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Abstract on2s January 2020, an earthquake of moment magnitude 7.7 ruptured the Oriente transform Andrea Lieros

fault along the northern edge of the Cayman Trough, west of Cuba. It is the largest magnitude strike-slip event Handling Editor-
of the instrumental seismology era along the northern Caribbean plate boundary. We use local, regional, Meng (I\/Talt) Wei
and global seismic waveforms and coseismic geodetic offsets, to produce high-resolution rupture models for Copy & Layout Editor:
both the low-frequency (~0.02 Hz) and high-frequency (~1 Hz) components of the rupture using a finite fault ' '
kinematic inversion and back-projection imaging, respectively. We document a rupture that propagated pre-
dominantly unilaterally westward, with an initial phase at subshear speed for 20-30 s and over 40 to 50 km,
followed by an acceleration to supershear speed that persisted to the western end of the rupture, for 40 s and
over about 200 km. Supershear rupture speed is consistent with low aftershock production in numbers and
moment release. The rupture followed a very linear, unsegmented portion of the Oriente fault that had not
experienced significant seismic activity for at least a century. Observational evidence and models indicate
that the 28 January 2020, M,, 7.7 earthquake, supershear over most of its length, had a smooth rupture pro-
cess along a simple linear fault segment where earthquake nucleation is infrequent and interseismic locking
depth shallow. These two characteristics, which translate into the accumulation of large amounts of interseis-
mic stress, may explain this unusually large supershear event.
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1 Introduction (USGS, 2020) indicates that this event likely ruptured

the Oriente fault (Figure 2), a major left-lateral strike-

The 28 January 2020, M,, 7.7 earthquake along the
northern edge of the Cayman Trough west of Cuba (Fig-
ure 1) is the largest magnitude strike-slip event recorded
in the instrumental seismology era along the north-
ern Caribbean transcurrent plate boundary. It sur-
passes the 4 February 1976, M, 7.5 Guatemala earth-
quake along the Motagua fault (Plafker, 1976), as well
as the more recent 2009, M,, 7.3 (Graham et al., 2012),
2018, My, 7.5 (Cheng and Wang, 2020), and 2025, My, 7.6
(USGS, 2025) events on the Swan fault. Its estimated
rupture length is approximately 300 km, with a downdip
width of 20 km - hence involving a complete rupture
of the crust - a coseismic slip reaching 4 m, and a mo-
ment magnitude reported between 7.7 (USGS, 2020) and
7.8 (GEOSCOPE, 2021). The source mechanism is pre-
dominantly strike-slip, with one nodal plane parallel to
the plate boundary strike. Initial finite fault modeling

*Corresponding author: eric.calais@ens.fr

slip fault that delineates the shallow, locally emerg-
ing, Cayman Ridge from the 5000-7000 m-deep Cayman
Through (Bowin, 1968; Perfit and Heezen, 1978). This
is consistent with most other focal mechanisms on the
Oriente fault from its intersection with the mid-Cayman
spreading center, to the western end of eastern Cuba
(Perrot et al., 1997; vanDusen and Doser, 2000; Moreno
et al., 2002). Interestingly, this earthquake ruptured a
segment of the Oriente fault that had not experienced
significant seismic activity for at least one century, as
shown in Figure 1B by the lack of M>6 earthquakes
along its rupture.

Tadapansawut et al. (2020), through an analysis of
teleseismic P-waveforms, contend that this event had
a complex rupture geometry and included portions oc-
curring at supershear velocities. In a global survey of
supershear earthquakes between 2000 and 2020, Bao
et al. (2022) identified this earthquake as supershear
over most of its rupture length using two independent
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methods: teleseismic back-projection imaging and far-
field Rayleigh Mach wave analysis. The event triggered
asmall but region-wide tsunami, detected at tide gauges
on Grand Cayman Island, as well as at the northeast tip
of the Yucatan peninsula, about 500 km from the rup-
ture, caused by the combination of small coseismic re-
verse faulting and submarine landsliding near the Cay-
man Islands, according to Xu et al. (2022).

In this study, we use local, regional, and global seis-
mic waveforms, along with local and regional coseis-
mic geodetic offsets, to determine the rupture mech-
anism of the 28 January 2020 Cayman Trough / Ori-
ente Fault earthquake. We perform a joint inversion of
seismic and space geodetic data to derive a finite-fault
solution, employing the methodology outlined by De-
louis et al. (2002). We also image the rupture at high
frequency using the MUSIC back-projection technique
(Meng et al., 2012), incorporating slowness calibration
through dense seismic networks located in Alaska and
Europe. By leveraging this extensive dataset, we pro-
duce high-resolution rupture models for both the high-
frequency (~1 Hz) and low-frequency (~0.02 Hz) com-
ponents of the rupture. Collectively, our data and mod-
els indicate a rupture that propagates predominantly
unilaterally westward and transitions from sub-shear to
supershear after about 20 seconds.

2 Seismotectonic setting

The Caribbean region and Central America constitute
a small lithospheric plate situated between the large
North and South American plates (Figure 1), currently
moving east relative to both at a rate of 18 to 20 mm/year
(deMets et al., 2000; Symithe et al., 2015). This study fo-
cuses on the central section of the northern boundary of
the Caribbean plate, which was the locus of the M,, 7.7,
28 January 2020 earthquake (Figure 1). In this area, the
Caribbean-North America plate boundary is marked by
the Cayman Trough (Bowin, 1968; Perfit and Heezen,
1978; Holcombe and Sharman, 1983), a pull-apart basin
bounded to the north by the Oriente fault and to the
south by the Swan, Walton and Enriquillo-Plantain Gar-
den faults, from west to east (Mann and Burke, 1984).
The Cayman Trough has been undergoing accretion of
oceanic crust for approximately 45-50 million years at
the ultra-slow mid-Cayman Spreading Center (MCSC)
(Leroy et al., 2000; Hayman et al., 2011). Seismic, grav-
ity, and magnetic data indicate a 3-6 km-thick oceanic
crust in the central portion of the Cayman Trough, jux-
taposed to the west and east with a 20-30 km-thick ex-
tended island arc crust (Rosencrantz et al., 1988; Leroy
et al., 1996; tenBrink et al., 2002; Peirce et al., 2022;
Moreno et al., 2023).

