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Key Points:

e We built a kinematic source model of the 2020 Caribbean earthquake to analyze the

spatiotemporal evolution of fault geometry and slip

e A fault bend disturbed supershear rupture along the linear fault section and triggered

subsequent rupture

e Oceanic transform faults can have geometric complexity that controls rupture evolution



21

22
23
24
25
26
27
28
29
30
31

32

33

34

35
36
37
38
39
40
41
42
43
44
45
46

manuscript submitted to Geophysical Research Letters

Abstract

A large strike-slip earthquake occurred in the Caribbean Sea on 28 January 2020. We inverted
teleseismic P-waveforms from the earthquake to construct a finite-fault model by a new method
of inversion that simultaneously resolves the spatiotemporal evolution of fault geometry and slip.
The model showed almost unilateral rupture propagation westward from the epicenter along a
300 km section of the Oriente transform fault with two episodes of rupture at speeds exceeding
the local shear-wave velocity. Our modeling indicated that the 2020 Caribbean earthquake
rupture encountered a bend in the fault system associated with a bathymetric feature near the
source region. The geometric complexity of the fault system triggered multiple rupture episodes
and a complex rupture evolution. Our analysis of the earthquake revealed complexity of rupture
process and fault geometry previously unrecognized for an oceanic transform fault that was

thought to be part of a simple linear transform fault system.

Plain Language Summary

On 28 January 2020, a large earthquake occurred on the Oriente fault, an oceanic transform fault
in the Caribbean Sea between Jamaica and Cuba. The Oriente fault forms the boundary between
the North America and Caribbean tectonic plates. The 2020 Caribbean earthquake was caused by
horizontal sliding between the two plates. We used waveforms of the earthquake that were
recorded around the world to build a model of the earthquake rupture process. The model
showed that rupture during the earthquake was complex, featuring multiple rupture episodes with
various rupture speeds and in various directions. Our model suggests that a bend in the fault was
responsible for the changes of rupture speed and direction and the triggering of successive
rupture episodes. Our analysis of the 2020 Caribbean earthquake has revealed complexity of both
fault geometry and rupture process that were previously unknown in oceanic transform fault

earthquakes.
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1. Introduction

At 19:10:24 UTC on 28 January 2020, a large oceanic earthquake of a moment
magnitude (M,) 7.7 (the 2020 Caribbean earthquake; USGS, 2020) occurred on the Oriente
transform fault in the Cayman trough of the Caribbean Sea (e.g., Rojas-Agramonte et al., 2005).
Moment tensor solutions determined by the Global Centroid Moment Tensor (GCMT) project
(Dziewonski et al., 1981; Ekstrom et al., 2012) indicate that the 2020 Caribbean earthquake was
the result of strike-slip faulting on a vertical fault plane (GCMT, 2020; Fig. 1). A minor tsunami
of 0.11 m height was recorded at tide gauges at Port Royal in Jamaica and at Puerto Plata in the
Dominican Republic (NOAA, 2020). The aftershock distribution trended roughly west-south-
west from the epicenter along the Oriente transform fault; some aftershocks were on the Cayman

mid-ocean ridge (Fig. 1).
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Figure 1. Overview map of the study area, station distribution, and selected waveforms. (a) Focal mechanisms
(GCMT, 2020) of the mainshock (red) and previous major earthquakes (blue) are presented as lower-hemisphere
stereographic projections. The solid gray circles mark locations of the first week of aftershocks (USGS, 2020).
Background topography/bathymetry is from GEBCO (2020). The inset shows the station distribution (triangle) and
the epicenter (star) in azimuthal equidistant projection. The circles mark epicentral distances at 30° and 90°. Blue
lines represent nodal directions at 77° and 167°. (b) Waveforms from selected stations (red triangles in Fig. 1a).
Station codes, azimuthal angles and epicentral distances are also shown. The red line marks the time of the first P-
wave arrival. Significant amplitude differences noted among stations for later phases lie between the two blue

