
Special Section: Caribbean Tectonics, Seismicity and Earthquake Hazards

Estimating Coseismic Deformation of
Southwestern Puerto Rico from the 7 January
2020 Mw 6.4 Earthquake: Constraints from

Campaign and Continuous GPS
Alberto M. López-Venegas*1 , Glen S. Mattioli2,3,4 , Margarita Solares-Colón5 , David Mencin3 ,

and Pamela E. Jansma4

ABSTRACT
The Puerto Rico–Virgin Islands (PRVI) block lies within theNorthern Caribbean Plate Boundary
Zone—a zone accommodating stresses between the larger North America and Caribbean
plates. Data fromGlobal Positioning System (GPS) sites throughout the PRVI block have been
used to confirm the existence of a distinct microblock in the southwest. It is no coincidence
that this portion of the PRVI block is the epicentral region of the 7 January 2020Mw 6.4 earth-
quake and the ensuing seismic sequence. Prior to the mainshock, the southwestern Puerto
Rico (SWPR) region exhibitedmost of the onland seismic activity. The 2020–2021 SWPR earth-
quake seismic sequence has been characterized by having an atypical aftershock decay dis-
tribution occurring along multiple faults. As a result, fault parameters of the 7 January 2020
mainshock have been poorly defined by conventional seismic methods. Here, we present
results from campaign and continuous GPS sites in SWPR, and compare GPS-derived displace-
ments to those computed from the U.S. Geological Survey National Earthquake Information
Center (NEIC) focal mechanism. We conclude that irrespective of which nodal plane is used,
the observed coseismic displacements from GPS differ from those predicted using a simple
elastic model and the NEIC focal mechanism. We infer based on these observations that the
complex mainshock rupture resulted in a suboptimal double-couple solution.

KEY POINTS
• Global Positioning System (GPS) data from the SW PR

7 January 2020 Mw 6.4 are analyzed to evaluate coseis-
mic deformation.

• GPS-derived displacements do not agree with predicted

displacements from focal mechanism.
• Complex rupture of the earthquake reflects an immature

deformation zone in the region.

INTRODUCTION
The southwest Puerto Rico 7 January 2020 Mw 6.4 event is
the largest instrumentally recorded earthquake since the 11
October 1918 Mw 7.2 (Doser et al., 2005) earthquake, which
impacted the northwest part of the island (López-Venegas,
Hughes, and Vanacore, 2020; López-Venegas, Hughes,
Vanacore, et al., 2020). With a focal depth of 9 km and an epi-
center only 13 km from the southern shore, the earthquake was
felt islandwide and directly affected more than 500 houses,
temporarily displaced more than 4000 residents, and required

more than $240 million for recovery efforts from the Federal
Emergency Management Agency. The seismic sequence started
on 29 December 2019 with anMw 5.0 earthquake and followed
with several minor felt earthquakes until an Mw 5.8 event on 6
January 2020 occurred, serving as the main precursory event to
the mainshock that struck the following day.

Two years after the onset of the seismic sequence, a total of 11
earthquakes with magnitudes larger than 5, and 95 events
between Mw 4 and 5, were recorded by the Puerto Rico
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Seismic Network (PRSN). Two years later, the PRSN located
more than 18,000 aftershocks within the southwestern Puerto
Rico (SWPR) region—a stark contrast of previous year’s annual
seismicity of 4000 events in the entire Puerto Rico–Virgin
Islands (PRVI) block. The productivity of the sequence was
atypical, producing more M >4.5 magnitude aftershocks than
average for an Mw 6 event (Liu et al., 2020). As a result, during
the course of a few months after the mainshock, the U.S.
Geological Survey (USGS) aftershock forecast team required
several modifications to the model to adjust the unusually
high-observed production. Another interesting observation is
the poor double-couple percentage of the mainshock of the pub-
lished USGS moment tensor (52%), which has led other
researchers to infer complex, multiple-fault rupture dynamics
for this event. Within five months of the mainshock, earthquake
relocations helped reveal a quasi-parallel, criss-cross pattern of
faults trending northwest–southeast and northeast–southwest—
an evidence that is in agreement with either pure strike slip, or
normal focal mechanisms from the USGS, Global Centroid
Moment Tensor and/or PRSN moment tensor computations.
In this study, we present results from Global Positioning
System (GPS) sites in southwest Puerto Rico, including two dec-
ades of GPS observations from campaign and continuous sites,
and one year of postseismic continuous observations in the epi-
central and aftershock region, which were obtained from an
National Science Foundation Rapid Response Research (NSF
RAPID) deployment of six new continuous GPS (cGPS) sta-
tions. We compute static coseismic displacements using
Okada dislocations within an elastic half-space and compare
them to observed values from our composite GPS network.