To the south and west, the MCSC connects to the left-
lateral Swan fault (Rosencrantz and Mann, 1991), which
was the locus of an M,, 7.3 earthquake on January 10,
2010 (Graham et al., 2012). To the north and east, it
connects with the Oriente fault (Mann and Burke, 1984),
where earthquake focal mechanisms indicate pure left-
lateral strike-slip motion from the MCSC to the south-
ern margin of Cuba (Perrot et al., 1997). At this loca-
tion, the fault trace slightly changes direction, coinci-
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dent with transpressional structures along the south-
ern margin of eastern Cuba (Calais and de Lépinay,
1991). There, earthquake focal mechanisms show a
combination of thrust and strike-slip faulting, strik-
ingly different from the uniform population of pure
strike-slip faulting events observed to the east along
the Cayman Ridge segment of the Oriente fault (Calais
et al., 1998; vanDusen and Doser, 2000; Moreno et al.,
2002). Kinematic models derived from GPS measure-
ments throughout the Caribbean predict a slip rate of
approximately 10 mm/year on the Oriente fault (Ben-
ford et al., 2012; Symithe et al., 2015). In a recent study
based on GPS data in Cuba and the Cayman Islands,
Calais et al. (2023) argue that the Oriente fault locking
depth varies from about 25 km along the southern mar-
gin of eastern Cuba to less than 5 km along the Cayman
Ridge segment of the Oriente fault.

The bathymetry of the segment of the Oriente fault
that ruptured during the 28 January 2020 earthquake is
illustrated in Figure 2. The Oriente fault follows the
base of a major submarine escarpment that separates
the Cayman Ridge and its associated islands from the
Cayman Trough, with an elevation differential slightly
exceeding 7,000 m. The south-facing slope of the Cay-
man Ridge exhibits irregularities, with a series of slope-
parallel flats and slope-normal valleys. Dredging along
the Cayman Ridge slope brought metamorphic and plu-
tonic rocks from the late Cretaceous to the Paleogene,
along with volcanic and volcaniclastic rocks of unde-
termined age (Perfit and Heezen, 1978). These materi-
als bear resemblance to those found on land within the
Northern Caribbean region, where they delineate a Cre-
taceous to Paleocene orogenic belt commonly referred
to as the “Great Arc of the Caribbean” (Burke, 1988).

The toe of the Cayman Ridge escarpment is charac-
terized by a narrow, flat-bottom basin approximately
20 km in width and 200 km in length (Figure 2), contin-
uous to the east with the Cabo Cruz basin and the Ori-
ente Deep (Calais and de Lépinay, 1991). It was iden-
tified early on by Taber (1922) as “a series of elongated
depressions containing four of the deepest soundings ob-
tained in these waters”, hence deeper than the floor of
the Cayman Through, which was then named “Bartlett
Trough”. Modern bathymetry indeed shows that this
elongated basin is bounded to the south by a 2,000 m-
high north-facing escarpment that separates it from
the floor of the oceanic portion of the Cayman Trough.
This narrow, flat-bottom basin is likely filled with re-
cent sediments derived from both the Cayman Ridge to
the north and the Cayman Trough to the south. The
basin floor exhibits a series of narrow ridges aligned
parallel to its strike, each 2-5 km-wide and 30-50 km-
long, rising up to 300 m above the basin floor, and show-
ing a left-stepping en échelon configuration (Figure 2).
These structures are similar to pressure ridges formed
along left-lateral strike-slip faults (Wilcox et al., 1973;
Sylvester, 1988). They likely materialize the current ac-
tive surface trace of the Oriente fault, which is therefore
linear and unsegmented along this 200 km-long Cay-
man Ridge segment of the plate boundary.

To the east, this basin connects to the Cabo Cruz pull-
apart basin (Calais and de Lépinay, 1991), which was
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Figure 1 Seismotectonic and plate kinematic setting of the Northern Caribbean plate boundary. A: Large (M>7) earth-
quakes in the Northern Caribbean. The 28 January 2020, M,, 7.7 Cayman Trough earthquake is the largest magnitude strike-
slip event of the instrumental seismology era in this region. Historical earthquakes are from tenBrink et al. (2011) and Hough
et al. (2023). B: 1978 to 2023 seismicity along the Northern Caribbean plate boundary according to the USGS/NEIC catalog,
with magnitude greater than 3. Note the earthquake gap along the Oriente Fault from the epicenter of the January 28 earth-
quake westward. C: source mechanisms for earthquakes with M, >6, according to the gCMT catalog. Note the transition from
shallow strike-slip events and fault-parallel kinematics west of ~74°W, to a combination of strike-slip and plate-boundary-
shortening east of that longitude. D: GNSS-derived velocities with respect to the Caribbean plate at selected sites, from Calais
et al. (2023) OF:Oriente fault, WP: Windward Passage, SF: Septentrional fault, EPG: Enriquillo-Plantain Garden fault, NHF:
North Hispaniola fault, PRT: Puerto Rico trench, MT: Muertos trench, CSC: Cayman spreading center, PR: Puerto Rico.

the epicenter of a M,, 6.9 earthquake in 1992 (Perrot et al., 2022). The trench bordering this ridge on the
et al., 1997). To the west, it bifurcates into two nar- south side extends approximately 100 km westward to
row trenches on their side of an elongated ridge (Peirce connect with the MCSC and likely represents the west-
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Figure 2 Bathymetry of the segment of the Oriente fault that ruptured during the 28 January 2020, earthquake (GEBCO,
2024) The active trace of the Oriente fault is marked by narrow en échelon ridges that cut through the center of a narrow,
about 7,000 m deep, flat-bottom basin along the toe of the Cayman Ridge. It connects to the east with the Cabo Cruz pull-
apart basin. The fault segment used in the kinematic slip inversion is bounded by two white brackets. The earthquake source
mechanism (USGS) and its hypocenter surface projection as determined by the slip inversion are indicated.

ward continuation of the active trace of the Oriente
fault. Dredging along the north facing scarp that delin-
eates the southern boundary of this basin yielded sam-
ples of serpentine and serpentinized peridotites from
the oceanic portion of the Cayman Trough (Perfit and
Heezen, 1978).