dashed lines.
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Oceanic transform faults have been fruitful environments for studies of earthquake-
rupture dynamics because of their relatively linear fault geometry and structural heterogeneity
(Abercrombie & Ekstrom, 2001; McGuire et al., 2012; Roland et al., 2012). Despite its apparent
linearity of oceanic-transform-fault geometry, some cases of complexity in rupture dynamics
have been identified. The 2016 Romanche earthquake is a recent example of complex rupture on
an oceanic transform fault, where a long initial rupture phase was followed by a back-
propagating supershear rupture (Hicks et al., 2020). Another example is the M, 7.7 2017
Komandorsky Islands earthquake, where the fault stepover in the transform fault system
promoted a supershear transition (Kehoe & Kiser, 2020). Thus, the relationship between the
geometric complexity of a fault system and its rupture process is worthy of investigation, even

for oceanic transform fault earthquakes.

The source region of the 2020 Caribbean earthquake has been affected by rifting at the
mid-ocean ridges along the boundary between the North America and Caribbean plates, which
has produced the fracture zone of the Oriente transform fault (e.g., Perfit & Heezen, 1978;
Rosencrantz & Sclater, 1986). Near the epicenter, the Oriente transform fault follows a west-
south-west-trending seafloor trough, which is 10 km wide, 200 km long, and 6000 to 7500 m
deep (Fig. 2a). Farther west, over the last 40 km before the trough reaches the axis of the mid-
Cayman rise, it narrows to a width of 2 km (e.g., ten Brink et al., 2002; Hayman et al., 2012; Fig.
2).

Teleseismic waveform data (Fig. 1b) show that the amplitudes of phases recorded 60 to
80 s after the first P-wave arrival differ at stations close to the azimuth of one of the nodal
directions (77°). This observation indicates that the radiation pattern of seismic energy from the
earthquake may not be adequately explained by the single focal mechanism determined by
GCMT (2020) and suggests that rupture evolution may have been affected by geometric
complexity within the fault system. Thus, the 2020 Caribbean earthquake is a good candidate for
investigation of possible complexity of the fault geometry of an oceanic transform fault

earthquake and its role in rupture evolution.

In this study we inverted teleseismic waveform data from the 2020 Caribbean earthquake

by applying a new method of finite-fault inversion (Shimizu et al., 2020) that represents fault
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deformation on an assumed fault by shear-slip vectors by superposition of five basis double-
couple components. We showed that the geometric complexity of the Oriente transform fault
controlled the multiple rupture episodes and supershear rupture that occurred during the
earthquake. Our analysis of the 2020 Caribbean earthquake revealed previously unrecognized
source complexity associated with complex fault geometry within an apparently simple oceanic

transform fault system.

2. Data and Method

We downloaded vertical component of teleseismic waveform data from 52 stations of the
Global Seismographic Network (GSN) and Federation of Digital Seismograph Network (FDSN)
through the Incorporated Research Institutions of Seismology (IRIS) Data Management Center.
Data were selected to ensure that azimuthal coverage (Fig. 1a) was sufficient to construct a

finite-fault model.

To resolve possible changes of fault geometry during rupture propagation, we used the
finite-fault inversion method of Shimizu et al. (2020), which can mitigate the effect of modeling
errors associated with Green’s function uncertainty (Yagi & Fukahata, 2011). This method can
flexibly resolve fault geometry by representing the fault-normal and shear-slip vectors (potency
density tensors defined by Ampuero & Dahlen, 2005) with five basis double-couple components
of moment tensors (Kikuichi & Kanamori, 1991), rather than making an a priori assumption of
fault geometry. In the prior constraints of Shimizu et al. (2020), a Gaussian with the same
covariance was introduced into the instantaneous spatiotemporal variation of the slip-rate
function without distinguishing between the five basis double-couple components. These
constraints may, however, have introduced bias because the covariance that determines the
smoothness variation for each basis slip component depends on the relative slip rate of each
component. In other words, the spatiotemporal slip-rate distributions of the dominant basis
components become smoother than those of the minor basis components, which potentially

biases the solution and makes it difficult to represent a complex rupture.

