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ABSTRACT

Earthquakes pose a major threat to the people of Haiti, as tragically shown by the cata-

strophic 2010 Mw 7.0 earthquake and more recently by the 2021 Mw 7.2 earthquake.

Both events occurred within the transpressional Enriquillo–Plantain Garden fault zone

(EPGFZ), which runs through the southern peninsula of Haiti and is a major source of seismic

hazard for the region. Satellite-based Interferometric Synthetic Aperture Radar (InSAR) data

are used to illuminate the ground deformation patterns associated with the 2021 event. The

analysis of Sentinel-1 and Advanced Land Observation Satellite (ALOS)-2 InSAR data shows

(1) the broad coseismic deformation field; (2) detailed secondary fault structures as far as

12 km from the main Enriquillo–Plantain Garden fault (EPGF), which are active during

and after the earthquake; and (3) postseismic shallow slip, which migrates along an

∼ 40 km unruptured section of the EPGF for approximately two weeks following the earth-

quake. The involvement of secondary faults in this rupture requires adjustments to the rep-

resentation of hazard that assumes a simple segmented strike-slip EPGF. This work presents

the first successful use of phase gradient techniques to map postseismic deformation in a

vegetated region, which opens the door to future studies of a larger number of events

in a wider variety of climates.

KEY POINTS

• InSAR data are used to create detailed surface deforma-

tion maps of the 2021 Mw 7.2 Haiti earthquake.

• InSAR phase gradients reveal postseismic slip at the edges

of the rupture and slip on secondary faults.

• The slip on secondary faults indicates that some geologic

structures were reactivated by the earthquake.

Supplemental Material

INTRODUCTION

The Enriquillo–Plantain Garden fault zone (EPGFZ) accom-

modates roughly half of the 20 mm/year of relative motion

between the Caribbean plate and the North American plate

(DeMets et al., 2000), as the margin transitions from transform

motion in the western Caribbean to subduction in the Antilles

arc (Mann et al., 1995). Recent geodetic studies have shown

slip rates of 9–10 mm/yr along the EPGFZ on the southern

peninsula of Haiti with a largely left-lateral orientation and

some compressional motion (Symithe et al., 2015; Symithe

and Calais, 2016). There has been a recognized need to under-

stand strain partitioning in this transpressional boundary

following geodetic studies illustrating the interaction of off-

shore and onshore thrust systems with the main strike-slip

strand of the fault zone, the EPGF, during the holocene

(Wang et al., 2018). The geology and faults of the EPGFZ have

been mapped in detail (Boisson, 1987; Bien-Aime-Momplaisir

et al., 1988), and more recent work has reexamined these maps

to interpret the major active faults and their segmentation

(Prentice et al., 2010; Wessels et al., 2019; Saint Fleur et al.,

2020), which could be hypothesized to constrain the length

of characteristic earthquake ruptures. The current seismic haz-

ard maps constructed for Haiti were a major improvement

over the previous global hazard maps (Frankel et al., 2011).
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The current maps estimate the seismic hazard from the major

crustal faults including the strike-slip Enriquillo–Plantain

Garden fault in the south and Septentrional fault in the north,

and the Transhaitian belt (THB)—a series of en enchelon fold

and thrust faults north of Port-au-Prince. The maps include

the contributions from the north Hispaniola fault subduction

boundary and the Muertos trough subduction zone to the

south (Fig. 1). The EPGFZ was considered to be a single
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Figure 1. (a) Overview of the southern peninsula of Haiti, highlighting major
geographic markers, fault zone locations, and historic earthquakes. Major
historic earthquakes are marked by stars, with red stars highlighting the
locations of the 2021 Mw 7.2 and 2010 Mw 7.0 epicenters with Centroid
Moment Tensor (CMT) solutions. Aftershock locations are shown with circles
colored by event depths. Aftershock locations following the 2010 event on
the Léogane blind-thrust fault and Trois Baies fault are from Douilly et al.
(2013). Aftershock locations following the 2021 event are from the Ayiti-
Séismes network (Calais et al., 2022). Mapped Enriquillo–Plantain Garden
fault zone (EPGFZ) faults (black lines) are from Saint Fleur et al. (2020). The
previously understood segmentation of the Enriquillo–Plantain Garden fault
zone from Saint Fleur et al. (2020) is shown with horizontal blue arrows,
and designates the Macaya–Tiburon segment (MTS), Clonard–Macaya
segment (CMS), Miragoâne–Clonard segment (MCS), and Pietonville–
Léogane segment (PVLS). The unruptured segment of the MCS is labeled as

the Miragoâne segment. The upper left side panel shows an overview of the
regional teconic setting where the following abbreviations are used: EPGFZ,
Enriquillo–Plantain Garden fault zone; MT, Muertos trough; NHF, North
Hispaniola fault; SFZ, Septentrional fault zone; and THB, Transhaitian belt.
(b) Summary of faults active in the 2010 and 2021 ruptures. The
approximate extents of the 2021 and 2010 coseismic and postseismic slip
features are shown with colored lines. Note that the north-dipping Leogane
blind-thrust fault is on the north side of the mapped Enriquillo–Plantain
Garden fault (EPGF) that ruptured in 2010 Symithe et al. (2013) but has a
surface projection that appears on the south side of the EPGF (solid orange
lines). The line-of-sight (LoS) deformation from the descending Advanced
Land Observation Satellite (ALOS)-2 track D138 coseismic pair (10
December 2019–17 August 2021) is overlaid for context where the region
of red indicates uplift. The color version of this figure is available only in the
electronic edition.
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segment from the western limit of the 2010 rupture to the

western coast of Haiti. Considering observations of the 2010

and 2021 earthquakes together can provide insight on rupture

segmentation and could, therefore, play an important role in

further refining the distribution of seismic hazard within the

fault zone.

The 12 January 2010, earthquake occurred within the

EPGFZ on the previously unmapped Léogâne blind-thrust

fault (Calais et al., 2010; Mercier de Lepinay et al., 2011), with

upward motion on the eastern part of the rupture in a direction

opposite to that indicated by the regional topography (Hayes

et al., 2010; Hashimoto et al., 2011). This upward motion

resulted in up to 0.64 m of coastal uplift (Hayes et al.,

2010) and 0.40 m of broad subsidence in the coastal mountain

range (Hashimoto et al., 2011). A significant amount of trig-

gered seismicity followed the mainshock on the adjacent off-

shore Trois Baies thrust fault (Douilly et al., 2013; Fig. 1).

Coseismic static and kinematic slip models of the 2010 earth-

quake showed that the rupture propagated westward with two

main slip patches—one with a major component of dip-slip in

the east and another primarily with strike slip in the west

(Calais et al., 2010; Meng et al., 2012; Symithe et al., 2013).