3 Methods

3.1 GPS data analysis and coseismic offsets

The GPS data used here to determine coseismic offsets
come from (1) open-access, continuous Caribbean sta-
tions part of the IGS (Johnston et al., 2017) and CocoNet
networks (Braun et al., 2012), (2) restricted-access, con-
tinuous GPS data in Cuba and Jamaica, and (3) cam-
paign GPS data from Cuba and Jamaica. Campaign
post-earthquake GPS data were acquired in Jamaica on
March 13-19, 2020. In Cuba, they were acquired in sev-
eral batches spanning April to December 2000, as logis-
tical conditions did not allow for early measurements
at all the sites. We processed Caribbean-wide and Cuba
data using the GAMIT-GLOBK software (Herring et al.,
2015) and Jamaica data using the GIPSY-OASIS software
(Zumberge et al., 2007) following well-established pro-
cedures described, for instance, in Symithe et al. (2015)
and Ellis et al. (2018).

We calculate coseismic offsets at continuous stations
from the difference in site coordinates by averaging
their positions for five days before the earthquake and
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five days after it, as illustrated in Supplementary Fig-
ure 1 (bottom). This is meant to minimize the effect of
postseismic deformation, while averaging position over
a long enough time interval to gain precision. For cam-
paign sites, we use two approaches. In Jamaica, where
the campaign sites were occupied 4 to 8 times over the
10 to 19 years preceding the earthquake, we compute
pre-earthquake site positions by a least-squares fit of
a slope to the pre-earthquake data that we extrapolate
up to the date of the event. In Cuba, as campaign sites
have at most two pre-earthquake observation epochs,
estimating an interseismic velocity would lead to sig-
nificant errors in the calculation of coseismic offsets.
We therefore use interseismic velocities from the kine-
matic block model of Symithe et al. (2015), which ac-
counts for plate and block rigid rotations and interseis-
mic strain accumulation on locked faults. We fit this
slope to pre-earthquake data and extrapolate it up to the
date of the event to obtain pre-earthquake site positions.
In Cuba and Jamaica, we compute post-earthquake site
positions by fitting interseismic velocities - observed
for Jamaica, derived from a kinematic model for Cuba
- to post-earthquake data and interpolating the slope
back to the date of the earthquake. We calculate the
coseismic offset uncertainties as the square root of the
sum of the pre- and post-earthquake site position uncer-
tainties. Examples of coseismic offset determinations
at campaign sites are shown in Supplementary Figure
1 (top). Coseismic offsets from campaign stations may
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Figure 3 Map of horizontal coseismic offsets derived from GPS time series, as described in the text. The coseismic slip
distribution estimated in the finite fault kinematicinversion is shown in color along the modeled rupture. Note the discernible
coseismic offsets consistent with the rupture kinematics in the far-field of the rupture, including in the Bahamas (<4 mm),

Yucatan (~4 mm), and Colombian Basin (2-3 mm).

be affected by postseismic deformation. However, com-
parisons of coseismic offsets between continuous and
campaign sites that are nearly co-located show no sig-
nificant difference.

Figure 3 shows the estimated horizontal coseismic
offsets at GPS sites, and numerical values in the east,
west and north directions are provided in Supplemen-
tary Table 1. They are consistent with expectations from
a left-lateral strike-slip earthquake. In the near-field of
the rupture, we observe horizontal offsets ranging from
6 to 17 cm on the Cayman Islands. Coseismic offsets
are clearly visible in Cuba, all the way to Havana (site
HAVA), with an offset of 4 mm. Discernible coseismic
offsets are visible in the far field of the rupture, includ-
ing in the Bahamas (<4 mm, sites CN14, CN53, CN13),
Yucatan (~4 mm, sites UNPM, TGMX), and Colombian
Basin (2-3 mm, sites SANO, CN35). Coseismic offsets
at campaign sites in Cuba and Jamaica are not as pre-
cisely determined as at continuous ones, but are gen-
erally consistent with nearby continuous sites. Offset
uncertainties are particularly large in Cuba, as the cam-
paign sites were observed at most twice in the 3 years
preceding the earthquake. Coseismic offsets in Hispan-
iola (Haiti and the Dominican Republic) are not signifi-
cantly different from zero, as the island lies within the
alignment of the earthquake rupture strike.

5

3.2 Finite fault kinematic model
3.2.1 Seismic waveform data

Teleseismic data, henceforth referred to as TELE, con-
sist of broadband P (vertical) and SH (horizontal trans-
verse) displacement waveforms that we deconvolved
from the instrument response, then bandpass filtered
from 0.01 to 0.8 Hz for P-waves and 0.01 to 0.4 Hz for
SH-waves. The analysis incorporates a total of 18 P-
waves and 17 SH-waves collected from global stations
situated at distances ranging from 30° to 90° relative
to the mainshock epicenter (Supplementary Figure 2a).
We compute synthetic waveforms using the method of
Nabelek (1984). To accurately characterize the source
area associated with the teleseismic waves, we use a
one-dimensional velocity model that is a slight simpli-
fication of the CRUST2.0 model (Supplementary Table
2).

Regional broadband and strong motion records,
hereafter referred to as RBBSM, contain the full wave-
forms from the P to the surface waves with their North-
South (NS), East-West (EW), and vertical components.
We selected 14 stations located at distances ranging be-
tween 140 and 1200 km from the rupture over a wide
range of azimuths to the epicenter (Supplementary Fig-
ure 4b). The signal processing procedure involved am-
plitude correction via the sensitivity factor, elimination
of the pre-event mean amplitude, double integration to
obtain displacement, and bandpass filtering. We var-
ied the low-frequency cutoff between 0.005 and 0.01 Hz
based on the amount of long-period noise at each sta-
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tion after double integration. Similarly, we varied the
high-frequency cutoff between 0.03 and 0.08 Hz, con-
tingent upon signal complexity and the feasibility of
accurately modeling the waveforms using a simplified
velocity structure. Synthetic seismograms were gener-
ated with the wavenumber integration method of Bou-
chon (1981), using the one-dimensional velocity model
of Moreno et al. (2002) for the southern Cuban margin
(Supplementary Tables 6 and 7).

