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Complex rupture during the 12 January 2010
Haiti earthquake
G. P. Hayes1,2*, R. W. Briggs1, A. Sladen3, E. J. Fielding4, C. Prentice5, K. Hudnut6, P. Mann7,
F. W. Taylor7, A. J. Crone1, R. Gold1, T. Ito3,8 and M. Simons3

Initially, the devastating Mw 7.0, 12 January 2010 Haiti earthquake seemed to involve straightforward accommodation of
oblique relative motion between the Caribbean and North American plates along the Enriquillo–Plantain Garden fault zone.
Here, we combine seismological observations, geologic field data and space geodetic measurements to show that, instead, the
rupture process involved slip on multiple faults. Primary surface deformation was driven by rupture on blind thrust faults with
only minor, deep, lateral slip along or near the main Enriquillo–Plantain Garden fault zone; thus the event only partially relieved
centuries of accumulated left-lateral strain on a small part of the plate-boundary system. Together with the predominance of
shallow off-fault thrusting, the lack of surface deformation implies that remaining shallow shear strain will be released in future
surface-rupturing earthquakes on the Enriquillo–Plantain Garden fault zone, as occurred in inferred Holocene and probable
historic events. We suggest that the geological signature of this earthquake—broad warping and coastal deformation rather
than surface rupture along the main fault zone—will not be easily recognized by standard palaeoseismic studies. We conclude
that similarly complex earthquakes in tectonic environments that accommodate both translation and convergence—such as the
San Andreas fault through the Transverse Ranges of California—may be missing from the prehistoric earthquake record.

The societal impact of the 12 January 2010 Haiti earthquake
(hereafter referred to as the 2010 Léogâne earthquake, after
the region of principal coseismic uplift) was immense, with

over 230,000 deaths and 8–14 billion dollars in damage attributed
directly to the event1. Much of this impact was centred in the
densely populated and impoverished conurbation of Port-au-
Prince, the capital city of Haiti. The earthquake was an unfortunate
confirmation of previous geodetic and geologic analyses2–4 that
documented the potential for large, damaging earthquakes in
the region. In this study we combine seismological, geologic
and geodetic data to provide a detailed characterization of the
earthquake source. An integrated account of coseismic rupture
helps explain how strain is accommodated along plate-boundary
structures, and will be used to develop realistic seismic-hazard
assessments that will guide rebuilding efforts in Haiti. The tectonic
complexity of this earthquake also provides important lessons for
future analyses of other transpressional tectonic regimesworldwide.

Data
Despite occurring along a well-expressed major fault system, the
2010 Léogâne earthquake is considerably more complex than
preliminary seismological analyses suggested. The US Geological
Survey (USGS) National Earthquake Information Center (NEIC)
located this earthquake at 18.44◦N, 72.57◦W, at a depth of
13 km, with an origin time of 21:53:10 utc and a moment mag-
nitude of Mw 7.0 (http://www.earthquake.usgs.gov/earthquakes/
eqinthenews/2010/us2010rja6/). The global centroid moment ten-
sor (http://www.globalcmt.org/CMTsearch.html) solution for the
event indicates shallow focus, and slip on a steeply dipping
left-lateral strike-slip fault (strike φ = 251◦, dip δ = 70◦, rake
λ= 28◦, moment M0 = 4.7× 1019 Nm). Similar parameters were
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obtained by body-wave moment tensor (φ= 246◦, δ= 74◦, λ= 23◦,
M0= 4.4×1019 Nm) and the W-phase (φ= 249◦, δ= 74◦, λ= 22◦,
M0 = 4.4× 1019 Nm) inversions at the USGS NEIC. The initial
location and mechanism for this event suggested rupture on the
Enriquillo–Plantain Garden fault zone (EPGF), a major left-lateral
fault system that accommodates 7± 2mmyr−1 of relative motion
between the Caribbean plate and Gonâve microplates3,5, part of
the broader Caribbean–North America plate boundary (Fig. 1).
The EPGF is the probable source of several large historic earth-
quakes in the region (National Oceanic and Atmospheric Ad-
ministration (NOAA) National Geophysical Data Center (NGDC);
http://www.ngdc.noaa.gov/hazard/hazards.shtml) including major
events in November 1751 and June 1770. Both caused significant
damage in Port-au-Prince; several hundred fatalities were directly
attributed to the 1770 event (NOAANGDC).