Calculations of the change in Coulomb failure stress (dCFS)

from the coseismic slip showed a region of estimated stress

increase collocated with aftershock observations to the west

of the 2010 rupture on the Trois Baies fault and on the

EPGF at depth. This suggested the possibility of higher hazard

in these regions (Symithe et al., 2013). Calculations of the

cumulative stress changes from major historical events showed

loading on adjacent fault segments over the course of several

earthquake cycles (Ali et al., 2008). Dynamic rupture modeling

experiments for the 2010 earthquake explored the conditions

that could explain the pattern of rupture on the Léogane fault,

without rupture of the main EPGF, nor the Trois Baies fault

(Douilly et al., 2015). It was found that variations in frictional

properties were necessary for rupture to propagate from the

eastern to western plane of the Léogane fault. However, the

models suggest that the rupture did not jump to the Trois

Baies and Enriquillo faults due to their orientations with

respect to the Léogane fault. The interpretation of the

EPGFZ as a single, segmented strike-slip fault may, therefore,

be oversimplified.

The 14 August 2021 Mw 7.2 earthquake did not rupture

the segment identified with the highest dCFS following the

2010 event. Instead, it ruptured from the center of the

Miragoâne–Clonard segment (MCS) and continued approxi-

mately 80 km westward (Fig. 1). Aftershock locations for

the 2021 Mw 7.2 event were calculated by the local network,

Ayiti-Séismes, which includes the new RaspberryShake sensors

that were deployed in local homes in a citizen science initiative

(Calais et al., 2022). The seismicity on the north side of the

surface trace indicates that the fault is likely north dipping,

although there are not yet clear planar features identified in

the aftershock locations. Okuwaki and Fan (2022) identified

two distinct rupture episodes associated with this event, first

rupturing a blind-thrust fault in the east before jumping to

a strike-slip fault westward. The aftershock distribution and

backprojection models both show that the two distinct rup-

tures were not contiguous (Calais et al., 2022; Okuwaki and

Fan, 2022). Interferometric Synthetic Aperture Radar (InSAR)

data are consistent with a rupture dominated by left-lateral

strike-slip motion in the west and with dip-slip motion in

the east (Calais et al., 2022; Maurer et al., 2022). The rupture

pattern of the 2021 event closely resembles that of the 2010

earthquake and suggests that the accommodation of compres-

sion along this boundary may play a major role in strain

partitioning. Neither the 2010 nor the 2021 earthquake rup-

tured the intervening Miragoâne segment between the two

event rupture planes, raising the question of whether this seg-

ment is seismically loaded or if it is accommodating strain in

some other way. Observations of this complex rupture

sequence are, therefore, highly relevant for both improving

our understanding of seismic hazard in Haiti and in transpres-

sive strike-slip margins, in general.

DATA

Two InSAR satellite missions were operational at the time of

the 2021 event: Sentinel-1 twin satellites operated by the

European Space Agency (ESA) and ALOS-2 operated by the

Japanese Aerospace Exploration Agency. Both InSAR data

sets are used to generate interferograms and derived products

for this study. InSAR interferograms are formed using the dif-

ference in radar return phase between two satellite passes, with

fringes representing small, coherent deformation of the Earth’s

surface in the line-of-sight (LoS) of the radar. After unwrap-

ping, these interferograms provide a broad view of surface

deformation between two Synthetic Aperture Radar acquisi-

tions. Ascending and descending passes provide two unique

look angles over the region that constrains the total deforma-

tion. The east–west trend of the EPGF and roughly east–west

look angles of ascending and descending InSAR satellite passes

for both the missions in this region align fortuitously, making

InSAR observations especially sensitive to fault-parallel

motion, which is of the greatest interest. These two InSAR mis-

sions have complementary strengths and limitations. In par-

ticular, we are concerned with radar wavelength, acquisition

mode, and repeat acquisition times.

The longer ALOS-2 wavelength (L-band, 22.9 cm wave-

length) makes it more resistant to decorrelation due to vegeta-

tion than the shorter Sentinel-1 wavelength (C-band, 5.5 cm

wavelength), which is a major concern in tropical Haiti. Each

satellite instrument can operate in a variety of acquisition

modes, each with a corresponding swath footprint and resolu-

tion. The ALOS-2 repeat descending passes that cover this event

are in the lower resolution ScanSAR mode (350 × 350 km

swaths, with roughly 100 m resolution), whereas the repeat
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ALOS-2 ascending passes are in the higher resolution strip map

mode (30 × 30 km swaths, with roughly 4 × 8 m resolution).

Sentinel-1 acquisitions used in this study are in Interferometric

Wideswath mode (250 km wide swaths, with 3 × 22 m resolu-

tion). ALOS-2 routine acquisitions are infrequent over Haiti,

with the closest ALOS-2 repeat passes occurring more than

six months prior to the earthquake for ascending passes and

more than a year prior to the earthquake for descending passes

(Fig. 2). Sentinel-1 acquisitions in this region are generally fre-

quent and regular, with repeat times of 6–12 days. This short

temporal baseline in Sentinel-1 data relative to ALOS-2 data

would generally reduce phase decorrelation due to changes in

the land surface properties between acquisitions. However, in

this case there is a trade-off between the increased susceptibility

to vegetation of Sentinel-1 data and its more frequent acquisi-

tions. When combined, Sentinel-1 and ALOS-2 data have the

capability to illuminate small, rapidly changing signals like post-

seismic slip, while also capturing a high-resolution deformation

field and mitigating interference from vegetation.

METHODS

We compile Sentinel-1 and ALOS-2 repeat acquisitions sur-

rounding the time of the 2021 earthquake, and use GMTSAR

software to process the raw data (Sandwell et al., 2011; Wessel

et al., 2013; Xu et al., 2017). Interferograms are Gaussian fil-

tered at 200 m and resampled at 50 m before further process-

ing. We unwrap the phase using the statistical cost, network

flow algorithm for phase unwrapping (SNAPHU) (Chen

and Zebker, 2002), with the nearest-neighbor interpolation

over the low coherence areas and water surfaces (Shanker

and Zebker, 2009). The resulting LoS plots (Fig. 3) show sur-

face deformation in the LoS of the observing satellite, in which

a positive LoS value indicates that the ground pixel has moved

toward the satellite. Phase unwrapping is generally a nonun-

ique process and requires parameter choices that affect the

resulting LoS solution. These choices include phase filtering

wavelength (applied prior to unwrapping), the minimum

coherence threshold for pixels to be included in unwrapping,

whether and how broadly to interpolate over low-coherence

areas, and the maximum phase discontinuity that the unwrap-

ping algorithm can assign. These parameters are calibrated by

trial and error to minimize visually identifiable unwrapping

errors in resulting LoS plots. The sensitivity of the unwrapping

results to these parameter changes can be an indicator of the

reliability of the data for unwrapping.

