7.0 predecessor 
are striking. Both occurred in the close vicinity of the EPGF and included a significant amount of reverse coseis-
mic slip in a context where pure strike-slip motion was initially expected. Both initiated with oblique slip on a 
north-dipping eastern fault segment, then propagated westward with mostly left-lateral strike-slip. In 2010, the 
inversion of geodetic data (Calais et al., 2010; Hayes et al., 2010) showed that the rupture involved a fault which 
is not the main EPGF, a result later confirmed by a detailed analysis of the spatial distribution of aftershocks 
(Douilly et al., 2013). This was however challenged by Saint Fleur et al. (2019) who proposed a rupture of the 
main EPGF, though with a geometry that is not consistent with the distribution of aftershock.

That a smaller fault, secondary to the major plate boundary fault, ruptures in a moderate magnitude earthquake 
is not uncommon. For instance, the 1989, Mw 6.9, Loma Prieta earthquake in northern California ruptured a 
steeply dipping thrust fault subparallel to the San Andreas fault but only 5 km away from the main fault trace 
(Beroza, 1991; Dietz & Ellsworth, 1990; Kilb et al., 1997). The 2003, Mw 6.5 San Simeon earthquake occurred 
on the Oceanic thrust fault, 60 km west of the main trace of the San Andreas fault in the Coastal Ranges of central 
California (McLaren et al., 2008). In fact, no significant earthquake in California since the 1906 San Francisco 
earthquake ruptured the main San Andreas Fault. All large earthquakes occurred on secondary structures, except 
for the Parkfield earthquakes (e.g., 1857, 1966, and 2004).

In the case of the 2021 Nippes earthquake, the InSAR data and the aftershock distribution show that the rupture 
involved the RSF segment to the west, a short fault segment parallel to—but distinct from—the EPGF. In its 
eastern part, geodetic inversions shown here and an early analysis of the aftershock distribution (Calais, Symithe, 
Monfret, et al., 2022) are both consistent with the rupture of a N- to NNE-dipping fault segment slightly oblique 
to the direction of the EPGF, but that may merge with it toward the surface. As no direct observation exists of the 
actual dip of the EPGF throughout the Southern Peninsula of Haiti, we cannot determine whether the eastern part 
of the rupture involved the EPGF proper. However, offshore seismic data to the west of the Southern Peninsula in 
the Jamaica Passage show quite clearly that the EPGF is indeed a vertical fault, locally associated with secondary 
compressional structures such as pressure ridges, restraining bends, or step overs (Leroy et al., 2015). Also, a 
study of triggered tremors in the Southern Peninsula following the 27 February 2010 Mw8.8 Maule earthquake 
hints that the EPGF may rather be steeply dipping to the south, opposite to the ruptures imaged geodetically in 
2010 and 2021 (Aiken et al., 2016). Finally, Douilly et al. (2022) found triggered aftershocks on two vertically 
distributed clusters, off the main north-dipping earthquake rupture, which likely occurred on the main EPGF. 
This is an indication that the EPGF may be close to vertical and therefore distinct from the 14 August 2021, 
rupture. More work on the precise relocation of aftershocks will likely shed new light on the geometry of the 
EPGF at depth.

4.3. Aftershocks Location Versus Coseismic Slip Distribution

Earthquake ruptures generate static and dynamic stress changes that alter fault zone properties and may bring 
faults and bulk material closer to—or farther away from—failure (Gomberg et al., 1998; Kilb et al., 2000). After-
shocks tend to coincide with areas of large stress changes in the medium, in areas where slip varies sharply in 
space, such as around the edges of the main coseismic slip patches, at fault terminations, or at high-to-low slip 
transition areas (Das & Henry, 2003; Stein, 1999; Wetzler et al., 2018). In some cases, such as the 1996 Biak 
subduction earthquake (Henry & Das, 2002), aftershocks concentrate close to the rupture, coinciding with high 
coseismic slip areas. However, there does not appear to be a universal relation between high- and low-slip areas 
and high or low aftershock occurrence (Das & Henry, 2003). Recent studies also show that afterslip can trig-
ger aftershocks as stress within the fault area experiencing afterslip grows with time until some critical value 
(Perfettini & Avouac, 2004, 2007; Perfettini et al., 2018). Afterslip-driven aftershocks are therefore expected to 
surround the main co-seismic slip patches (Avouac, 2015).
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We now compare the precise aftershock locations from Douilly et al. (2022) based on a network of 12 broadband 
seismic stations deployed in the epicentral area within a week of the earthquake, with our preferred slip model. 
To first order, aftershocks of the 2021 Nippes earthquake appear to largely overlap areas of largest coseismic slip, 
as shown on Figure 5b. The distribution of aftershocks between 73.45° and 73.7°W, in the vicinity of the main 
fault plane, show two clusters with different strike angles. A first one strikes ∼270°N, which is compatible with 
some aftershocks occurring on the rupture. A second cluster strikes ∼150°N, which is compatible with activated 
high dip angles antithetic faults in the hanging wall (Ronald et al., 1973).