We also used data from strong motion stations LCCY
and FSCY located on the Cayman Islands, about 50 km
from the earthquake rupture (Supplementary Figure
4b). However, we observed inconsistencies when these
data were jointly inverted with those from the TELE
and RBBSM stations. We analyzed and modeled the
waveforms from these two stations for other earth-
quakes in the Caribbean and at teleseismic distances
and found the same inconsistencies. Through compar-
ative analysis with adjacent stations, examination of P-
wave particle motion, and testing of various correction
approaches, we determined that for both stations the
North (N) and East (E) components had been inverted
and that the amplitudes of the N, E, and vertical (Z) com-
ponents were too large by a factor of about 2. An illus-
trative comparison with nearby broadband stations for
a teleseismic event is presented in Supplementary Fig-
ure 2.

Our analysis indicates that both the broadband and
strong motion records at LCCY and FSCY exhibit similar
issues, as evidenced by their nearly perfect correlation
between the integrated HN record (acceleration sensor)
and the corresponding HH channel (velocity sensor)
for the same component, following appropriate adjust-
ments for instrument sensitivity. To further substanti-
ate our findings, we conducted a comparison between
the static displacement derived from the double integra-
tion of the horizontal strong motion records at station
LCCY and the coseismic static offset recorded at the co-
located GPS station LCSB. The results show good agree-
ment, contingent upon exchanging the N and E compo-
nents of LCCY and scaling them by a factor of two, as
shown in Supplementary Figure 3.

Ultimately, we decided to incorporate stations LCCY
and FSCY into the finite fault inversions after inter-
changing their N and E components and halving their
amplitudes. We assigned these stations a weight re-
duced by a factor of ten relative to the other ones. Given
that LCCY and FSCY are situated significantly closer to
the rupture compared to the others, their amplitude -
consequently their respective contribution to the root
mean square (RMS) misfit function - remains substan-
tial in the inversion process, notwithstanding the ap-
plied down-weighting factor.

3.2.2 Modeling procedure

We develop a kinematic slip model by inverting the GPS-
derived static coseismic offsets and seismic waveforms
described above, utilizing the nonlinear multiple win-
dows method of Delouis et al. (2002). The spatial dis-
tribution of the GPS and seismic data is shown in Sup-
plementary Figure 4. We model the rupture as a rect-
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angular area 405 km in length and 32 km in width, with
a strike of N78° and dipping 89° to the south. This ge-
ometric configuration is consistent with the moment
tensor solutions documented for the earthquake (e.g.,
USGS, 2020; GEOSCOPE, 2021). The rupture is parti-
tioned into subfaults with a size of 15 km along-strike
and 8 km along-dip. These subfaults serve as rectangu-
lar dislocation surfaces to calculate static surface dis-
placements at the GPS stations, and their centers act as
point sources for seismic waveform calculations. We re-
fined the fault geometry parameters - azimuth, dip an-
gle, dimensions, and fault location - through a series
of inversions aimed at reaching an optimal fit to obser-
vational data. Furthermore, we allow for variations in
rake of +-50° around the pure left-lateral strike-slip value
of 0°.

The local source time function associated with each
point source is represented by the sum of three overlap-
ping isosceles triangular moment rate functions, each
with a total duration of 8 s. The rupture onset times
Tonset along the fault are limited by the bounding rup-
ture velocities Vipin = 2.5 km/s and Vipmay = 5.5 km/s,
meant to enforce the constraints Vimin < Dst/Tonset <
Vimax, Where Dy is the distance from the subfault center
to the earthquake hypocenter. The rupture onset time
may vary freely within this defined range, so that the
rupture speeds at any point of the fault, hereafter re-
ferred to as the local rupture speed, can lie beyond the
Vimin—Vimax range.

The inverted parameters for each subfault are the
rupture onset time, the amplitudes of the three trian-
gular source time functions, and the rake angle. The
inversion utilizes a simulated annealing algorithm that
seeks to minimize a cost function that is the weighted
sum of the normalized RMS misfit functions for each
dataset, plus a seismic moment minimization function
and a smoothing function. We adjust the seismic mo-
ment minimization and smoothing functions weights to
prevent incorporating excess seismic moment for min-
imal improvement in data fitting, and to avoid incorpo-
rating a level of model detail that is poorly resolved by
the data. Given that teleseismic data typically exhibit
lower resolving power compared to data recorded close
to the source (Delouis et al., 2002; Bletery et al., 2014),
we assign the TELE dataset a weight of 0.5, in contrast
to a weight of 1 for the RBBSM and GPS data.

Because of the earthquake’s location offshore and
the lack of proximal monitoring stations, the epicenter
reported by seismological agencies is likely uncertain
within a range of a few tens of kilometers. We therefore
varied the hypocenter position - i.e., the rupture initia-
tion location - to find the inversion that yielded the best
fitto the data. We started with the epicenter coordinates
provided by the USGS (19.419°N, -78.756°E) then tested
alternative positions both to the east and west, while
systematically exploring various depths. The optimal
inversion result was achieved with an epicenter shifted
approximately 30 km to the west of the USGS location
at coordinates 19.349°N, -79.032°E, with a hypocentral
depth of 12 km. The fit of the model results to the data,
both the GPS coseismic offsets and the seismic wave-
forms, is in general very good to excellent, as shown in
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fault model (heavy black line), the epicenters from this stud
the fault model. (b) Slip distribution along the fault model.

y and from the USGS, and the focal mechanism corresponding to
The projection onto the fault trace of the closest strong motion

and GPS stations are shown on the top. Small black dots are the grid of point sources along the fault model. SG: slip gap. (c)

Slip vectors, size proportional to slip and same dimensions
of the southern block with respect to the northern one. (d
displaying a 40° change in direction.

figures 6 and 7.