Phase unwrapping reliability
Phase unwrapping of ALOS-2 data from the 2021 event is

more reliable than Sentinel-1 data due to its longer radar wave-

length, enabling superior coherence. The region near the rup-

ture in the Sentinel-1 coseismic interferograms could not be

reliably unwrapped, likely due to extreme ground shaking near

the fault and decorrelation due to vegetation. The unwrapping

errors produced by Sentinel-1 coseismic pairs are illustrated in

Figure 3, which shows a comparison between three unwrap-

ping approaches used on the same Sentinel-1 ascending coseis-

mic pair (Fig. 3b–d) versus the closest equivalent ALOS-2

ascending coseismic pair (Fig. 3a). Figure 3a shows two

overlapping, ascending ALOS-2 coseismic pairs in stripmap

mode: A043, spanning 23 December 2020–18 August 2021,

and A042, spanning 1 January–22 August 2021. These pairs

are unwrapped allowing a 15 phase cycle (1.72 m) discontinu-

ity and interpolating regions with coherence below 0.1 over the

nearest 300 pixels. The corresponding cross sections show a

smooth deformation pattern that is continuous across the

mapped EPGF and has the maximum change across the fault

of around 700 mm in the LoS direction. Both the pairs cover

the transect location, and the similarity in unwrapped LoS

Sentinel-1 D142

ALOS-2 D138

ALOS-2 A043

ALOS-2 A042

Sentinel-1 A004

Mw 7.2 earthquake

Figure 2. Timeline of all Synthetic Aperture Radar (SAR) scene acquisitions
used in this work with the vertical red dashed line marking the 14 August
earthquake. Sentinel-1 acquisitions are frequent, with ascending and
descending acquisitions less than two weeks before the 2021 earthquake.
In contrast, ALOS-2 acquisitions are infrequent, with the closest usable
ALOS-2 acquisitions prior to the earthquake more than 6 months before the
earthquake. Note the breaks in the horizontal axis in gray, which represent
large time periods between ALOS-2 acquisitions. The color version of this
figure is available only in the electronic edition.
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solutions shown in the bottom panel of Figure 3a is an indi-

cator that the unwrapping solutions are reliable. There are no

clear signs of unwrapping errors, and the coherence is gener-

ally good, which supports the interpretation that this unwrap-

ping solution is close to the true deformation field.

Figure 3b–d shows three unique unwrapping solutions for

the closest equivalent Sentinel-1 ascending coseismic pair span-

ning 5–17 August 2021. Figure 3b shows the pair unwrapped

allowing no discontinuity and interpolating regions with coher-

ence poorer than 0.06 over the nearest 300 pixels. The corre-

sponding cross section below shows a smoothed pattern of

deformation with the maximum LoS deformation of about

400 mm, far below the ALOS-2 maximum deformation. This

underestimation of maximum LoS deformation can be attrib-

uted to missed phase jumps, highlighted in the exploded view

of Figure 3b. This illustrates that visual smoothness does not

equate to a reliable unwrapping solution. Figure 3c shows the

same pair with the same interpolation coherence threshold as

Figure 3b, but unwrapped allowing an 80 cycle (about 2.22 m)

discontinuity. The corresponding transect has many more phase

jumps due to the larger discontinuity allowance, with a maxi-

mum LoS deformation of about 750 mm, comparable to that

of the ALOS-2 pair. This LoS plot contains phase unwrapping

Toward satellite

Toward satellite Toward satellite

Toward satellite
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A043 Dec 23, 2020 –
Aug 18, 2021

(b)

(c) (d)

ALOS-2 ascending pairg
A042 Jan 1 – Aug 27, 2021

L
o
S

 d
e
fo

rm
a
ti
o
n
 (

m
m

)

Distance (km)

L
o
S

 d
e
fo

rm
a
ti
o
n
 (

m
m

)

Distance (km)

L
o
S

 d
e
fo

rm
a
ti
o
n
 (

m
m

)

Distance (km)

L
o
S

 d
e
fo

rm
a
ti
o
n
 (

m
m

)

Distance (km)

Figure 3. A comparison of ascending coseismic pairs unwrapped with differ-
ent parameters. For each panel, the top inset shows the unwrapped LoS
solution with a transect plotted perpendicular to the mapped EPGF (black).
The bottom inset shows the corresponding LoS values along the transects
plotted in gray, black, or red. The location of the main strand of the mapped
EPGF (Saint Fleur et al., 2020) is shown with the dashed vertical black lines
in the cross sections. (a) Overlapping ascending ALOS-2 coseismic pairs in
stripmap mode: A043, spanning 23 December 2020–18 August 2021 and
A042, spanning 1 January–22 August 2021. (b–d) The Sentinel-1
ascending track A004 coseismic pair spanning 5–17 August, unwrapped
using varying parameters. The ALOS-2 A042 LoS transect is shown in black
in the panels (b–d) cross sections for comparison. The color version of this
figure is available only in the electronic edition.
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errors seen as the irregular southern edge of the red region,

which obscures the pattern of deformation near the mapped

EPGF. Figure 3d shows the pair unwrapped allowing an 80 cycle

(about 2.22 m) discontinuity and interpolating regions with

coherence below 0.1 over all pixels. The corresponding transect

shows a smoother pattern of deformation than Figure 3c, with

the maximum LoS of about 750 mm, but with a large disconti-

nuity near the mapped EPGF and some unwrapping errors per-

sisting on the eastern and western portions of the main rupture.

The comparison among the LoS solutions using varying

unwrapping criteria (Fig. 3) illustrates the limitations of

Sentinel-1 data for deducing the amplitude of the broad coseis-

mic deformation pattern of this earthquake, in which there is a

trade-off between the amplitude of the LoS deformation, and

thresholds for phase cycle discontinuities and coherence.

Maurer et al. (2022) suggested that a possible explanation

for the significantly higher amplitude of the ALOS-2 A043

coseismic deformation relative to Sentinel-1 was that there

was a significant amount of aseismic slip after the Sentinel-1

descending acquisition on 15 August, but before the ALOS-2

A043 acquisition on 17 August. They argue that this could be

explained by an additional postseismic moment release equiv-

alent to an Mw 6.8. We find that although there is evidence of

postseismic shallow slip after 15 August, there is a lack of a

clear, broad deformation signal in subsequent Sentinel-1 pairs

spanning 15–21 August (D142) and 17–23 August (A004),

which we would expect to capture any significant postseismic

moment release (Fig. S1, available in the supplemental material

to this article). Calais et al. (2022) used InSAR data in their

modeling and observed high uncertainty in the near-fault

region of the closest earthquake-spanning Sentinel-1 LoS

observations. They chose to mask those values (to around

10 km north of the EPGF). The variability of Sentinel-1

unwrapping results in our analysis is consistent with this

approach, and this unwrapping uncertainty could explain

the difference in deformation amplitude between Sentinel-1

and ALOS-2 coseismic pairs. Therefore, we assume that

ALOS-2 unwrapping results are more reliable for understand-

ing the true LoS deformation, so we use only ALOS-2 pairs for

broad coseismic deformation pattern analysis and interpreta-

tions of surface rupture. We primarily use Sentinel-1 results to

resolve postseismic creep on faults.