THE PRVI MICROBLOCK AND SOUTHWESTERN
PRVI SEGMENTATION
The 7 January 2020 Mw 6.4 earthquake occurred near the
southern boundary of the PRVI block. PRVI is one of at least
four tectonic blocks within the Northern Caribbean Plate
Boundary Zone (NCPBZ; Mann and Burke, 1984; Masson
and Scanlon, 1991; Jansma et al., 2000; Benford et al., 2012) that
accommodates strain due to the highly oblique contraction
between the North America (NA) plate and the Caribbean
(CA) plate (Jansma et al., 2000; Jansma and Mattioli, 2005).
Figure 1 shows the location of Puerto Rico with prominent tec-
tonic and geologic features that relate to the 2020 SWPR seismic
sequence. To the north, the PRVI block interacts with the NA
plate at the Puerto Rico trench, whereas a retroarc wedge to the
south, along the Muertos trough, marks the boundary with the
Caribbean crust (ten Brink et al., 2009; Granja Bruña et al., 2015).
Although both northern and southern PRVI boundaries exhibit
typical oblique subduction-related tectonic boundary features,
the eastern (Anegada Passage) and western (Mona Passage)
boundaries show more complex structures that may reflect
young crustal deformation transitioning from one regime to
another (Chaytor and ten Brink, 2010; Laurencin et al., 2017).

Knowing where the motion is accommodated throughout
the western PRVI boundary along the Mona Passage is chal-
lenging, because there is no single geologic feature connecting
the Puerto Rico trench to the north, to the Muertos trough
to the south. The most evident block boundary is the Mona
rift—a predominantly north–south-trending normal-faulting
feature that Jansma and Mattioli (2005) concluded allowed
a few millimeters per year of extension. As a result, kinematics
of this region remain elusive, because the Mona rift can
account for only a fraction of the entire deformation between
PRVI and Hispaniola. Though the Mona rift is interacting
with the Septentrional and Bunce faults to the north along
the fore-arc, the Mona Canyon, the resulting feature from
the rifting increasingly becomes shallower southward as it
reaches the Desecheo ridge. How the deformation is accommo-
dated farther south to the Muertos trough is unclear, and it is
also questionable whether it goes inland through SWPR, or if it
continues south and connects to the Yuma rift and the Muertos
trough, hence the western PR deformation boundary (Fig. 1)
(Chaytor and ten Brink, 2010; ten Brink et al., 2022). Owing to
the seismic activity of the southwest, it is possible that the seis-
mic sequence discussed here is the product of these complex
interactions.

Deciphering the current kinematics of the Mona Passage
is complicated because rifting is only observed partially, in
this case at the Mona rift, because it does not extend through
the entire deformation area, that is, from the Puerto Rico
trench to the Muertos trough. This poses an intriguing situa-
tion, because other geologic features must exist that accommo-
date motion apart from the Mona rift, and these are still largely
unknown. Chaytor and ten Brink (2010) demonstrated the
existence of oblique-extensional features trending-west and
north-northwestern within the Oligocene–Pliocene strata
within the central portion of the Mona Passage, but they were
unable to estimate amount and timing of extension in the
region. Moreover, crustal deformation assessment from their
bathymetric mapping and seismic reflection data seems to sug-
gest that the southern half of the Mayagüez basin is either not
affected, or features are buried, or we are currently under a
transitioning state where stresses have not yet reached the area.
In any case, how the deformation observed at the Mona Rift
connects to the Muertos trough to the south is poorly under-
stood. Recent GPS observations, which may help shed light
into the matter, have demonstrated the existence of a separate
SWPR microblock (Jansma and Mattioli, 2005; López et al.,
2011; Solares-Colón, 2019).