To mitigate this bias, we introduced new smoothness constraints by adding the relative

standard deviation of each slip component proportional to each basis double-couple component
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of the GCMT solution for the 2020 Caribbean earthquake. To avoid instability of the solution
due to an extremely small relative standard deviation, we set the relative standard variance of
each basis component to be at least 10% of the maximum relative standard deviation. Because
the GCMT solution shows dominantly strike-slip faulting, our new formulation takes the
standard deviations of the two pure strike-slip components (M1 and M2 of Kikuchi and
Kanamori, 1991) to be larger than those of the other slip components (Fig. S10); this enhances
the contribution of strike-slip to resolve a possible change of fault geometry, which may have
been masked by the artificially dominant dip-slip components in the original method. A
comparison of the solutions obtained using our new smoothness constraints with those of the

conventional constraints is presented in Figure S11.

We picked P-wave first arrivals manually and deconvolved the instrument response to
velocity at a sampling interval of 1.0 s. Green’s functions were calculated at a sampling interval
of 0.1 s by the method of Kikuchi and Kanamori (1991). We used the CRUST2.0 model (Bassin
et al., 2000; USGS, 2020) as the near-field velocity structure for calculating Green’s functions
(Table S1). The sensitivity of the near-field velocity structure was tested by using the CRUST
1.0 model (Laske et al., 2013; Table S2), which showed that our model was insensitive to
velocity structure (Fig. S9). We assigned the model fault plane strike and dip angles of 77° and
90°, respectively. The length of the vertical model fault plane was 460 km along strike and it
extended to 25 km depth. Sub-faults were 20 km along strike and 5 km along dip. The initial
rupture point was placed at 15 km depth at 19.421°N and 78.763°W based on the epicenter
determined by USGS (2020). We used a maximum rupture velocity of 6.0 km/s to allow for
possible supershear rupture propagation. The slip-rate function for each sub-fault was a linear B-
spline function of 61 s duration. Total rupture duration was 100 s. We evaluated the sensitivity of
our model to different configurations of our model settings (see Figs. S2 to S9 and Text S1), as

discussed in the following sections.

3. Results

Our source model for the 2020 Caribbean earthquake shows strike-slip faulting with
almost unilateral westward propagation of rupture from the epicenter (Figs. 2 and 3). The total

focal mechanism, which we calculated by integrating all of the potency density tensors (Fig. 2d),
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suggests strike-slip faulting with one of the nodal planes striking 258°. The total seismic moment
was 0.124 x 1022 Nm (M, 8.0), which is larger than the USGS W-phase moment tensor solution
(USGS, 2020) and the GCMT solution (M,, 7.7). These differences of seismic moment can be
explained by our selection of a wider model in both space and time to allow us to cover all
possible rupture evolutions, for example, to allow for only minor slip at the western extremity of

the Oriente transform fault (Fig. 2a).

We grouped the rupture on the model fault plane into four zones along strike (Fig. 2d) on
the basis of the spatial variation of nodal plane distribution extracted from the potency density
tensor distribution: —300 to —220 km (zone A), —180 to —130 km (zone B), —120 to —20 km (zone
(), and 60 to 100 km (zone D). The strike of maximum potency density changed successively
from 78°, to 82°, to 84°, and to 100° from zone A to zone D (Fig. 2a). The changes along strike
of the focal mechanism were well resolved, even when we changed the fault geometry and

assumed velocity and duration of rupture (Figs. S2 to S9).
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Snapshots of dynamic slip evolution (Fig. 3) show almost unilateral, relatively high
potency-rate density westward rupture propagation from O s (rupture nucleation at the
hypocenter) to 50 s, followed by lower potency-rate density rupture until 80 s. The initial rupture
from 0 to 20 s propagated 80 km west from the epicenter with moderate potency-rate density and
was followed by the main rupture episode from 20 to 30 s, about 100 km west of the epicenter,
with maximum potency-rate density at 27 s, 80 km west of the epicenter. Fluctuations of
potency-rate density between 40 and 80 s indicate several minor sources farther west from the

epicenter, until the rupture ceased after 80 s about 300 km west of the epicenter.