Phase gradient analysis
Phase unwrapping is a useful technique for estimating the broad

surface deformation pattern in response to a rupture. However,

the large amplitude broad deformation field may obscure small-

scale deformation features with smaller amplitudes. In contrast,

calculating the interferometric phase gradient directly from the

unfiltered, full-resolution interferogram (Sandwell and Price,

1998) highlights sharp changes in radar phase, amplifying the

appearance of small-scale deformation features. Given the

expression for interferometric phase at location, x, in terms

of the real (R) and imaginary (I) components of the complex

interferogram:

EQ-TARGET;temp:intralink-;df1;320;718ϕ�x� � tan−1
�

I

R

�

; �1�

we can then use the chain rule to derive an expression for the

phase gradient in terms of R and I:

EQ-TARGET;temp:intralink-;df2;320;653∇ϕ�x� �
R∇I − I∇R

R2 � I2
; �2�

in which ∇ � ∂

∂r
;

∂

∂a
and a is the azimuth (flight) direction, and r

is the range (look) direction in radar coordinates (Sandwell and

Price, 1998; Xu, Sandwell, Ward, et al., 2020).

This approach avoids the need for phase unwrapping, and

the solution can be stacked directly to enhance the signal-to-

noise ratio. The ability to stack solutions is important because

taking the gradient amplifies noise in the interferogram. We

apply a square Gaussian filter with a large wavelength

(200 m) to the phase gradient product to suppress noise.

We take the gradient in both the azimuth (flight) and range

(look) directions but find that the gradient in the azimuth

direction tends to resolve features more clearly, likely because

most active features are aligned more closely to the range direc-

tion than to the azimuth direction. Phase gradients calculated

in the range direction are shown in Figure S2 and do not reveal

any new features. The offset direction of phase gradient fea-

tures cannot be interpreted directly from phase gradient plots.

Instead, corresponding LoS images are used to guide the inter-

pretation. Phase gradient features are largely unresolvable from

Sentinel-1 interferograms, even after stacking a large number

of interferograms (Fig. S3). This is likely due to the higher noise

from phase decorrelation due to vegetation, which is then

amplified by the phase gradient calculation. However, inter-

ferograms from ALOS-2 ascending tracks A043 and A042,

which are in stripmap mode have excellent coherence and res-

olution, rendering clear linear features in the resulting phase

gradient plots.

RESULTS

The complete set of InSAR products from Sentinel-1 and

ALOS-2 were examined for evidence of slip surrounding the

main rupture zone. This dataset is openly available for down-

load (Yin et al., 2022). We describe three categories of observed

surface deformation features in the following section: (1) broad

coseismic deformation pattern; (2) postseismic slip on the

mapped EPGF adjacent to the main rupture; and (3) slip on

secondary fault features off of the mapped EPGF.

Broad coseismic deformation
The broad coseismic deformation pattern of the 2021 earth-

quake is illuminated by earthquake-spanning interferograms

from the ascending and descending ALOS-2 coseismic pairs

shown in Figure 4. Figure 4a,b shows overlapping ascending
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ALOS-2 tracks A043 (left, 23

December 2020–18 August

2021) and A042 (right, 1

January–27 August 2021)

acquired in stripmap mode

spanning the earthquake.

Figure 4a shows the wrapped

phase with fringes converging

near the mapped EPGF, indi-

cating deformation caused by

the main rupture. Figure 4b

shows the unwrapped LoS

deformation, with red indicat-

ing motion up and to the west

extending from approximately

74° W to 73.4° W. Figure 4c,d

shows the descending pair

(track D138), acquired in

ScanSAR mode, spanning 10

December 2019–18 August

2022, which are the closest

acquisitions before and after

the earthquake. LoS deforma-

tion in Figure 4d shows a region

of red, indicating motion up

and to the east confined to

the eastern portion of the rup-

ture, which is consistent with

dip-slip motion. This observa-

tion agrees with the moment

tensor solution for the event

that shows strike-slip motion

with a component of dip

slip (U.S. Geological Survey

[USGS], 2021), other finite-

fault rupture solutions (Calais

et al., 2022; Maurer et al., 2022),

and backprojection estimates

(Okuwaki and Fan, 2022).

The coseismic LoS plots

show a smooth transition from

red to blue across the EPGF

through most of the central

and eastern rupture (from

approximately −73.8° to −73.5°).

This smooth transition indicates

that the rupture likely did not

reach the surface through this

section. However, in the western

portion of the rupture zone,

there is a sharp transition from

dark red to dark blue in both

ascending and descending LoS

Figure 4. ALOS-2 ascending and descending coseismic pairs shown as wrapped phase and unwrapped LoS
deformation. (a) ALOS-2 wrapped phase in stripmap mode from the coseismic pairs for ascending track A043
(left, 23 December 2020–18 August 2021) and ascending track A042 (right, 1 January–27 August 2021).
(b) Unwrapped phase, converted to LoS deformation for A042 and A043 coseismic pairs. The red represents
positive motion of the ground surface in the direction of the arrow and shows a deformation pattern dominated by
left-lateral strike-slip motion. (c) ALOS-2 wrapped phase in ScanSAR mode from the coseismic pair (10 December
2019–18 August 2021) for descending track D138. (d) Unwrapped phase converted to LoS deformation for the
D138 coseismic pair. The red lobe to the east indicates a region of significant uplift, whereas the western lobe of
deformation continues to be dominated by left-lateral deformation. The color version of this figure is available only
in the electronic edition.
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plots (from approximately −74.0° to −73.8°), suggesting surface

rupture in this area. This surface rupture coincides with the

mapped Ravine du Sud fault, indicating that this fault was active

during the earthquake.

Postseismic slip on the EPGF
Postseismic slip on the order of ∼2 cm occurred on the

mapped EPGF to the east of the main rupture in the two weeks

following the earthquake. The propagation of slip was captured

by consecutive Sentinel-1 and ALOS-2 pairs, seen as offsets in

the wrapped phase interferograms in Figure 5, in which offsets

indicate surface deformation. We use a perceptually uniform

and cyclic color palette (romaO) to plot wrapped phase to

reduce bias in the identification of features (Crameri et al.,

2020). More confidence was given to features that appeared

in both wrapped interferograms and phase gradient plots, that

appeared in multiple interferogram pairs, and have more than

∼7 mm of offset in the wrapped phase images.

Figure 5b shows Sentinel-1 descending track D142 3–15

August pair, which is dominated by the coseismic deformation

signal from the mainshock, seen as concentric curved fringes.