GPS data from the PRVI block have been used for the past
two decades to estimate its motion with respect to NA (Dixon
et al., 1998), understand its role within the NCPBZ and motion
with respect to the CA plate (Jansma et al., 2000; Jansma and
Mattioli, 2005), and quantify internal deformation (López et al.,
2011; Solares-Colón, 2019) to confirm the existence of a separate
SWPR block. Solares-Colón (2019) performed simple baseline
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computations among GPS sites within the PRVI block and
eastern Hispaniola, and inverted GPS residuals to obtain an
angular velocity vector for the PRVI and SWPR block pair.
Although the current GPS network was able to confirm the
SWPR block, a more dense network in SWPR is necessary to
help identify the location of active faults accommodating asso-
ciated deformation and relative motion between PRVI, SWPR,
and the CA plate. Installation of the six new cGPS sites in
southwestern PR in 2021 help densify the region with sensors
that would allow a better definition of the SWPR block and how
it relates to the Mona Passage. However, similar to other
Caribbean islands GPS studies, sites onland are only able to
resolve to a certain extent and thus are limited in their capability.

Regardless of the crustal deformation pattern that has
evolved in the region that separates the PRVI block from
Hispaniola, the important fact remains that the predominant
northeast–southwest compression direction of the northeastern
Caribbean in combination with the heterogenous composition
of the arc have led to the development of multiple faults
throughout the Mona Passage that still have yet to reach matu-
rity (ten Brink et al., 2022). Understanding the coupling of the
NA subducting slab underneath the PRVI block is critical to
develop models seeking to explain the deformation zone at
the Mona Passage.

THE 2020 SWPR EARTHQUAKE SEQUENCE
Seismic activity in the epicentral region began on 28 December
2019 with an M 4.7 earthquake, followed by an M 5.0 the day
after just 5 km west of where the mainshock epicenter would
occur later. These two events, and all those that followed until
6 January 2020, were characterized by nearly pure strike-slip fault
ruptures, either on a northeast–southwest left-lateral fault or on
an orthogonal right-lateral system trending-northwest–south-
east. At the start of the sequence, PRSN scientists attributed this
set of events to an offshore extension of the Punta Montalva fault
(PMF; Addarich-Martínez, 2009)—a left-lateral, north-north-
west–south-southeast-trending fault that has been postulated
to merge with the North Boquerón Bay (NBB) fault farther west
(Roig-Silva et al., 2013). Although these two faults have been

Figure 1. Shaded relief map of the Puerto Rico–Virgin Islands (PRVI) block
with tectonic boundaries and main geological features. Red star denotes 7
January 2020 mainshock epicenter. Lower right inset shows the Northern
Caribbean Plate Boundary Zone with Greater Antilles Islands in black. Solid
black arrow represents the North America-Caribbean convergence direction
of 19 mm/yr. Hashed polygon represents the western Puerto Rico (PR)
Deformation Boundary within the Mona Passage—the boundary between
PRVI and Dominican Republic to the west. YR and MR are the Yuma rift and
Main ridge, respectively.
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suggested to accommodate motion along the Lajas Valley (see
Fig. 1), geophysical and paleoseismic evidence is still necessary
to confirm their primary role in southwestern PR.Whether faults
of the Lajas Valley are directly related to the faults of the January
2020 seismic sequence is still a matter of debate.

Two seismic events on 6 January 2020 marked the turning
point of events (refer to focal mechanisms with black compres-
sional quadrants in Fig. 2); at 10:32:18 UTC, anM 5.8 occurred
with the same prevalent characteristic strike-slip mechanism,
but four hours later, an M 4.9 event produced a normal-fault
mechanism that likely unclamped the fault that led to the rup-
ture of the mainshock that followed the next day on 7 January.
Interestingly, the USGS-computed moment tensor for the
M 4.9 event occurring at 14:51:17 UTC has a 100% double-
couple (DC) and a strikingly similar focal mechanism to that
of the mainshock.