Several lines of seismological evidence show the complex nature
of the 2010 Léogâne earthquake rupture. First, all moment-tensor
solutions by NEIC and the global centroid moment tensor have
a significant non-double couple component (as measured by
the compensated linear vector dipole ratio fclvd, ranging between
0.16 and 0.22 for the three solutions discussed above), indicative
of a complex source composed of two or more subevents on
non-parallel fault structures or in non-synchronous ruptures6.
Second, a single-plane finite fault model (Supplementary Fig. S1)
derived from teleseismic body- and surface-wave data further
suggests source complexity: inversions indicate a peak slip of
∼6.0m updip and close to the hypocentre, with significant slip
extending∼25–30 kmwest of the hypocentre and a complex pattern
of lateral and thrust motion. Finally, the aftershock distribution
from initial teleseismic locations, and from events located by
an array of postearthquake portable instruments, are consistently
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Figure 1 | Tectonic setting of the 2010 Léogâne earthquake. The inset shows the broad configuration of the Caribbean–North America plate boundary in
the region of Hispaniola, with major faults (red) and the relative-plate-motion vector (arrow). The main panel shows the epicentral region of the 12 January
2010 earthquake. Aftershocks (yellow circles), sized by magnitude, and CMT solutions are shown at their NEIC locations. The surface projection of
coseismic slip on each major subfault is coloured and contoured (dashed lines) by slip amplitude, at 50 cm intervals. The approximate location of the EPGF
is shown in red. Numbered blue squares represent major population centres: 1= Port-au-Prince, 2= Léogâne, 3= Port Royal.

offset from the main EPGF, which dips steeply to the south
where observed near the epicentre7. Preliminary moment-tensor
solutions for aftershocks8 (Fig. 1) indicate northwest/southeast-
oriented thrust motions, in contrast to the dominantly strike-slip
mechanism of the mainshock. The diffuse distribution of the
aftershocks, which are located primarily at the western margin
of the region of significant slip identified in this study and
the region of coseismic deformation imaged by interferometric
synthetic aperture radar (InSAR), suggests that most of these
events reflect triggered slip on minor faults that form part of
a complex fault system, rather than defining the mainshock
coseismic rupture zone.

The InSAR-derived surface-deformation field demonstrates that
rupture was not confined to simple strike-slip on the EPGF.
Instead, combinations of ascending and descending Advanced Land
Observation Satellite phased-array-type L-band synthetic aperture
radar (PALSAR) interferograms, which isolate the vertical (Fig. 2,
main panel) and east (Fig. 2e) components of deformation, show
a broad uplift pattern centred north of the EPGF. Uplift extends
across the Léogâne fan delta (and presumably offshore) and a broad
subsidence trough is centred on the mountains of the Massif de la
Selle, with the line of zero change located several kilometres south of
the inferred surface trace of the EPGF. Curiously, an approximately
12-km-wide patch of east-directed motion occurs directly north
of the EPGF towards the eastern end of the rupture (Fig. 2e),
which is inconsistent with simple left-lateral slip on the EPGF and
a further indication of source complexity. The descending track
wrapped interferogram (Supplementary Fig. S9) shows that rupture
extended 40 km to the west of the hypocentre and the continuity of
fringes across the EPGF indicates that no significant surface rupture
occurred on the fault system.

Field observations confirm that no primary surface rupture
occurred on the main EPGF; instead, the primary geologic signal

is broad regions of uplift and subsidence that are particularly
well expressed along the coast (Fig. 2, Supplementary Fig. S2).
Elevated coral reefs along 55 km of coastline from Gressier to
Port Royal record as much as 0.64± 0.11m of coseismic uplift
(Fig. 2a,c,d). We observed uplift primarily using microatolls of the
species Siderastrea siderea and the genus Diploria, which function
as natural tide recorders9,10. Extensive shaking-induced spreading
and slumping of unconsolidated coastal deposits is superimposed
on the tectonically raised coast, causing complex patterns of
uplift overprinted with local subsidence (Fig. 2b,d). True tectonic
subsidence of the coastline is restricted to a 3-km-long section west
of Petit Goâve that was dropped by<20 cm. A comparison of uplift
values from coral and beach geomorphic measurements and the
vertical component of deformation derived from InSAR (Fig. 2)
shows good agreement.