However, to the east of that coseismic deformation pattern,

feature a1 is identified with a length of approximately 5 km

where the fringes are offset. It is possible that this phase offset

occurred as part of the coseismic rupture. However, another

explanation is that postseismic slip occurred on a1 in the

day following the earthquake (i.e., before the second

Sentinel-1 pass on 15 August). The latter interpretation is sup-

ported by evidence of continued slip on feature a in the follow-

ing InSAR pairs. In addition to slip on the mapped EPGF, a

secondary feature b is identified in this pair to the north of

the EPGF, but no further slip is observed on this segment

in subsequent pairs. Figure 5a identifies feature d in the same

d
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a1 + a2

a1 + a2
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a1 + a2

(a)

(b)
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(c)

(e)

S1-descending: Aug 3–15, 2021

S1-descending: Aug 3–15, 2021

ALOS2-ascending:
Jan 1 – Aug 27, 2021

ALOS2-ascending:
Aug 27 – Dec 31, 2021

S1-descending: Aug 15–21, 2021

S1-descending: Aug 21–27, 2021

Figure 5. Consecutive pairs of Sentinel-1 descending track D142 and ALOS-2
ascending track A042 wrapped phase. Truncated phase features are
highlighted with white arrows and indicate possible postseismic defor-
mation. An inset in the upper right hand corner outlines the regions shown
in panels (a-f). (a) Sentinel-1 descending track D142 3–15 August pair
zoomed to the orange outlined area to the west of the main rupture; feature
d is identified extending west of the main rupture. (b) Sentinel-1 descending
track D142 3–15 August pair zoomed to the black outlined area to the east
of the main rupture. (c) ALOS-2 ascending track A042 1 January–27 August
2021 pair. (d) Sentinel-1 descending track D142 15–21 August pair.
(e) ALOS-2 ascending track A042 27 August–31 December 2021 pair.
(f) Sentinel-1 descending track D142 21–27 August pair. The color version
of this figure is available only in the electronic edition.
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coseismic pair (3–15 August 2021) but to the west of the main

rupture on the mapped EPGF. Feature d has a length of

approximately 8 km and does not appear in any subsequent

pairs, so it could reasonably have occurred during the earth-

quake as coseismic slip, as is attributed by Maurer et al. (2022),

or in the day after the earthquake as postseismic slip. Because

this feature is observed only in this coseismic pair, its extent

and timing are less certain than that of feature a.

Figure 5d shows the Sentinel-1 descending track D142 15–21

August pair for the following time period, in which the feature

identified in Figure 5b persists on a1 and extends an extra

∼10 km to the east, identified in the figure as feature

a1 � a2. This is clearly interpretable as postseismic slip with

an approximate maximum offset of 18 mm identified in the

LoS direction across the fault. There appears to be a gap (unla-

beled segment a3) between slip on a1 � a2 and slip on feature a4
that abuts Lake Miragoâne. In addition, we identify an ∼5 km

secondary fault feature c that shows postseismic slip also

occurring off of the main fault, with an orientation similar to

segment b. Figure 5f shows Sentinel-1 descending track D142

21–27 August pair, in which slip continues along a1 � a2 but

is no longer visible on a4. No deformation is observed in the

subsequent pairs of this Sentinel-1 descending track.

Figure 5c shows ALOS-2 ascending track A042 1 January–27

August pair, which covers the same time period as Figure 5b,d,f

combined. The direction of phase offsets in both the ascending

and descending images of feature a indicates that the motion on

feature a is primarily left lateral in the direction of the prevailing

tectonic motion. Cumulatively, feature a persists for roughly

50 km to the east of the main rupture and is active for approx-

imately two weeks following the earthquake. For each of these

identified features, the slip is likely constrained to a very shallow

portion of the crust, because there is no broader deformation

pattern associated with it.

Figure 5e shows ALOS-2 ascending track A042 pair spanning

27 August–31 December. This pair shows a small amount of

offset on a1 � a2 that accumulates after 27 August. However, no

slip is observed in Sentinel-1 pairs after 27 August. Therefore,

a possible interpretation is that the slip shown in Figure 5f

accrued on 27 August, just after the ALOS-2 27 August acquis-

ition. The 27 August ALOS-2 acquisition occurred before the

27 August Sentinel-1 acquisition, which is consistent with this

interpretation.

Slip on secondary faults
Phase gradient plots highlight areas of discrete offsets in the

phase, without the need for phase unwrapping. Linear features

are identified by sharp changes from the background gray to

bright or dark. Phase gradient features indicate high positive

or negative gradient in areas of concentrated deformation or

higher strain. Figure 6 shows stacked phase gradient values

for ALOS-2 ascending track A042 and A043 pairs. This figure

contains phase gradient results for all pair combinations between

23 December 2020 and 31 December 2021 (three pairs for A042

and five pairs for A043), calculated in the azimuth (flight) direc-

tion and then summed to amplify the magnitude of phase gra-

dient values in features appearing in multiple images above the

random background noise. Deformation from the main rupture

appears as a diffuse bright area surrounding the trace of the fault,

generally without abrupt changes, because the rupture did not

reach the surface along most of the fault.

Five main features are identified based on the stacked phase

gradient plot (Figure 6, labeled a–h). Feature a is identified east

of the main rupture, confirming the wrapped phase analysis of

postseismic slip on the EPGF, as discussed in the previous sec-

tion. Features f and g are the clearest of the phase gradient fea-

tures. They are identified as two separate features but could be

viewed as a continuous feature that changes slowly from white

(g) to black (f). Features e and h are identified less clearly than

features f and g, and run subparallel to the EPGF. Other sub-

parallel lines above and below these features could reasonably

be identified as features in addition to e and h. However, we

limit our discussion to the labeled features, which are the most

visually apparent and appear in multiple products.

After features are identified in the stacked plot, further inspec-

tion of the individual pairs gives clues about when these features

were active. Figure 7 shows coseismic (1 January–27 August

2021) and postseismic (27 August–31 December 2021) ascend-

ing ALOS-2 pairs, each with phase gradient calculated in the azi-

muth direction and a high-pass-filtered LoS deformation plot to

interpret the sense of motion on these smaller features. Features

f, g, h, and a are easily identified in the coseismic pair (Fig. 7a).

However, features f, g, and a can also be identified in the post-

seismic time period (Fig. 7b), at least through 27 August 2021. In

Figure 7b, we also identify an additional feature, i, which appears

north of feature g, but with a similar curved shape. This feature is

only identified in the 27 August–31 December 2021 pair, sug-

gesting that this feature is only active in the postseismic period.

High-pass filtered LoS plots (Fig. 7c,d) are used to interpret the

sense of motion on each of these features. Figure 7c shows the

northern side of the feature moving away from the satellite (rel-

ative to the southern side) on feature f but toward the satellite on

feature g. Figure 7d shows the same sense of motion on features g

and a, but the sense of motion is unclear on feature f. The motion

on feature f is opposite to that on feature g, but the absolute sense

of motion cannot be constrained from ascending pairs alone, and

the phase gradient calculations for the corresponding descending

ALOS-2 and Sentinel-1 pairs were not able to resolve these fea-

tures due to poorer resolution and higher noise, respectively.

Slip following the 12 January 2010 earthquake
Postseismic slip was reported after the 12 January 2010 earth-

quake (Wdowinski and Hong, 2011). We reprocessed ALOS-1

data from 2010 to confirm this postseismic deformation and to

determine its location relative to the 2021 postseismic slip. The

wrapped phase from the ALOS-1 postseismic pair spanning 16
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The most apparent linear features are labeled a and e–h. Feature a is also
observed as left-lateral slip in wrapped phase interferograms (Fig. 5). An
inset in the lower right hand corner outlines the region shown in the context
of the Southern Peninsula. The color version of this figure is available only in
the electronic edition.