Events following the mainshock produced either normal or
strike-slip focal mechanisms with predominant northeast–
southwest strikes. This generated confusion among PRSN sci-
entists in charge of the interpretation of the rupture process
and assessment of the evolving seismic hazard. How the seis-
mic activity progressed offshore brought concerns of possible
stress transfers into the PMF or even toward NBB. Although
some events did occur inland along these two faults (mainly
PMF and related minor fault strands), most of the activity
was concentrated offshore near the epicentral region, with both
types of the predominant focal mechanisms (strike slip and
normal) occurring along the reactivation of faults. Some of
these faults have been mapped, but others have yet to be prop-
erly identified. A USGS-funded project to update the Puerto

Rico Seismic Hazard Map is expected to yield valuable fault
information in the region.

The 7 January 2020 mainshock
The 7 January 2020 Mw 6.4 southwestern Puerto Rico earth-
quake occurred at 08:24:25 UTC, at a shallow depth (7–9 km)
on a normal fault beneath the Guayanilla Canyon. Some incon-
sistencies in the data products for the event suggest a complex
rupture process. Two hypocenters have been reported (The
PRSN location lies ∼5 km from the coast, whereas the
USGS lies 10 km farther south), and the best moment tensor
solution published by the USGS yields a 52% DC. The fact that
three precursor events occurring the day before the Mw 6.4
event showed consistent normal focal mechanisms, however,
suggests that the mainshock also may have occurred on a nor-
mal fault, despite the poor DC reported for the USGS focal
mechanism. Identifying the fault plane that ruptured on the
day of the event has proven difficult; it was either an east-
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Figure 2. Map showing premainshock Global Positioning System (GPS)-
derived velocity field, focal mechanisms of the 7 January 2020 main-
shock (right) and 3 July 2020 aftershock (left) in red, focal mechanisms
(black) of precursory events occurring on 6 January 2020, and aftershocks
Mw > 3 colored by focal depth. Also shown are GPS sites used in this study:
Triangles are continuous GPS (cGPS) sites, and inverted triangles are epi-
sodic GPS (eGPS) sites. Puerto Rico Seismic Network (PRSN) sites are colored
yellow, HLCM are red, and dark blue are postearthquake permanent
installations. Black dashed line is the trace of the suggested North Boquerón
Bay–Punta Montalva fault, as suggested by Roig-Silva et al. (2013).
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northeast–west-southwest northward steeply dipping fault
plane or a shallow fault plane dipping toward the SE.

Within days of the sequence, it was evident from the after-
shock distribution that motion must have taken place along
several antithetic faults. Subsequent seismic data analysis con-
firmed a complex rupture (Liu et al., 2020), which is thought to
be the result of a young, active, and unstable deformation zone
(ten Brink et al., 2022).

The USGS focal mechanism has fault parameters 268, 43°,
−58° for nodal plane 1 (henceforth named MNP1), and 47°,
54°, −116° for nodal plane 2 (henceforth MNP2). For each
nodal plane, we used Okada dislocations within an elastic
half-space to estimate static displacements at GPS sites.

Aftershocks
More than 18,000 aftershocks (M >3.0) have been located by the
PRSN within the epicentral region (Figs. 1, 2). The aftershock
distribution suggests interaction of multiple faults. At least three
distinctive faults have been identified; two of them show north-
west–southeast trends and one that is roughly orthogonal,
trending-northeast–southwest. Aftershock distribution follows
the average nodal plane orientation ofM >4.5 focal mechanisms
computed by the National Earthquake Information Center
(NEIC). Owing to the unusual seismic activity production, after-
shock analysis during the sequence required moving from the
USGS-automated Reasenberg and Jones (1989) model to the
epidemic-type aftershock sequence model (van der Elst et al.,
2022) that allows for significant aftershocks in the sequence
to trigger their own aftershocks. The lack of agreement of the
sequence with Båth’s law and the lower-than-expected main-
shock energy release estimate have been credited for the atypical
seismic sequence (ten Brink et al., 2022).