Joint-inversion rupture model
To integrate the seismologic, geodetic and geologic observations,
we develop a detailed rupture model based on a joint inversion
of InSAR, coral measurements and teleseismic body-wave data
(see Methods). The preferred model requires slip on three faults
to recreate the principal geodetic and seismologic features of
the rupture (Fig. 3).

The broad uplift bulge north of the EPGF across the Léogâne
fan delta (Fig. 2) is best fitted by a 55◦ N-dipping blind thrust fault
(Fig. 3, fault B), called herein the Léogâne fault. Slip on the Léogâne
fault accounts for the coastal uplift fromGressier to Petit Goâve and
reproduces the broad subsidence trough observed in themountains
to the south. The western end of the fault is constrained by the hinge
line of zero uplift in Petit Goâve identified by field geologic studies.
This fault is responsible for about 80% of the moment released
during the event, and the inversion predicts maximum slip of
approximately 3.5m. A south-dipping fault can also fit the observed
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Figure 2 |Observed coastal uplift and vertical-deformation signal from InSAR. Circles denote observation points, sized and coloured by their amounts of
uplift (blue denotes subsidence). The white star represents the NEIC hypocentre. Major population centres are shown with white squares
(PaP= Port-au-Prince). The colour map represents the vertical component of ground motion from the sum of the ascending and descending
interferograms. The approximate location of the EPGF is shown in red. a, Siderastrea siderea microatoll uplifted by 0.64±0.11 m at Beloc site. Coral
die-down was 0.45 m at the time of measurement. b, Deep fractures caused by lateral spreading along the coast at Bellevue. c,d, Images of patch reef
adjacent to Beloc before the earthquake (c) in 2005 (Digital Globe) and after the earthquake (d) in January 2010 (Google). In d the bleached uplifted reef
reflects tectonic uplift whereas extensive lateral spreading along the coast has caused localized secondary subsidence. e, Estimates of the east component
of the ground motion from the difference of the ascending and descending interferograms.

surface-uplift pattern, but less successfully fits the broad subsidence
trough south of the EPGF and the left-lateral motion identified by
seismology (Supplementary Fig. S5); nor does such a model explain
well the observed coseismic observations fromGPS studies11.

The Léogâne fault is geometrically consistent with the overall
style of faulting in the Central Haiti fold-and-thrust belt12.
However, a single north-dipping thrust fault does not account for
the patch of east-directed movement north of the EPGF at the
eastern end of the rupture, mentioned above. This small patch
of surface motion, which is opposite to the long-term left-lateral
displacement on the EPGF, is best modelled by a 45◦ south-
dipping fault that has a maximum slip of approximately 1.5m.
The south-dipping geometry implies that a transfer zone exists
between this fault and the blind thrust fault (the Léogâne fault),
which approximately aligns with the sharp topography between the
Léogâne fan delta and themountains to the east (Fig. 1).

Seismologic data suggest that part of the rupture occurred as
left-lateral slip along a steeply dipping fault (Supplementary Figs S1,
S11, S12), a signal that is not apparent from geodetic data alone. The
most likely source of this slip is a fault similar in orientation and
strike to the 70◦ south-dipping EPGF (ref. 7). Because the EPGF has
a complex surface expression in the rupture area7, we model slip on

a plane striking 83◦ that has an average orientation similar to that of
the EPGF. Thismodelled fault has amaximumslip of approximately
2.2m and mainly occurs at depths below 5 km. Including this fault
in the inversion helps explain the steep deformation gradient (tight
curvature and closely spaced InSAR fringes) near the EPGF, and
also helps reproduce the non-double couple component in the event
moment tensors (Supplementary Fig. S11). The limited resolution
of our analysis prevents us from determining whether the EPGF, or
an unmapped, subparallel and blind fault or series of faults, is the
source of the deep left-lateral slip.