(a) (b)

(c) (d)
Toward satellite Toward satellite

f

h

g
a

f i

h

g a

P
h

a
s
e

g
ra

d
ie

n
t

H
ig

h
-p

a
s
s

L
o

S

ALOS2-A042: Jan 1 – Aug 27, 2021 ALOS2-A042 : Aug 27 – Dec 31, 2021

Lake
Miragoâne

2 km filter 5 km filter

Lake
Miragoâne

Lake
Miragoâne

Lake
Miragoâne

–0.1 0.10

Phase gradient

Phase gradient

Figure 7. ALOS-2 ascending track 042 coseismic (left, 1 January–27 August
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inset in the lower right hand corner outlines the region shown in the context of
the Southern Peninsula. The color version of this figure is available only in the
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January–3 June 2010 shows a pattern of postseismic deforma-

tion on the mapped EPGF directly west of Lake Miragoâne.

The phase gradient calculation in the azimuth direction illumi-

nates linear feature a, indicating concentrated strain on the

same feature in which postseismic slip is observed following

the 2021 earthquake (Fig. 8). Although slip is not identified

on the a3 segment following the 2021 event, slip is detected

on the a3 segment following the 2010 event on a segment total-

ing ∼17 km. The 2010 postseismic deformation was observed

between 16 January 2010 (4 days after the earthquake) and 3

June 2010. The timing of this slip cannot be further con-

strained within this period. No postseismic deformation is

observed in the subsequent ALOS-1 pair (3 June–19 July

2010). Similar to the postseismic deformation following the

2021 earthquake, the 2010 postseismic deformation on the

EPGF decays within 1–2 km of the fault, suggesting that this

slip is also very shallow.

DISCUSSION

Taken together, InSAR observations surrounding the 2021 earth-

quake expose the evolution of deformation in the broader

EPGFZ during and after the

event. Observations of the broad

coseismic deformation field are

consistent with two broad zones

of deformation: one to the west

with pure left-lateral strike-slip

motion and one to the east with

a significant component of dip-

slip motion. The maximum LoS

deformation is ∼1 m. We find

strong evidence for surface rup-

ture with offsets of ∼1.5 m in

the LoS direction on the western

portion of the segment on the

mapped Ravine du Sud fault.

Wrapped phase and phase gra-

dient analysis shows postseismic

left-lateral offsets on the order

of ∼2 cm in the LoS direction

on themapped EPGF to the east

of the main rupture. This fea-

ture is active for ∼2 weeks fol-

lowing the mainshock. There

is evidence for similar postseis-

mic deformation on this same

segment of the EPGF following

the 2010 earthquake, occurring

at least four days after the earth-

quake, although the timing of

this slip is less well constrained.

Finally, there is an extensive evi-

dence for the involvement of

secondary fault features that were active during the coseismic

period and the two-week period following the earthquake.

Slip direction on these secondary faults is not well constrained

and is likely limited to the shallow crust. The offsets on these

secondary fault features are much smaller than the coseismic off-

sets, so these features are likely more useful as indicators of sur-

face response than as significant contributors to strain rate for

moment release.

To better understand the origin of the secondary fault fea-

tures, we compare features a–i to a published geologic map

Bien-Aime-Momplaisir et al. (1988) identifying faults in the

southern peninsula of Haiti (Fig. 9). In the southern penin-

sula, massive Cretaceous oceanic basalts of the Caribbean

Large Igneous Province Dumisseau Fm (Cenomanian to

Santonian in age, 95–83 Ma, shown in slate grey) have been

uplifted and exposed at the core of folds that formed in

response to compressional tectonic motion (Mann et al.,

2002; Calais et al., 2016). These exposed basalts are sur-

rounded by younger overlying sedimentary units, namely

the Cretaceous pelagic limestones of the Macaya Fm

(Campanian–Maastrichtian in age, 80–66 Ma, shown in
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Figure 8. Postseismic deformation following the 2010 earthquake using ALOS-1 Interferometric Synthetic Aperture
Radar (InSAR) pair spanning 16 January–3 June 2010. (a) Wrapped phase filtered at 200 m, postseismic offset
indicated by black arrows. (b) phase gradient in the azimuth direction, postseismic offset indicated by white arrows.
An inset in the lower right hand corner outlines the region shown in the context of the Southern Peninsula. The
color version of this figure is available only in the electronic edition.
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green), and the still younger sedimentary units of the Rivière

Glace Fm (Paleocene and Lower Eocene in age, 65–60 Ma,

shown in orange; Mann et al., 1995).

In Figure 9, feature a corresponds to the well-documented

expression of the main fault strand of the EPGF. Features c and

h do not coincide clearly with mapped faults. Feature b occurs

at approximately the boundary between outcrops of the oce-

anic basalts (slate grey) and younger sedimentary units

(orange). Feature e is coincident with a mapped fault in the

pelagic limestones (green). Finally, features f and g both

coincide well with mapped faults. The phase gradient images

give some indication that the fault illuminated at f and g is

continuous beneath the Quaternary alluvium that separates

the fault traces on the geologic map, at the northern limit

of where the Cretaceous basalts are exposed at the surface.

The younger sedimentary units (in orange, light green) are

generally less competent than the more solid, uplifted oceanic

basalts. We suggest that faults may be more difficult to identify

in the field within or at the contact between the sedimentary

units and the basalts. In addition, the boundary between

stronger basalts and weaker sedimentary units might be a

localized zone of weakness where faults could preferentially

occur (for example, feature b). There are other more subtle fea-

tures on the phase gradient map that may be interpreted as

faults. However, we limit this discussion to features a–i, in

which we have the most confidence based on their clarity

and persistence in multiple images. The agreement between

some features identified in InSAR data with previously mapped

faults suggests that these faults were reactivated in the 2021

earthquake. One possible interpretation of the reactivation

of these faults is that the uplift observed as dip-slip motion

on the eastern portion of the fault rupture is accompanied

by compressional motion on a blind-thrust fault at depth.

Global Positioning System (GPS) observations on the southern

peninsula indicate a combination of lateral strike slip at a rate

of ∼5 mm/yr and reverse slip of ∼2 mm/yr (Calais et al., 2010),

which could be producing something akin to the flower

Figure 9. Geologic fault map of Haiti originally published by (Bien-Aime-
Momplaisir et al., 1988) overlaid with features from the 2021 earth-
quake identified from InSAR data (white). Massive Cretaceous oceanic
basalts of the Caribbean Large Igneous Province (CLIP), Cenomanian to
Santonian in age (95–83 Ma), shown in slate grey. Upper Cretaceous
pelagic limestones of the Macaya Fm (Campanian–Maastrichtian in age,
80–66 Ma) shown in green. Younger Paleocene and Lower Eocene
sedimentary units of the Rivière Glace Fm (65–60 Ma), shown in orange
(Bien-Aime-Momplaisir et al., 1988). The color version of this figure is
available only in the electronic edition.
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structures interpreted in other areas of the EPGFZ (Mercier de

Lepinay et al., 2011; Saint Fleur et al., 2015).