This is also visible in the cross-section on Figure 5c, which shows that a large number of aftershocks are located 
off-fault and in the hanging wall of the ruptured segments. This is similar to the 2010 Léogâne earthquake further 
east (Douilly et al., 2013), where the bulk of the aftershocks occurred in the vicinity of the two areas of larger 
coseismic slip, and were mostly located in the hanging wall of the rupture.

Aftershock activity in the volume surrounding the rupture, mostly above it, was also observed after the 2016 
Pedernales (Agurto-Detzel et al., 2019) and 1994 Northridge (Thio & Kanamori, 1996) earthquakes, for instance. 
Oglesby et al. (1998) and Oglesby et al. (2000) computed dynamic models of dip-slip ruptures and showed that 
the hanging wall experiences significantly larger acceleration than the footwall because of (a) its lower mass 
compared to the foot-wall, and (b) the stress field interaction with the free surface. These larger accelerations 
result in more damage in the hanging wall, which could explain the preferential occurrence of aftershocks above 
the rupture (Gabuchian et al., 2017). Also, Lin and Stein (2004) modeled Coulomb stress changes on a thrust 
fault and found the largest stress changes in the hanging wall of the rupture, a potential explanation for off-fault 
aftershocks.

We performed Coulomb stress changes calculations (Lin & Stein,  2004; Toda et  al.,  2005) using only the 
north-dipping thrust slip model and find static stress increases in the close vicinity of the RSF which could have 
promoted rupture of the RSF, consistently with Okuwaki and Fan (2022). That said, dynamic stress changes are 
overwhelmingly dominant during rupture propagation and need to be taken into account. We compute Coulomb 
stress changes with the coseismic slip model described above and receiver faults striking N150/N270, with a dip 
angle of 75°/80°, and a rake angle of 120°/250° (Figure 6). We use mean values of rake and dip angles from the 
aftershocks of Douilly et al. (2022) in each striking cluster. We find a volume of increased Coulomb stress in the 
hanging-wall of the rupture that matches well the distribution of aftershocks shown on Figure 5c. It is therefore 
possible that some of the aftershocks observed in the hanging-wall of the Nippes earthquake rupture were trig-
gered by coseismic Coulomb stress changes.

Indeed, the detailed interferometric study of Yin et al.  (2022) shows the postseismic activation of off-rupture 
faults in the weeks following the earthquake. They are mostly located to the north of the rupture and often coin-
cide with known geological faults. We hence propose that off-fault damage in the hanging wall of the rupture 
results from the combination of coseismic slip distribution and rupture geometry, which favor the activation of 
pre-existing secondary faults.

4.4. Segmentation of the EPGF System and Associated Earthquake Potential

Large strike-slip faults may rupture in long earthquakes, up to several hundreds of kilometers long, as for instance 
the 2001 Kokoxili Mw 7.8 earthquake which ruptured a 450-km-long portion of the Kunlun strike-slip fault 
(Klinger, 2010; Klinger et al., 2005; Lasserre et al., 2005). The EPGF is a 300 km-long continental fault with 
an offshore continuation up-to 1,100 km-long west of the Jamaica Passage. The system is known to accumulate 
strain over the years as expressed by historical seismicity (Bakun et al., 2012; Prentice et al., 2010; Scherer, 1912; 
Tabrez et al., 2008, Figure 1a) and geodetic data (Symithe et al., 2015). Following scaling laws, a rupture of the 
whole EPGF on-land would generate a Mw > 8 earthquake. Still, the fault system has only ruptured in 2021 and 
2010 in Mw 7 events involving secondary structures (e.g., Léogâne Fault for 2010 and Ravine du Sud for 2021) 
with uncertainties about the rupture of the EPGF fault in 2021.

Two hypotheses must then be considered. First, let us assume the faults that ruptured during the 2021 earthquake 
did not involve the main EPGF. The rupture of secondary faults adjacent to a main fault system is a common 
behavior of continental strike-slip faults (e.g., San Andreas, North Anatolian) (Klinger, 2010; Kondo et al., 2005; 
Segall & Pollard, 1980; Wesnousky, 2006). In addition, ruptures on structures adjacent to major faults can also 
propagate to the main fault system, and inversely, as for the 2001 Kokoxili earthquake which nucleated on the 
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Heituo fault before joining the main Kunlun fault (Lasserre et al., 2005). Mechanisms in which secondary faults 
rupture preferably to the main fault system could explain the observed EPGF system behavior, with very rare 
Mw > 8 events rupturing the EPGF while most of the accommodated strain is released by secondary structures 
rupturing more often in Mw ∼7 events.