3.2.3 Finalslip distribution and rupture timing

The final slip distribution from the joint inversion of
TELE, RBBSM, and GPS static data (Figure 4) shows a
rupture that is largely unidirectional toward the west.
From the hypocenter, a substantial area of slip is ob-
served extending approximately 100-110 km westward
and 0-20 km in depth, with a maximum slip of ap-
proximately 4 m. The western limit of this slip region
is well-constrained in the model due to static coseis-
mic displacements from continuous GPS stations CMBD
and LCSB, located about 40 km apart on Grand Cay-
man island (Figure 4d). Coseismic displacement rapidly
changes direction from rupture-parallel at site CMBD to
striking 40° relative to it at site LCSB. This rapid change
in the direction of surface coseismic displacement is
consistent with an abrupt termination of slip on a left-
lateral strike-slip rupture, which has to occur in the
vicinity of station LCSB.

Immediately to the west of the primary slip zone,
the rupture vanishes abruptly, delineating a slip gap
(denoted SG in Figure 4b) within the depth range of
0-20 km. Below this range, in the deeper section of
the fault, the model assigns a patch of moderate slip.
Further westward, at distances between 180 and 230 km
from the hypocenter, the model identifies a secondary

7

as shown in (b). Arrows show the static coseismic displacement
) Observed coseismic displacement at stations CMBD and LCSB,

slip region also within the 0-20 km depth range, where
slip reaches up to 1.1 m. In contrast, slip is minimal
east of the hypocenter. The small patch observed in the
lower eastern corner of the model should not be con-
sidered reliable, as the fault system becomes geometri-
cally more complex east of the epicenter, with multiple
branches, as one approaches the Cabo Cruz pull-apart
basin. Since we model the rupture with a single fault
plane, it is possible that this small slip patch is a biased
attempt of the inversion to account for slip occurring
on a secondary fault branch. The model rake is close
to pure left-lateral strike-slip along most of the rupture,
consistent with moment tensor solutions.

The onset of slip as a function of distance to the epi-
center derived from the final slip distribution inversion,
displayed in Figure 5, shows a local rupture speed of
3-3.5 km/s for the first ~20 s or ~60 km. Rupture then
accelerates to close to 4 km/s for 10 s/40 km in the area
delineated as FLVR1 in Figure 5. Since shear wave veloc-
ity in the crust here ranges from 2.82 to 3.97 km/s (Sup-
plementary Table 2), the rupture was then propagating
at supershear speed. This is consistent with the back-
projection results, which will be described in more
detail below, although the kinematic inversion places
the rupture front slightly ahead of that of the back-
projection. Further to the west, in the slip gap, tim-
ing information is only provided by the back-projection,
which does identify supershear rupture speed. In the
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westernmost portion of the rupture, the kinematic in-
version and the back-projection coincide and identify
a local rupture velocity close to 5 kmy/s, clearly super-
shear, in the area labeled FLVR2 in Figure 5a.

The source time function (Figure 5b) shows a promi-
nent initial release of seismic moment between 0 and
30 s, which coincides with the primary slip region de-
picted in Figure 4. This initial burst is followed from
35 to 55 s by a gap in seismic moment release, then
a secondary surge of moment release from 55 to 80 s,
which corresponds to the previously mentioned super-
shear segment FLVR2 (Figure 5a).

To test the sensitivity of the results to stations FSCY
and LCCY, we performed two additional inversions, one
with a weight of zero for those stations and the other
with an intermediate weight of 0.05. The results, pre-
sented in Supplementary Figures 7 and 8, and in Sup-
plementary Table 8, are stable in terms of slip distri-
bution and rupture timing. As one should expect, the
waveform fit at those stations worsens as the weight de-
creases, particularly for a weight of zero. We observe
a slight dependence of the maximum slip and average
rupture velocity, which, respectively, increase and de-
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crease as the weight is decreased. In any case, the main
conclusions of this work remain valid when the FSCY
and LCCY stations are omitted or their weight is varied
in the inversion.

3.2.4 Resolution test

To test the spatial and temporal resolution of the kine-
matic inversion described above, we designed the syn-
thetic model with variable slip and rupture velocity il-
lustrated in Supplementary Figure 5a-b-e. We used this
model to generate synthetic displacement waveforms
and static offsets at the TELE, RBBSM and GNSS sta-
tions used in the inversion of the real data. We ran-
domly altered the amplitudes of the synthetic data by
factors of 1.1 or 0.9, corresponding to a 10% modifica-
tion at each station. We also used a slightly modified
one-dimensional velocity model to compute the Green’s
function to avoid unrealistically ideal conditions. The
velocity model applied in the inversion is given in Sup-
plementary Tables 2 and 3, and the one used to generate
the synthetic data is presented in Supplementary Tables
4 and 5. We then inverted the modified synthetic data
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sensor.

using exactly the same rupture parameterization and al-
gorithm as for the real data inversion.

This inversion of synthetic data, as illustrated in Sup-
plementary Figure 5c-d-f, successfully identifies the pri-
mary slip zones al to a4 of the synthetic model, although
with some degree of smearing and spreading compared
tothe input model. Synthetic slip area a2, located within
the slip gap of the real data inversion (designated SG in
Figure 4b), is retrieved despite its alignment with a gap
between adjacent strong motion and GPS stations (Fig-
ure 4b). This suggests that the slip gap identified from
the real data inversion does not stem from an absence
of proximal stations but rather represents a true charac-
teristic of the kinematic inversion. We also note a con-
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sistent trend of the synthetic inversion to retrieve slip at
slightly greater depths than those in the input model.
This may be due to the chosen velocity model and/or
the lack of monitoring stations directly above the rup-
ture. The input rake is well recovered along the entire
rupture area.

Rupture timing is also generally recovered, also with
some spread compared to the input model (Supplemen-
tary Figure 5e-f). The input local velocity along slip area
alisrecovered with a subshear velocity of 3km/s for the
initial 20 s/60 km, accelerating to close to 4 km/s for the
next 10 s/40 km. The synthetic local rupture velocity of
3 km/s along slip area a2 is recovered, though with sig-
nificant smearing. Supershear rupture speed along area
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a3is generally recovered.

To assess whether the near 4 km/s rupture velocity
along the FLVR1 segment may be overestimated by the
inversion procedure, we conducted an additional syn-
thetic test using an input model in which the rupture
velocity is subshear along that segment. The result is
presented in Supplementary Figure 6, in which panels
(e) and (f) show that the inverted rupture times along
the aforementioned segment remain close to, or even
slightly lower than, the average 3 km/s reference line.
However, points within that particular segment tend to
align in a way that suggests a rupture speed that lo-
cally exceeds 3 km/s, i.e., larger than the input syn-
thetic value. This means that the local slope of about
4 km/s along the FLVRI1 segment in the real data in-
version should be considered with caution. We con-
clude that the rupture speed along the FLVR1 segment
is within the range of 3.5 to 4 km/s, possibly supershear
but with some uncertainty.