To better understand the significance of the surface defor-

mations observed surrounding the 2021 Haiti earthquake, it is

useful to compare and contrast the observed slip behavior

occurring (1) on the main EPGF and (2) on secondary faults

associated with the Haiti earthquake to observations of similar

slip behavior associated with other earthquakes:

Postseismic slip on the main fault
We observe postseismic slip on the main EPGF adjacent to the

fault rupture unfolding for two weeks following the Haiti

earthquake. This type of feature was investigated in a similar

environment for the 1999 Izmit and Ducze earthquakes on the

north Anatolian fault, in which InSAR analysis showed post-

seismic slip on the main fault from three to ten years after the

earthquake, within the limits of the mainshock rupture zones

(Hussain et al., 2016). However, the InSAR observations were

not able to capture the early spatial distribution of slip. Instead,

they were used to solve for along-fault variations of steady state

creep. The early evolution was investigated using GPS obser-

vations from two near-fault sites to describe the period of early

postseismic slip. The observations from Haiti highlight the use-

fulness of InSAR to identify the individual periods of slip with

the higher temporal resolution of the weekly Sentinel-1

imagery and show that there is variation of early slip along

the fault in space as well as in time.

InSAR, GPS, and creepmeter observations of the 2004

Parkfield earthquake on the San Andreas fault found postseismic

slip occurring for ∼7 days following the mainshock. The cross-

fault offset was ∼10 cm, larger than that observed following the

2021 Haiti event (Jiang et al., 2021). Parkfield results indicated

that shallow slip migrated from above the main slip patch and

spread to the north and the south of the main rupture in the

24 hr after the earthquake and persisted for at least 7 days.

The postseismic slip on the main fault contributed nearly the

equivalent moment as was released in the mainshock. InSAR

imagery and GPS data were combined to determine the total

postseismic slip over the 3 months following the earthquake.

However, InSAR data alone did not provide sufficient time res-

olution to break down the spatial distribution of slip further

(Johanson, 2006; Langbein, 2006). In Haiti, shallow slip extended

beyond the rupture in the first 24 hr, as occurred in Parkfield, but

with much smaller amplitude. A denser sampling in time for

Haiti compared to Parkfield provided subsequent images to

show that the spatial distribution of slip accruing on adjacent

sections of the main fault migrated over the 7–14-day time

period, whereas this information was not accessible for Parkfield.

Following the 2014 Kangding, China, earthquake, Sentinel-

1 InSAR observations were used to construct an average LoS

displacement rate over 1800 days (Li and Burgmann, 2021).

They solved for shallow creep from short wavelength filtered

InSAR time series near the fault after removing a deep

slip component. The shallow steady-state creep rate varied

along strike from 0 to ∼10 mm/yr along the fault. They

were also successful in distinguishing different decay rates

of postseismic creep for different segments along the fault with

InSAR.

These examples illustrate that postseismic creep is often

observed with InSAR on strike-slip faults following a major

earthquake. These observations have often been used to esti-

mate variations in creep rate that indicate varying frictional

behavior along the length of the faults. InSAR data from

Haiti shows that phase gradient maps can be used to observe

the spatial distribution of early slip. This suggests that past

earthquakes could be revisited to further investigate the details

of the spatiotemporal variation in slip and, in particular, extend

the investigation farther away from the main rupture segment

to include the possibility of secondary fault structure activity.

Characterizing the spatial distribution of creeping segments of

strike-slip faults and the degree of fault coupling contributes to

understanding the ground motion and hazards associated with

potential ruptures on faults with different properties (Aagaard

et al., 2013; Li and Burgmann, 2021).

The lack of recent rupture on the Miragoâne segment of the

EPGF raises questions about its seismogenic potential—a ques-

tion complicated by InSAR observations of shallow postseismic

slip. Although an analysis of seismic hazard on this segment is

beyond the scope of this study, we can make a rough estimate of

the accumulated seismic moment deficit by making some sim-

plifying assumptions. We assume that the last major earthquake

that could have occurred on this segment was in 1770 (McCann,

2006), and that the length of the unrupturedMiragoâne segment

is 36 km as shown in Figure 1a. This geometry assumes that the

2010 earthquake released moment on the EPGFZ east of Lake

Miragoâne, even though that earthquake occurred on the

dipping Léogane fault and not the main EPGF. If we assume

an interseismic slip rate of ∼9 mm/yr at depth (Symithe et al.,

2015) on a vertical strike-slip EPGF over the last 252 yr

(1770–2022) with the fault locked to a depth of 15 km

(Frankel et al., 2011; Symithe et al., 2015) and a shear modulus

of 45 GPa (Hayes et al., 2010), then the accumulated seismic

moment is 5:51 × 1019 N · m. If this moment were to be released

in a single seismic event, we estimate an available moment mag-

nitude ofMw 7.1. We can also consider the impact that shallow

slip could have in reducing this estimate. The postseismic defor-

mation signals observed following both the 2010 and 2021 Haiti

earthquakes decay rapidly with distance perpendicular to the

fault (i.e., within about 1–2 km of the EPGF), consistent with

subsurface slip that is confined to the shallow crust but locked

beneath. Relatively short duration transient postseismic slip

likely does not make a significant contribution to reducing

the accumulated moment on this unruptured segment of the

fault. If, however, the Miragoâne segment were consistently slip-

ping from the surface to 5 km depth, the moment deficit would

be reduced to 3:67 × 1019 N · m, which could still produce an
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event of Mw 7.0. This estimate would need to be revised after a

longer time period to provide a better constraint on the amount

of steady creep that was releasing moment aseismically and pro-

viding a potential reduction in seismic hazard. It can be consid-

ered an estimate of upper bound on the moment deficit.

Slip on secondary faults
A second major conclusion from this work is that secondary

fault structures were active in the near field of the Haiti earth-

quake, that some of these structures were previously mapped

faults, and that motion on these faults persisted for more than

2 weeks following the event. Earthquakes in the well-studied

southern California region provide several analogous examples

of slip on secondary faults in response to earthquake ruptures.

InSAR observations of the 1992 Landers earthquake (Price and

Sandwell, 1998) illuminated preexisting mapped faults within

50 km of the main rupture using phase gradient techniques.

Because of the sparse InSAR repeat acquisitions at this time,

the temporal evolution of this signal is uncertain. Similarly,

Sandwell et al. (2000) used InSAR data to study the 1999

Mw 7.1 Hector Mine earthquake. Here, the phase gradient

technique revealed triggered slip on adjacent faults within

4 days of the earthquake. Most recently, InSAR phase gradient

techniques were used following the 2019 Ridgecrest earthquake

(Xu, Sandwell, and Smith-Konter, 2020; Xu, Sandwell, Ward,

et al., 2020) to reveal slip on hundreds of secondary faults.