Second, let us assume that the 2021 rupture actually involved the EPGF, and that segmentation played a role in 
the rupture propagation. In addition to secondary structures, fault segmentation is a well-known feature of major 
continental strike-slip fault and may result in complex coseismic slip distributions (e.g., Klinger, 2010). Series 
of segmented faults and especially their associated geometrical complexities (e.g., azimuth changes, step-overs, 
bends and relay zones or jogs) are important factors in the earthquake rupture dynamics (nucleation, propagation, 
termination) (Klinger, 2010; Wesnousky, 2006). Discontinuities and variability along strike can therefore delay 
or advance rupture propagation limiting the length of earthquake rupture.

The EPGF system has only ruptured a small section of ∼60 km between L’Asile to the east and Pic Macaya to the 
west in 2021 and a section of ∼40 km segment in 2010 between Grand Goâve and Petion-Ville. Both the 2010 and 
2021 events do not present major geometrical asperities or discontinuities in their surface expression except at 
their terminations. The EPGF azimuth changes of ∼5° along the Clonard basin, an azimuth change large enough 
to delimit a segment that ruptured in 2021 (King & Nábělek, 1985; Saint Fleur et al., 2020; Wesnousky, 2006). 

Figure 6. (a) Coulomb stress changes derived from model in Figure S16 of Supporting Information S1 for a receiver fault striking 270°N, dipping N80° and with a 
250° rake angle at a depth of 13 km. Coulomb stress changes values are in bars. Receiver fault parameters comes from the analysis of the study of Douilly et al. (2022). 
(b) Cross-section A-B from the Coulomb stress changes calculation on panel (a). The Coulomb stress map on panel (a) is situated on the white dashed line. First month 
post-rupture subset of the aftershocks from Douilly et al. (2022) within 15 km distance from the profile are represented projected. (c) Coulomb stress changes derived 
from model in Figure S16 of Supporting Information S1 for a receiver fault striking 150°N, dipping SW-75° and with a 120° rake angle at a depth of 13 km. Coulomb 
stress changes values are in bars. Receiver fault parameters comes from the analysis of the study of Douilly et al. (2022). D) Cross-section A-B from the Coulomb stress 
changes calculation on panel (c). The Coulomb stress map on panel (c) is situated on the white dashed line. First month post-rupture subset of the aftershocks from 
Douilly et al. (2022) within 15 km distance from the profile are represented projected.
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Klinger (2010) also notes that segments of continental strike-slip faults are limited in size, reaching a maximum 
of approximately 25 km. We mapped slip on the rupture over an approximately 25 km-long segment, which 
could therefore explain why the rupture jumped into another segment to the west. Then, fault steps and bends that 
build the topographic Pic Macaya feature may have affected the dynamics of the rupture and could have stopped 
the 2021 event. This segmentation is coherent with the fault mapping described by Saint Fleur et  al.  (2020) 
(Figure 5a).

In conclusion, both hypothesis suggest an important role of fault segmentation in the dynamics of stress release 
along the EPGF system, with significant implications on seismic hazard assessment.

Now, whether the EPGF ruptured during the main 2021 earthquake or not, it is important to assess how such 
apparent segmentation might modify our understanding of the seismogenic behavior of the EPGF. Envisioning 
the EPGF as a segmented system changes our understanding about the way this fault system may rupture. On one 
side, the EPGF is viewed as a long strike-slip continental fault accumulating stress at depth which could rupture 
in Mw > 8 earthquakes (Manaker et al., 2008). On the other hand, if segmented, the EPGF might break into a 
series of more earthquakes of fewer magnitudes, although the synchronous rupture of all segments cannot be 
excluded.

From our study, we propose that EPGF is segmented, at least within the first 15 km at depth. Over the whole 
EPGF system, several fault segments ruptured in ∼11.5 years. Benford et al. (2012) proposed that a sequence 
of cascading earthquakes, in 1701, 1751, 1770, and 1860, released strain that accumulated beforehand (Bakun 
et al., 2012; Martin & Hough, 2022; Saint Fleur et al., 2020). Tabrez et al. (2008) also show from Coulomb stress 
changes calculation that coseismic stress changes in the area of the 2010 event are prone to increase cascading 
events along the EPGF system. We might be experiencing such cascade of events, both controlled by the segmen-
tation of the EPGF and by stress redistribution left in the wake of each large event. Mapping the EPGF system at 
the surface and at depth and deciphering the possible lateral segmentation of the faults is therefore a key factor 
for seismic hazard analyses over Hispaniola.