The 3 July 2020 aftershock
The 3 July 2020 Mw 5.3 earthquake was one of the most sig-
nificant aftershocks in the sequence. With a focal depth of 8 km
and epicenter just 7 km south of the trace of PMF, this after-
shock had intensity of modified Mercalli intensity (MMI) VI
and was widely felt throughout the island. What makes this
aftershock interesting is the prominent coseismic displacement
in nearby cGPS sites PRMI and PRGY at 9 and 27 km epicen-
tral distance, respectively. Owing to the proximity of the earth-
quake to station PRMI, the observed coseismic displacement in
the cGPS horizontal components time series is larger than that
observed for the 7 January 2020 mainshock. The USGS focal
mechanism for this event yields a steeply northward-dipping
east–west-trending left-lateral strike fault or an orthogonal
nodal plane that trends roughly north–south and dips eastward
(Fig. 2). None of these options fit particularly well with the
overall principal stress direction obtained from the previous
moment tensors in the region. Taking into consideration
the observed left-lateral fault system in the region, however,
the nodal plane: 260°, 75°, −10° (henceforth ANP1) may be

the rupture plane and the other nodal plane (henceforth
ANP2): 353°, 80°, −165° the auxiliary plane.

THE SOUTHWESTERN PR GPS-GNSS NETWORK
More than two dozen cGPS sites operated by multiple agencies
exist in Puerto Rico. Whether privately owned by surveying
companies, or from state or federal agencies, these sites provide
data that is accessible, open, and freely available. PRSN alone
maintains 20 cGPS sites throughout the island. Private survey
company HLCM Group operates and maintains a total of
seven cGPS sites within PR, and are part of National Oceanic
and Atmospheric Administration (NOAA) National Geodetic
Survey (NGS) Continuous Operating Reference Station
(CORS). The PRVI episodic GPS (eGPS) network consists
of 15 sites distributed across PVRI. The first two sites from
the eGPS network were installed during the 80’s and later aug-
mented during the following decade. For this study, we con-
centrate on sites of southwestern PR (Fig. 2, Table 1), where a
displacement in the time series was observed during the earth-
quakes of 7 January and 3 July 2020. Sites farther away from
the epicentral region were not included in our analysis of the
coseismic displacement, because the estimated offsets in the
time series were insignificant, that is, within the daily root
mean square for the position estimates.

Continuous sites
A total of six cGPS sites in southwestern PR are located within
the footprint of the affected area of the mainshock. Of these,
only five were operating when the earthquake occurred
(PRGY, PRLT, PRMI, P780, and SBPR). Table 1 shows these
sites with their location and time span. Two of the six sites
belong to HLCM Group and are part of the NOAA/NGS
CORS program (PRGY, and PRLT), and two sites belong to
the Puerto Rico Seismic Network (MIPR, and SBPR). Site
SBPR was installed in November 2019 and was recording
for two months when the mainshock occurred. In contrast, site
MIPR in Caja de Muerto Island went offline after Hurricane
Maria struck in September 2017. Access and logistics to the
island were challenging but PRSN was able to bring the site
back online in early 2021. The last two sites, PRMI, and
P780 belong to NOAA-NGS, and UNAVCO, respectively.

Campaign sites
The Geodesy Lab at the Department of Geology—University of
Puerto Rico at Mayagüez often reoccupies sites from the Puerto
Rico campaign or eGPS network. A total of eight eGPS sites of
western Puerto Rico were remeasured immediately after the
mainshock. These sites are ADJN (Adjuntas), CAJA (Caja de
Muerto Island), LAJ1, LAJ2, and LAJ3 (spanning the Lajas
Valley), PARG (Lajas), and SALN (Salinas), and are also shown
in Table 1 with their location and time span. Unfortunately,
none of these sites have data during the year prior to the main-
shock, thus estimating a reliable coseismic displacement was not
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possible. Of these, only one site (LAJ3) was remeasured, but the
data was unusable.

NSF RAPID sites
Following the 7 January 2020 mainshock, the PRSN presented a
RAPID proposal to NSF with the objective of adding geodetic
instrumentation to the region. As a result, PRSN received funds
to install six new sites with the capability of tracking and record-
ing both GPS and GLONASS satellites. These Global Navigation
Satellite System (GNSS) sites are located within the footprint of
onland southwestern PR faults (blue triangles in Fig. 2). These
sites, installed between late 2020 and early 2021 (in order; LVFP,
PFBC, MBGP, PVGP, LVLP, and NWRC), consist of stainless
steel short-drilled braced monuments and provide real-time
data through commercial cellular infrastructure. For this study,
the longest processing time span of these sites is 1.1726 yr for
LVFP, and the shortest processing time span of these sites is
0.6685 yr for NWRC.