3.3 Back-projection

To further evaluate the kinematic rupture process and
assess its potential supershear characteristics, we em-
ployed teleseismic P-wave back-projection, henceforth
referred to as BP. The development of dense regional
seismic arrays has rendered BP an invaluable technique
for delineating the rupture length, direction, speed,
and segmentation of large earthquakes. The BP tech-
nique, independent of prior knowledge of fault geom-
etry or rupture speed, identifies the location, timing,
and relative energy of high-frequency sources by tak-
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ing advantage of the coherence of seismic waveforms
across dense observational networks. In this study,
we use the Slowness-Enhanced Back-Projection (SEBP)
method (Meng et al., 2016; Bao et al., 2019), which in-
tegrates aftershock-based calibration to address slow-
ness bias and mitigate three-dimensional path effects.
SEBP reduces mislocation artifacts arising from hetero-
geneous velocity structures, thereby enhancing the pre-
cision of rupture speed estimations through calibration
of wave path effects using adjacent events with magni-
tudes ranging from 4 to 6 (Bao et al., 2019).

We applied the SEBP method to P-wave seismograms
obtained from 211 broadband stations from the Alaska
network (AK) and 301 stations from the European net-
work (EU) (Supplementary Figure 9). A first version of
this analysis was presented by Bao et al. (2022). The P-
waves were filtered within a frequency range of 0.5 to
2.0 Hz for the AK array, and 0.4 to 1.0 Hz for the EU ar-
ray, selecting the highest frequency range that permit-
ted sufficient waveform coherence. This coherence is
defined by mutual correlation coefficients greater than
0.85 during the initial 10 s of the P-wave. The frequency
range for the EU array is slightly lower due to its larger
azimuthal and distance coverage (Supplementary Fig-
ure 9), which leads to lower coherency at higher fre-
quencies. To align waveforms, we utilized a 6-s window
centered on the P-arrival, employing multi-channel
cross-correlation. Subsequently, we back-projected the
waveform utilizing a sliding window of 10 s with incre-
ments of 1 s. Because of its limited depth sensitivity, the
BP is performed at the fixed depth of 14.9 km.

We calculated the slowness correction terms using
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data from seven nearby earthquakes that are evenly dis-
tributed on either side of the mainshock rupture, with
magnitudes ranging from 4.5 to 6.1. Since an accurate
location of these events is important for reliable slow-
ness calibrations, we used the double-difference relo-
cation results described in section 3.4, whose relative
uncertainty is 2-5 km, significantly smaller than the
26-28 km RMS errors of BP locations.

The implementation of slowness calibration results
in (1) a substantial decrease in spatial bias, with a re-
duction of RMS errors from 26.4 km to 11.8 km for the
AK array and from 28.8 km to 16.9 km for the EU array,
and (2) an improved alignment of BP source locations
with the Oriente fault trace.

Figure 8 shows the spatial and temporal distribu-
tion of high-frequency sources obtained from the SEBP
method after removal of the BP artifacts. These artifacts
are apparent high-frequency radiations off the main
rupture, with apparent rupture stagnation and back-
propagating fronts, which are due to abrupt changes in
rupture speed - in particular at the sub- to super-shear
transition - and in slip distribution along the rupture.
As a result, Figure 8 only shows the so-called “leading
radiators” of the earthquake rupture as imaged by the
SEBP method. We observe a high degree of consistency
between results from the AK and EU seismic networks,
with high-frequency leading radiators that align well
with the key characteristics identified in the finite fault
inversion.

Spatially, the high-frequency sources exhibit a pre-
dominantly linear rupture trajectory that extends to-
ward the WSW. They are superimposed onto the Oriente
fault trace within the uncertainty of the source localiza-
tion by the BP method (Figure 8, top). Time-wise, the BP
model delineates two distinct episodes of rupture: an
initial phase characterized by subshear speed propaga-
tion at about 3 km/s for a duration of 20-30 s and along
40 to 50 km, followed by an acceleration to supershear
velocity at a speed greater than 4 km/s, lasting about
40 s over a distance of about 200 km (Figure 8, bottom).
The transition from subshear to supershear as derived
from the BP method is therefore consistent with the re-
sults from the finite fault inversion described above (see
Figs. 5 and 8).

3.4 Aftershock analysis

Supershear earthquakes are characterized by a rupture
with fewer aftershocks and a smaller moment release
than subshear ones, while aftershocks tend to concen-
trate on secondary faults off the main rupture (Bouchon
and Karabulut, 2008). We used data from the Cuban,
Cayman Islands, and Jamaican seismic networks, to-
gether with additional regional seismic stations, to re-
locate aftershocks using the double-difference method
of Waldhauser (2001). The method takes advantage of
the fact that, if the hypocentral separation between two
earthquakes is small compared to the event-station dis-
tance and the scale length of velocity heterogeneity, the
ray paths between the source region and a common sta-
tion are similar, so that the difference in travel time
for two earthquakes observed at one station can be at-
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tributed to the spatial offset between the events with
high precision. Event pairs are selected on the basis
of their hypocenter distance and waveform similarity,
measured through a cross-correlation function. Here,
we used an event-pair distance of 10 km and a minimum
correlation coefficient of 0.7.

We relocated a total of 707 events spanning January
28 to December 31, 2020, using the velocity model de-
scribed in Moreno et al. (2002). Their temporal distri-
bution qualitatively follows Omori’s law (Figure 9 bot-
tom left), while their frequency-magnitude distribu-
tion, with a magnitude of completeness on the order
of 2.5, shows a significant deficit in larger magnitude
events (Figure 9 bottom right). Here, magnitudes are lo-
cal. Indeed, only 8 aftershocks of a magnitude greater
than 4.5 have been recorded; three of these have a mag-
nitude greater than 5, and the largest one has a mag-
nitude of 6.0 (Figure 10). This is well below the value
expected from Bath’s law, which states that the magni-
tude difference between the mainshock and the largest
aftershock is on average 1.2.