A puzzling geologic aspect of the 2010 Léogâne earthquake
rupture is the occurrence of 2.5 km of continuous, east/west-
trending, apparent tectonic fracturing and warping near Port
Royal that has normal-slip offsets up to 15 cm but no lateral
displacement7. Residents report that the cracks appeared on 12
January; however, the feature does not clearly align with breaks in
the InSAR interferogram fringes, nor is the normal sense of motion
clearly represented in the seismologic source or aftershock moment
tensors. Because of ambiguity associated with these fractures, and
the possibility that they are associated with triggered slip or an
early aftershock, we do not attempt to model them as part of the
mainshock rupture source here.
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Figure 3 | Three-dimensional view of proposed fault geometry for Léogâne earthquake rupture. View to the northwest. Thick solid lines are the surface
projection of each fault. Dash–dot lines link planes to cross-sectional projections of their slip distributions. Arrows represent the slip direction, scaled by
amplitude, for each fault. Rupture initiates on the steep EPGF (A) at the earthquake hypocentre (star), extending to the west. The backside of the shallowly
north-dipping blind thrust (Léogâne fault, B) is visible near the hypocentre and to the west. Rupture also occurs on a south-dipping structure to the east of
the hypocentre (C), whose surface projection occurs north of the peninsula coastline. On each fault plane, black dashed lines are isochrons of the
earthquake rupture, in 2 s increments (6 s contour labelled for reference). PaP= Port-au-Prince, L= Léogâne, PG= Petit Goâve, G= Ile de la Gonave.

Hidden earthquakes and future hazard
Aprimary question that arises from the observations presented here
is whether any part of the 2010 Léogâne earthquake involved slip
on the EPGF. The broad uplift bulge north of the EPGF (Fig. 2)
and lack of surface rupture on the main fault zone imply that
most, and possibly all, of the slip occurred on subsidiary faults.
The InSAR-derived surface-deformation field can be adequately
modelled by one or more shallow, blind thrust faults. However,
information from the seismic wavefield (Supplementary Fig. S8)—
in particular the occurrence of left-lateral slip on a steeply dipping
structure and the complexity in themoment tensor solutions for the
event (Supplementary Fig. S11)—indicate that some portion of the
rupture occurred as deep lateral motion on a steeply dipping fault,
perhaps the EPGF or a nearby subparallel structure, in addition to
slip on thrust faults to the north. If the EPGF was involved in this
rupture, then it contributed only a small amount of deep lateral slip.
The primary mode of deformation on the EPGF is left-lateral slip
as identified by surface geologic observations7 and did not occur
on 12 January.

Integration of the geodetic and seismologic data further
demonstrates that the 2010 Léogâne earthquake relieved only
limited shear strain across the broad EPGF system (Fig. 4). The
relative amounts of horizontal and vertical moment release along
the source faults imply along-strike (that is, horizontal) moment
release of 2.71×1019 Nm, and along-dip (that is, vertical ÷ cosδ)
moment release of 2.86× 1019 Nm. If the EPGF has a horizontal
slip rate of 7mmyr−1, it accumulates 3.15×108 Nmofmoment per
year per m2 of fault area, using a shear modulus of 45GPa (derived
using the slip inversion subfault moment-weighted average). The
total area of significant slip (both horizontal and vertical) in our
model is approximately 6.9× 108 m2. Using this area and annual

rate, it takes roughly 125 years to accumulate the amount of
horizontal moment released in this earthquake. Partitioning this
total area by the same ratio with which moment release is resolved
into horizontal and vertical components, this time is approximately
250 years. This estimate is approximately equal to the time that has
elapsed since themost recent large earthquakes along this fault zone
(1751 and 1770), and implies that, at least over the 25×10 km patch
of deep fault area where lateral slip was focused, strain accumulated
since the most recent set of events has been completely relaxed.
However, over the shallow section of the faults where slip either did
not occur or was predominantly vertical, significant accumulated
strain remains (Fig. 4). This accumulated shear strain is equivalent
to about 2–3m of slip, over an area of approximately 30 km×5 km.
If released in one earthquake, this would result in an Mw 6.6–6.8
event, manifesting the surface slip missing in the 2010 Léogâne
earthquake. If such a rupture were to propagate to neighbouring
sections of the EGPF to the west and east that did not slip in
2010, including the fault directly adjacent to Port-au-Prince, an
earthquake larger than the 2010 event is certainly possible.

Information from the seismic wavefield also helps to discrimi-
nate the order of rupture of the dominant faults in our favoured
kinematic inversion (the EPGF-like structure and the Léogâne fault,
A and B in Fig. 3 and the following text). The first-motion focal
mechanism for this earthquake (Supplementary Fig. S12) indicates
that left-lateral strike-slip motion preceded any thrust motion; the
presence of dilatational observations to the north and northwest of
the epicentre cannot be matched by a thrust mechanism with a 55◦
dip to the north. From a Coulomb-stress-transfer perspective, this
scenario is less favourable than the opposite (Supplementary Fig.
S6c), in which slip on fault B triggersmotion on fault A, unclamping
the deep section of fault A to slip with left-lateral motion, and
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Figure 4 | Plate-boundary moment release. Cross-sectional projections of the amount of horizontal plate-boundary moment released during the 2010
Léogâne earthquake, as a percentage of the moment accumulated since 1770, based on our preferred rupture model for the earthquake. Fault planes A, B
and C correlate to the steeply south-dipping EPGF fault trace, the more shallowly north-dipping fault most dominant in the earthquake rupture and the
eastern, south-dipping 45◦ thrust structure, respectively (also shown in Fig. 3).