The result showed the rupture-front speed was >5 km/s for the initial rupture episode (0
to 20 s; Fig. 3b), which is faster than the local shear-wave velocity (~3 km/s at 15 km depth;
Tables S1 and S2). Fast rupture propagation during the initial rupture episode was well
reproduced for different assumed maximum rupture velocities (Fig. S2). At the beginning of the
main rupture episode (20 to 30 s), the westward propagating rupture front slowed to 2.5 km/s

between 20 and 25 s, and then accelerated to >5 km/s after 25 s.

The main rupture episode appears to have expanded both westward and eastward at about
40 s (Fig. 3b), which suggests bilateral rupture involving backward propagation, or a long-
retained potency-rate density release of the initial rupture source (0 to —80 km from the
epicenter), or both. The spatiotemporal distribution of nodal planes extracted from the modeled
potency-rate density tensors shows that their strike varied as the rupture front propagated along
the Oriente transform fault (Fig. 3¢). From 0 to 20 s, the nodal plane strike was 78°, from 20 to
30 s it rotated clockwise, reaching 83° about 100 km from the epicenter, where the highest
potency-rate density was calculated. The strike then rotated counterclockwise to 79° from 45 to
50 s (240 km from the epicenter), which is similar to the strike we obtained near the epicenter
(Fig. 3c). The rupture then continued to propagate westward until it reached the western end of

the model fault plane.
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Figure 3. Spatiotemporal distribution of potency-rate density. (a) The snapshots of the rupture propagation. The
potency-rate density is averaged within each time window. The star is the hypocenter, and the color contour shows
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and the 1-week aftershocks (USGS).
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4. Discussion

Our modeling of the spatiotemporal change of fault geometry during the 2020 Caribbean
earthquake (Figs. 2 and 3) showed that the strike of the rupture surface deviated from the general
strike of the Oriente fault system (77°) in zone C (84°), 80 km west of the epicenter, and then
returned to the general strike of the system in Zone A, 280 km west of the epicenter (Fig. 2).
These dynamic changes of fault geometry preceded periods of change of potency-rate density.
For example, the change of strike that occurred from 20 to 25 s after the hypocentral time
followed a period of relatively low potency-rate density (Fig. 3c), whereas the following change
from 25 to 30 s was associated with the highest potency-rate density we obtained, which was
between 60 and 160 km west of the epicenter. During the period from 40 to 50 s, the strike
orientation returned to 78°, which is consistent with the general trend of the western end of the
Oriente transform fault (~77°, in accord with the bathymetric feature 240 to 300 km west of the
epicenter; Fig. 2a). After this transition of strike, we obtained a moderately high potency-rate
density 280 km west of the epicenter. The transitions of fault geometry associated with lower
potency-rate density correspond with the area of aftershocks of the 2020 Caribbean earthquake
between about 140 and 200 km west of the epicenter (Fig. 2).

Geometrical complexity in earthquake fault, including a fault bend, can affect the
fluctuation of rupture propagation (Ulrich et al., 2019, Okuwaki et al., 2020). Simulations of
dynamic fault rupture on strike-slip fault systems have demonstrated that an unfavorably oriented
fault bend can reduce both the amount of displacement and the rupture speed (Bruhat et al., 2016;
Duan & Oglesby, 2005; Kase & Day, 2006). The decrease of rupture speed between the initial
and main ruptures (Fig. 3b) might be associated with geometric complexity in the Oriente fault
system that prevented smooth rupture propagation and caused a stress change between the areas

affected by the initial and main ruptures.