We estimated the b-value of the Gutenberg-Richer law
log;o N(> m) = a — bm for the frequency-magnitude
distribution of aftershocks using both the maximum
likelihood method of Aki (1965) and Utsu (1965), and
a linear fit to the binned distribution. Here, N(> m)
is the number of earthquakes with magnitudes greater
than or equal to m, while a and b are constants. We
performed the calculation while varying the minimum
magnitude above which the aftershock catalog is com-
plete as well as the distribution bin width. In all cases,
we find a b-value close to 0.7, significantly lower than the
typical b-value of ~ 1 found for many earthquake cat-
alogs, and at the low end of the 0.3 < b < 2.5 range
reported by El-Isa and Eaton (2014). Variations in b-
value are classically attributed to variations in stress,
with b-values decreasing as differential stress increases
(Scholz, 1968; Schorlemmer et al., 2005; Scholz, 2015).
The b-value found here is therefore consistent with a
faultzone at high stress, hence promoting rupture at su-
pershear speed.

In map view, the aftershock distribution matches the
location and length of the Oriente fault segment that
ruptured in the mainshock well (Figure 10, top). How-
ever, ~75% of the aftershocks are located in the west-
ernmost part of the rupture, surrounding the three M>
5.0 events of the sequence (Figure 10, middle). In con-
trast, the central part of the rupture, where coseismic
slip was greatest and the rupture transitioned to supers-
hear velocity, is relatively devoid of aftershocks, with no
event greater than magnitude 4.5. This pattern is con-
sistent with other observations of aftershock sequences
following supershear earthquakes, with a rupture plane
that is seismically quiet whereas aftershocks cluster off
the fault - here in the westernmost part of the rupture
- on secondary structures, and where a scarcity of af-
tershocks has been interpreted as secondary faults be-
ing triggered during the mainshock (not after it) by the
high dynamic stresses that accompany the supershear
rupture (Bouchon and Karabulut, 2008; Jara et al., 2021).

Thus, the distribution of aftershocks following the
2020 Cayman Through earthquake bears similarities
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with other supershear ruptures, with a post-mainshock
quiescence of the fault, the activation of off-fault struc-
tures, and a paucity of large magnitude events result-
ing in an overall moment release lower than expected
given the mainshock magnitude. These observations
have been interpreted as the result of relatively uniform
friction along supershear segments, together with the
high dynamic stresses carried by the shock wave radi-
ation at large distances from the main fault (Bouchon
and Karabulut, 2008).

4 Discussion

The observations and model results described above
confirm the supershear nature of the 28 January 2020,
M,,7.7, Cayman Trough earthquake, as proposed by
Tadapansawut et al. (2020) on the basis of teleseismic
P-waveforms and Bao et al. (2022) on the basis of back-
projection imaging. The extensive data set used here,
which includes local, regional and global seismic wave-
forms, local and regional coseismic geodetic offsets,
and relocated aftershocks, provides a comprehensive
and detailed description of the rupture. Taken together,
our data and models are consistent with a a rupture that
propagated predominantly unilaterally westward, with
an initial phase at subshear speed for 20-30 s and over
40 to 50 km, followed by an acceleration to supershear
speed, which persisted all the way to the western end
of the rupture, for 40 s and over about 200 km. There
is unfortunately no strong motion recording to test the
criterion often invoked for supershear rupture that the
fault-parallel to fault-normal ground velocity ratio is
greater than 1 at close distance to the rupture (Ellsworth
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etal., 2004; Dunham and Archuleta, 2004; Amlani et al.,
2022). Theoretical models indicate that this property is
valid within at most 10 km of the rupture (Aagaard and
Heaton, 2004; Mello et al., 2014), while strong motion
stations FSCY and LCCY here are located about 50 km
from it (Supplementary Figure 9b).

Our results show two main differences with those
of Tadapansawut et al. (2020). First, we do not ob-
serve supershear rupture speed initially, but a transi-
tion from subshear to supershear after 20-30 s, which
is marked by a burst of high-frequency radiation in the
BP data. Second, BP imaging and kinematic inversion
both show supershear speed for the rest of the rup-
ture. Also, we find that the geometry of the supers-
hear segment does not show much complexity, as it fol-
lows a linear segment of the Oriente fault, well-marked
in the bathymetry as a series of en échelon ridges cut-
ting through a narrow, elongated basin at the toe of -
and parallel to - the Cayman Ridge (Figure 2). This is
consistent with many observations of large strike-slip
earthquakes, where supershear rupture is systemati-
cally associated with segments that have a simple, lin-
ear geometry, with small or absent segmentation fea-
tures (Bouchon et al., 2010). Laboratory experiments
also show that supershear ruptures favor propagation
along straight faults - if they are available - rather
than branching onto more complex fault segments
(Rousseau and Rosakis, 2009; Templeton et al., 2009).
Interestingly, the supershear rupture stopped in an area
where the Oriente fault geometry becomes more com-
plexthan a single linear segment, as it emerges from the
narrow basin mentioned above and splits into two sub-
parallel segments on either side of an elongated ridge
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Figure10 Top: relocated aftershocks from January 28th to December 31th, 2020, shown with gray circles sized as a function
of their magnitude, on top of the bathymetry (colored background) and main active faults (black lines). The gray star shows
the mainshock epicenter location. Coseismic slip from the finite fault kinematic model is shown as a thick line in white/yel-
low/red/black color. The three aftershocks with a local magnitude greater than 5, located near the western end of the rupture,
are indicated. Bottom: distribution of coseismic slip (orange), number of aftershocks (blue, bins of 15 km), and aftershock
seismic moment release (green dashed line) as a function of distance along the earthquake rupture. Values are normalized
and the distance axis in km coincides with the rupture length on the top subplot.

(Figure 2).