clamping its shallow section where we observe no surface rupture.
The lack of positive Coulomb-stress changes imposed by left-lateral
slip on fault A, and resolved onto the blind thrust fault B (Supple-
mentary Fig. S6a,b) argue that, over the short timescale of this rup-
ture, dynamic stresses play the driving role in rupture propagation
over the∼10 km from the EPGF-like structure to the Léogâne fault.

The complexity of this event invites comparison with other
global transpressional earthquakes whose rupture processes
include simultaneous or near-simultaneous motion on strike-slip
and thrust structures. These types of event include the 1957
Gobi-Altay, Mongolia, earthquake13 (M 8.1), the 1988 Spitak,
Armenia, earthquake14 (Mw 7.8), the 1989 Loma Prieta, California,
earthquake15 (Mw 6.9), the 1997 Zirkuh, Iran, earthquake16
(Mw 7.2), the 2002 Denali, Alaska, earthquake17 (Mw 7.9),
the 2003 Bam, Iran, earthquake18 (Mw 6.6) and the 2008
Wenchuan, China, earthquake19 (Mw 7.9). The relatively common
occurrence of these types of event and the large amounts
of damage many have caused suggest that such complexity
is not uncommon, despite being difficult to incorporate into
hazard analyses. This issue is particularly relevant to southern
California, where thrust faults of the Transverse Ranges parallel
and abut the San Andreas fault, and may rupture simultaneously
with, be triggered by or trigger slip on the San Andreas in
a major earthquake20. Given that the Haiti earthquake joins
a long list of complex ruptures in transpressional regimes,
future models of earthquake hazards in similar settings might
do well to regard multifault and blind ruptures as typical,
rather than unusual.

The 2010 Léogâne earthquake will not leave a clear geological
record that will be easily recognized by standard paleoseismic
techniques because surface deformation was broadly distributed
and surface rupture did not occur on the primary plate-boundary
structure. Slip during this event caused uplift in areas of clear
long-term subsidence while depressing high topography, implying
that this type of event is either atypical, or indicates a modern
reorganization of the fault system. Off-fault records of earthquake
recurrence, such as multiple upraised dissolution or bioerosion
notches along the coast (Supplementary Fig. S3) or evaluation

of liquefaction features, may reveal a recurrence history for
2010-type events. Indirect palaeoseismic techniques like this are
not usually applied to major, through-going strike-slip systems
such as the EPGF, but they may reveal evidence of previously
unrecognized, large earthquakes caused by off-fault deformation in
similar tectonic settings.

Methods
We model the earthquake source as a rupture front of finite width propagating on
two-dimensional planar fault segments21. We use a simulated-annealing algorithm
to search for the combinations of slip amplitude, rake angle, rupture velocity and
rise-time at each subfault element that best explains the teleseismic records, uplift
observations and InSAR images of the event22. To improve the robustness and
the efficiency of this optimization problem, the seismic data are decomposed in
the wavelet domain, and the error function is defined as a combination of an L1
and an L2 norm. We also apply a Laplacian smoothing operator to reduce the
dimensions of the parameter, thereby compensating for limitations in the data.
For each inverted fault plane, the rake angle is constrained to be between 0◦ and
60◦ (global centroid moment tensor rake ±30◦) on the steep south-dipping fault
segment, and between 0◦ and 90◦ (increased to enable thrust motion) on the
shallower north- and south-dipping fault segments. The rupture velocity is allowed
to vary between 2.8 and 3.2 km s−1. The shallowest cells on each fault plane are
constrained to have zero slip to match the observed lack of surface rupture. The
teleseismic dataset is made up of 21 P and 16 SH broadband waveforms, bandpass
filtered from 2 s to 100 s, selected from the Global Seismographic Network on the
basis of the quality of their signal-to-noise ratios and their contributions to even
azimuthal coverage. Details of the InSAR data, inversion methods and field studies
are given in Supplementary Information.
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