The dominant potency-rate density release we modeled during the main rupture was
within zone C, 25 to 30 s after the hypocentral time, after the abovementioned transitions of fault
geometry, and corresponds spatially with the location of the deep bathymetric trough (6000 to
7500 m deep; Figs. 2a and 3c) that follows the general trend of the Oriente fault system. After
the main rupture, the modeled potency-rate density decreased when it reached the position where

the trough narrows abruptly (from 10 to 2 km wide) when it reached the eastern end of zone A.

11
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The western end of zone A is at the mid-Cayman rise axis, where crustal thickness decreases (ten
Brink et al., 2002). The deviation of the fault geometry from the general trend of the Oriente
transform fault is apparent in our modeling while the rupture follows the wider section of the
trough, but to the west, as the rupture traverses the markedly narrower part of the trough and
approaches the mid-Cayman rise, the amount of slip decreases and the fault geometry
corresponds to the trend of the narrow trough. Thus, our modeling indicates that fault geometry,
even that of an oceanic transform fault, can change along strike in response to abrupt changes of
the form of bathymetric features, and that these changes may be associated with fracture zones in

the upper crust (Roland et al., 2012; van Avendonk et al., 2001).

Our modeling of rupture evolution showed rupture speeds faster than 5 km/s both from 0
to 20 s and from 25 to 40 s after initiation of rupture (Fig. 3b), which is faster than the local
shear-wave velocity (~3 km/s at 15 km depth; Table S1). The fast velocity of rupture propagation
was well resolved in our modeling, even with different assumed maximum rupture velocities
(Fig. S2). Supershear rupture propagation has been identified in other strike-slip earthquakes
(e.g., Bao et al., 2019; Bouchon et al., 2010; Kehoe & Kiser, 2020) and has been shown to
activate aftershock clusters on secondary ruptures (Bouchon & Karabulut, 2008). Bouchon et al.
(2010) reported that smooth fault geometry can promote supershear rupture; in particular, that
linear fault geometry around an earthquake epicenter (as is the case for the general trend of the
Oriente transform fault) can lead to supershear rupture. Kehoe and Kiser (2020) suggested that a
transition to supershear rupture in a fault system can also be associated with complex structural
elements such as fault stepovers. Zones of damaged crust along a fault might also be responsible
for supershear rupture (e.g., Huang et al., 2016); such zones can be features of a mature oceanic
transform fault such as the Oriente transform fault (this study) and the Romanche transform fault
(Hicks et al., 2020). However, the speed of westward propagation of the rupture front during the
2020 Caribbean earthquake decreased between 20 and 25 s after the hypocentral time (Fig. 3b) in
an area where our modeling showed a change of fault geometry that may have restrained smooth
rupture propagation farther west. Alternatively, it is possible that the main rupture of the 2020
Caribbean earthquake did not propagate as a continuation of the initial rupture; rather, it might
have been dynamically or statically triggered by the initial rupture. Note that the main rupture is
not only a pure unilateral but shows bilateral rupture toward both west and east. The eastern

wing of rupture propagating back-toward the epicenter may have broken the region, in which the

12
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rupture was not able to propagate during the initial rupture episode, which may support the
hypothesis that the main rupture is rather an individual rupture episode, involving a possible

back-propagation of rupture (e.g., Hicks et al., 2020; Idini and Ampuero, 2020).

5. Conclusion

We used a newly developed method of finite-fault ~ inversion  to  analyze  the
spatiotemporal evolution of fault geometry and slip during the 2020 Caribbean earthquake on the
Oriente transform fault. We modeled successive changes of fault geometry during rupture and
these changes controlled a rupture evolution that included a period of supershear rupture. Our
study suggests that oceanic transform fault earthquakes, which have previously been thought to
have relatively simple fault geometry and source processes, can have complex fault geometry

and complex rupture processes associated with distinct bathymetric features.

13
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