Although the rupture maintains supershear speed
once it transitions, the finite-fault model clearly shows
a slip gap (SG) separating two supershear patches (Fig-
ure 4). One interpretation consistent with this slip
gap is the mechanism known as “barrier-induced su-
pershear” found in numerical simulations (Dunham,
2007; Lapusta and Liu, 2009; Weng et al., 2015). In this
mechanism, a rupture arrests on a barrier and trans-
fers stresses to the fault segment beyond the barrier; the
resulting higher stresses there favor re-nucleation and
supershear rupture. Alternatively, noting that the finite
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source inversion model shows low-amplitude slip below
the slip gap, it is possible that the back-projection im-
ages a deep, continuous part of the rupture that radiates
sufficiently at high frequencies despite its small (low-
frequency) slip. In fact, high- and low-frequency slip
have been observed to occupy different areas of the rup-
ture in the 2011 Tohoku earthquake (Meng et al., 2011)
and other large events (Lay et al., 2012).

In the model proposed by Weng and Ampuero (2020),
supershear ruptures are favored on faults that have
been able to accumulate high stresses without generat-
ing a large earthquake in the recent past. Such earlier
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ruptures, at lower stresses, would have been subshear.
This model feature would be supported by a low level,
or even lack, of prior seismicity on the future supers-
hear fault segment, as a low seismicity rate, implying a
low rate of earthquake nucleations, enables the build-
up of tectonic stress above the stress level required for
a large subshear earthquake. This low level of seismic-
ity isindeed observed in the earthquake catalog prior to
the Cayman Trough earthquake, as shown on Figure 1B:
the Oriente fault segment that ruptured at supershear
speed on 28 January 2020 had not experienced signifi-
cant seismic activity (M>6) for at least one century.

From the theoretical model of Weng and Ampuero
(2020), we derive that the quiescence necessary to en-
able supershear rupture is only a small fraction of the
recurrence time of subshear earthquakes. Elastic en-
ergy is proportional to the square of the excess stress
above dynamic friction strength, which controls the po-
tential stress drop. If stress accumulates linearly with
time, elastic energy therefore accumulates quadrati-
cally. In this model (see Figure 3 in Weng and Ampuero
(2020)), the minimal energy for large supershear earth-
quakes is larger than that for subshear earthquakes by
a factor of about 1.45. Thus, for a supershear rupture to
occur, quiescence must delay earthquake nucleation by
at least a factor of v/1.45 ~ 1.2, that is 20%, relative to
the minimum recurrence time of subshear events. This
number is smaller than typical values of the coefficient
of variation of earthquake recurrence times on strike-
slip faults. Thus, it is reasonable to expect that earth-
quakes that were relatively “overdue”, i.e., towards the
higher end of the fault’s recurrence time distribution,
could reach supershear speeds.

Supershear ruptures also have a specific behavior
when they propagate along fault interfaces with ma-
terial contrasts (Andrews and Ben-Zion, 1997). Rup-
ture along such a bimaterial interface indeed breaks
the stress symmetry and produces a coupling effect be-
tween the local normal stress and the interface slip. As
a result, normal stress and frictional strength are dy-
namically reduced when a supershear rupture propa-
gates in the direction of motion of the more compliant
side of the fault, usually referred to as the “negative di-
rection” (Weertman, 2002). This makes the negative di-
rection favored for supershear ruptures, while the sub-
Rayleigh propagation favors the opposite, “positive di-
rection”. Supershear rupture in the positive direction is
possible, yet rare in both numerical (Shi and Ben-Zion,
2006) and experimental studies (Shlomai and Fineberg,
2016; Shlomai et al., 2020). It has been proposed that
the 1997 Izmit earthquake ruptured along the positive
direction at supershear speed (Bouchon et al., 2001),
though this observation has been debated (Weertman,
2002; Bouchon and Rosakis, 2002). The Cayman Trough
earthquake rupture separates the stiffer, more compli-
ant oceanic lithosphere of the Cayman Trough from the
softer island arc material of the Cayman Ridge. This,
with the left-lateral nature of the event, makes west-
ward propagation the positive direction. Considering
the comprehensive documentation of westward propa-
gation at supershear speed, the Cayman Trough earth-
quake provides observational evidence that supershear

15

ruptures can propagate in the positive direction.

Finally, the 28 January 2020, M,,7.7 earthquake rup-
ture coincides with a segment of the Oriente fault where
the locking depth derived from GNSS measurements of
interseismic strain rates is less than 5 km, hence signifi-
cantly reduced compared to the 15-25 km global average
for strike-slip faults in a similar thermal regime (Ver-
nant, 2015) or to the adjacent, eastern Cuba segment
with a 25 km locking depth. Theoretical considerations
from fracture mechanics theory for long ruptures show
that supershear rupture is favored by a low G./G, ra-
tio, where G, is the fracture energy dissipated near the
rupture front and G, the static elastic energy release
rate (Weng and Ampuero, 2020). Supershear rupture is
therefore favored by a large G,. Following equation 20
of Weng and Ampuero (2020), G, = C u D? /W, where C
is a geometric factor of order 1, i is the shear modulus,
D is the coseismic slip, and W is the rupture depth (or
width). For a given interseismic slip deficit D, fault seg-
ments with smaller W, hence shallower locking depth,
have alarger G, and are therefore more likely to host su-
pershear ruptures. Both quiescence and shallow lock-
ing are observed in the rupture area, but not in the un-
broken fault segment east of the mainshock. This spec-
ulatively suggests that large earthquakes on that eastern
segment would be less likely to go supershear. However,
we cannot determine which of the two factors, quies-
cence or shallow locking, might be the dominant one in
the supershear rupture documented here.

5 Conclusion

The 28 January 2020, M,, 7.7 Cayman Trough earthquake
is the largest magnitude event of the instrumental seis-
mology era to strike the northern Caribbean transform
plate boundary. Observational evidence and models in-
dicate that the event, supershear over most of its length,
ruptured a linear, unsegmented portion of the Oriente
fault where earthquake nucleation is infrequent and in-
terseismic locking depth is shallow. These two charac-
teristics translate into (1) the accumulation of a large
amount of elastic energy over a long fault segment dur-
ing the interseismic time interval, and (2) a fundamen-
tal propensity for this segment to host supershear rup-
tures (Weng and Ampuero, 2020). This provides a pos-
sible explanation for the unusually large magnitude su-
pershear earthquake of 28 January 2020 along the Ori-
ente transform fault.
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