However, none of these examples provide documented obser-

vations of slip on secondary faults that persists for weeks, as we

observe following the 2021 Haiti earthquake for feature f–g

north of the main EPGF.

We consider separately examples of shallow creep observed

with InSAR that were triggered by regional or distant earth-

quakes, as opposed to earthquakes on the same fault system.

(Bodin et al., 1994) showed creep on the southern San Andreas

fault triggered by the 1992 Landers, Big Bear, and Joshua Tree

earthquakes using creepmeter observations. The spatial extent

of triggered slip on the southern San Andreas was captured by

InSAR following the 2017 Chiapas earthquake (Tymofyeyeva

et al., 2019), where creepmeters indicated that the timing

corresponded to the passage of seismic waves. Surface slip

was also triggered on the San Andreas fault by the 2010 El

Mayor–Cucapah earthquake (Wei et al., 2011).

These studies taken together illustrate the challenge of

distinguishing slip triggered by dynamic stresses due to the

passage of seismic waves from slip triggered by changes in

the static stress field. Additional observations such as creep-

meters or continuous GPS are required to pin down the timing

of the slip. In Haiti, the continuation of slip on secondary faults

for at least two weeks after the earthquake makes it likely that

the cause could not have been solely dynamic triggering.

Further study of the mechanism for secondary fault reactiva-

tion could include exploration of major aftershocks or distant

events during the later time period. A teleseismic event in Chile

was shown to trigger an increase in seismic tremor on faults in

Haiti and presented some evidence of triggering an increase

in aftershocks (Aiken et al., 2016), so an extended study

following the release of a final earthquake catalog could be

useful.

Douilly et al. (2022) provides detailed cross sections of

relocated aftershocks that define the north-dipping rupture

plane beneath our mapped secondary features f and g. The

scarcity of seismicity above 8 km suggests that our secondary

features may represent surface response to motion or deforma-

tion in the block above the north-dipping fault. The sparse

shallow seismicity may indicate antithetic faults above 8 km

that are favorably oriented with respect to the stress change

of the main shock. The relationship of the seismicity to our

secondary faults should be further investigated.

CONCLUSIONS

The 2021 Haiti earthquake did not rupture the EPGFZ adja-

cent to the 2010 earthquake but skipped over the intervening

Miragoâne segment. InSAR observations provide evidence of

postseismic slip on this unruptured segment following both

the earthquakes. Postseismic deformation following the 2021

earthquake accrued over approximately 40 km to the east of

the rupture on the main strand of the EPGF. In some places,

there was as much as 2 cm of cross-fault displacement. The slip

signal persisted for approximately two weeks following the

earthquake before decaying below the InSAR detection thresh-

old. Deformation following the 2010 earthquake occurred on

the same unruptured EPGF segment and extended from Lake

Miragoâne to about 15 km to the west and occurred at least

4 days after the event. The amount of slip observed on this

unruptured segment is not sufficient to compensate for the

expected accumulated seismic moment in the gap, and there-

fore, the fault remains a significant hazard. In other strike-slip

environments, especially in desert settings, using InSAR to

determine the fault properties of creeping segments and the

degree of coupling contributes to a better understanding of

the hazard associated with potential future ruptures. This study

illustrates the potential for this type of investigation in a tropi-

cal environment.

Secondary fault features revealed by phase gradient tech-

niques indicate complex faulting to the north of the mapped

EPGF. When cross referenced with existing geologic maps,

these features take on new import as reactivated older fault fea-

tures. This reactivation of secondary fault features agrees with

the broad distribution of aftershock relocations north of the

mapped EPGF (Calais et al., 2022) and could indicate fault

complexity or the presence of a blind thrust at depth. The main

fault rupture consisted of dip-slip motion in the east and left-

lateral strike-slip motion in the west (Calais et al., 2022;

Okuwaki and Fan, 2022), similar to the 2010 pattern of rupture

on the Léogane fault (Calais et al., 2010). This produced a pat-

tern of uplift between the EPGF and the secondary fault
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structures that is consistent with the implied direction of

motion from the phase gradient and corresponding LoS defor-

mation maps. The involvement of secondary faults in this rup-

ture requires adjustments to the model of a simple segmented

strike-slip EPGF (Saint Fleur et al., 2020) and indicates that an

accurate description of hazard should include transpression in

a zone surrounding the main EPGF.

Locations with tropical climates and dense vegetation such as

Haiti present a challenge for measuring surface deformation with

InSAR. The longer wavelength of ALOS-2 data complemented

by the frequent acquisitions of Sentinel-1 was a key pairing for

the success of this study. The ability to resolve small-scale defor-

mation features with phase gradient processing using L-band

data in such a vegetated area is an important advance for the

broader application of this technique. Sentinel-1 wrapped phase

gradients have been successfully used to detect slip on secondary

fault features in arid climates, that is, Ridgecrest in the Owens

Valley (Xu, Sandwell, and Smith-Konter, 2020; Xu, Sandwell,

Ward, et al., 2020), Landers (Price and Sandwell, 1998), and

Hector Mine (Sandwell et al., 2000) in the eastern California

shear zone in the Mojave desert. However, this work presents

the first successful application in a vegetated region, which opens

the door to future studies of a larger number of events in a wider

variety of climates. In contrast to the previous studies, the

Sentinel-1 phase gradients over Haiti were largely unable to

resolve deformation features, even when stacking multiple

pairs. The upcoming NASA-ISRO SAR (NISAR) mission should

provide an ideal balance between frequent acquisitions and

long wavelength (L-band) radar observations (Rosen and

Kumar, 2021).

DATA AND RESOURCES

Aftershock locations were calculated by the local Haitian seismic net-

work, Ayiti-Séismes (https://ayiti.unice.fr/ayiti-seismes/, last accessed

May 2022) and Calais et al. (2022). Sentinel-1 Interferometric

Synthetic Aperture Radar (InSAR) data used in this study were col-

lected and distributed by the European Space Agency (ESA) and are

freely available via the Sentinel data hub (http://scihub.copernicus.eu/

dhus, last accessed March 2022). Advanced Land Observation Satellite

(ALOS)-2 InSAR data used in this study were collected by the

Japanese Aerospace Exploration Agency (JAXA) and made available

to the authors under an individual proposal. All interferograms and

derived data products used in this study are made freely and publicly

available at doi: 10.5281/zenodo.6834534 (Yin et al., 2022, last

accessed October 2022) and also at https://topex.ucsd.edu/haiti_7.2/

index.html (last accessed September 2022). The supplemental material

includes three supplemental figures and a more complete description

of the moment deficit calculation referenced in the Discussion section.

Figure S1 shows all Sentinel-1 wrapped phase interferograms during

the 14 August–4 September 2021 time period in sequential pairs.

Figure S2 shows the stacked phase gradient plot for ALOS-2 tracks

A043 and A042 in the range (look) direction. Figure S3 shows an

example of a phase gradient data from Sentinel-1 interferograms that

do not show discernible deformation features.
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