5. Conclusion
We use surface displacement data from InSAR and near-field GNSS measurements to determine the rupture 
geometry and coseismic slip distribution of the 2021 Nippes earthquake. Consistently with previous studies, we 
find that the earthquake involved a combination of thrust and strike-slip motion, resulting in an overall transpres-
sional mechanism bearing similarities with the 12 January 2010 events further east. The rupture mechanisms of 
the 2010 and 2021 earthquakes are consistent with the interseismic accumulation of transpressional strain within 
the Southern Peninsula and just to the north of it, offshore. It therefore appears that the plate boundary-normal 
shortening component recently observed in various geophysical and geological data sets, superimposed on the 
long-known left-lateral strike-slip component, is seismically released in southern Haiti.

The coseismic offsets derived from GNSS and InSAR data are consistent with a two-segment slip model and do 
not require a more complex geometry to fit the data within their uncertainties. We find that the data is well fit 
by the rupture of (a) a north-dipping segment in the east, with a dip angle of 66 ± 4° that released 40% of thrust 
moment and 60% of strike-slip moment and (b) a quasi-vertical western segment with a dip angle of 86 ± 2° that 
dominantly released strike-slip moment. The latter segments coincides with the Ravine du Sud fault, while the 
former one may coincide with the EPGF, though more data is needed to ascertain this interpretation.

Distribution of aftershocks versus slip distribution indicates a complex distribution of remaining stresses in the 
hanging wall associated with possible frictional heterogeneities along the fault zone following the mainshock. 
Aftershocks following the Nippes event are more likely coseismically induced and caused by damage within the 
rock volume above the rupture. Off-fault damage in the hanging-wall and associated aftershocks may have been 
favored by the activation of pre-existing secondary faults (Yin et al., 2022).

Current seismic hazard maps for Haiti of Frankel et al. (2011) assume that the Gonave-Caribbean relative plate 
motion is accommodated by pure strike-slip on a vertical fault. The 2010 and 2021 transpressional earthquakes 
of southern Haiti, as well as the interseismic GNSS velocities, show that a significant component of plate 
boundary-normal shortening that is not accounted for in the current hazard estimates. Also, these calculations 
assume seismic strain release on a single vertical EPGF, whereas these recent events show a segmented fault 
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system, with ruptures on non-vertical faults off the EPGF. This indicate that an update of the regional seismic 
hazard maps is required in order to account for such transpressional mode of strain release.

Data Availability Statement
GNSS coseismic displacements are listed in the Supplementary Materials, and archived at Raimbault et al. (2022), 
together with InSAR displacements data and GNSS interseismic velocities. Aftershocks datasets used in this 
study are available in the supplementaries from the study of Calais, Symithe, Monfret, et al. (2022) and Douilly 
et al. (2022) and on the Ayiti-Séismes plateform (https://ayiti.unice.fr/ayiti-seismes). Fault traces comes from the 
study of Saint Fleur et al. (2019). We use Copernicus data from the Sentinel-1AB satellites provided by the Euro-
pean Space Agency (ESA, https://scihub.copernicus.eu). The ALOS-2 data were provided by the Japan Aerospace 
Exploration Agency (JAXA) through the Earthquake Working Group for the Evaluation of ALOS and ALOS-2 
for Use in Disaster Mitigation, coordinated by the Geospatial Information Authority of Japan (GSI) and JAXA. 
JAXA conducted emergency observations immediately after the earthquake. The processing of interferograms 
was made with ISCE2 (https://github.com/isce-framework/isce2). Shuttle Radar Topography Mission (SRTM) 1 
Arc-Second Global data was retrieved from https://doi.org/10.5066/F7K072R7. Centroid Moment Tensors were 
obtained from the Global CMT web page (https://www.globalcmt.org). Some figures were created with Python 
Generic Mapping Tool (PyGMT) (https://www.pygmt.org/, Uieda et al., 2022) and matplotlib (https://matplotlib.
org, Hunter, 2007). ERA-5 global reanalyses of atmospheric data are distributed by the ECMWF on the Climate 
Datastore plateform (https://cds.climate.copernicus.eu). PyAPS (https://github.com/insarlab/PyAPS) was used to 
calculate tropospheric delays. Coulomb3 software (Lin & Stein, 2004; Toda et al., 2005) to compute the Coulomb 
stress changes. Classic Slip Inversion (CSI) package was used for the inversion, plot and handling of the geodetic 
data (https://github.com/jolivetr/csi).
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