DATA AND ANALYSIS
Acquisition and repositories
GPS data collection in the northeastern Caribbean began in
1986 at seven locations (Dixon et al., 1998), and these stations

were reoccupied in 1994 and 1995. Additional stations in PR
and the US and British Virgin Islands were installed in 1994
and 1995 (Jansma et al., 2000), and reoccupied at various inter-
vals throughout the late 1990s through the 2010s. The details of
these early campaign or eGPS observations may be found in
the original papers, and two master’s theses (López et al.,
2011; Ihemedu, 2012; Solares-Colón, 2019) provide additional
details related to the later occupations of these campaign sites,
including the antenna-receiver combinations used to collect
the raw GPS observations. All eGPS data collected and used
for the previously published and current analysis was GPS-
only, dual-frequency (L1/L2) code and phase observations.
Only daily observations that had at least 6 hr of continuous
arc were included in the final kinematic analysis. Hatanaka-
compressed GPS (RINEX 2.11) data from continuous stations
were acquired from two primary archives, including
UNAVCO and the NGS CORS network. In addition, campaign
data from stations established initially in the 1990s (Dixon
et al., 1998; Jansma et al., 2000; Jansma and Mattioli, 2005)
and reoccupied before and after the 7 January 2020 mainshock
were also provided directly by the PRSN. Metadata were also
obtained from the data repositories from which the RINEX
data were obtained.

TABLE 1
Location, Velocities (IGS14 and Caribbean Fixed), Time Span, and Number of Observations of GPS Sites Used in This Study

IGS 2014 (mm/yr) CA-Fixed Velocity (mm/yr)

Site ID
Latitude
(°N)

Longitude
(°E) HAE (m) VN σVN

VE σVE
VV σVV

VN σVN
VE σVE

VV σVV

Time
Span
(yr)

Number of
Observations

ADJN 18.175 293.202 520.576 13.5 0.3 8.9 0.5 −2.9 0.8 0.69 0.3 −1.59 0.5 −2.9 0.8 20.4973 55
CAJA 17.893 293.479 35.048 12.1 0.4 8.9 0.7 3.6 1 −0.8 0.4 −1.73 0.7 3.6 1 18.0079 15
CCM5 18.079 293.420 155.513 13.4 0.3 9.3 0.6 −1.6 0.9 0.52 0.3 −1.25 0.6 −1.6 0.9 20.7842 40
LAJ1 18.083 292.948 20.737 13.4 0.3 9.2 0.5 −3.2 0.8 0.67 0.3 −1.31 0.5 −3.2 0.8 20.3415 63
LAJ2 18.035 292.932 −5.614 13.0 0.3 9.2 0.5 −1.6 0.7 0.28 0.3 −1.33 0.5 −1.6 0.7 20.3415 93
LAJ3 17.992 292.893 181.523 11.5 0.4 10.9 0.6 −0.1 0.9 −1.21 0.4 0.35 0.6 −0.1 0.9 20.694 22
LVFP 17.981 292.992 −19.394 10.0 1.4 7 1.1 −8.4 2.4 −2.74 1.4 −3.56 1.1 −8.4 2.4 1.1726 423
LVLP 18.015 293.020 −35.4626 15.9 1.5 7.9 1.3 2 2.7 3.15 1.5 −2.65 1.3 2 2.7 0.9151 335
MBGP 17.936 293.063 5.4641 5.7 1.7 9.9 1.1 −16.3 2.6 −7.07 1.7 −0.68 1.1 −16.3 2.6 1.1534 416
MIPR 17.886 293.473 −38.1224 13.5 0.4 9.1 0.4 −0.7 0.7 0.6 0.4 −1.53 0.4 −0.7 0.7 8.9544 2391
NWRC 17.975 292.835 −14.9779 14.9 4.4 7.6 8.5 0.9 12.8 2.21 4.4 −2.95 8.5 0.9 12.8 0.6685 245
P780 18.075 293.421 154.07 14.0 0.4 8.8 0.3 0 0.6 1.12 0.4 −1.75 0.3 0 0.6 11.5956 4177
PARG 17.969 292.956 −12.315 13.6 0.3 8.8 0.4 −0.1 0.6 0.87 0.3 −1.76 0.4 −0.1 0.6 27.3836 96
PFBP 18.038 292.867 3.661 15.4 1.2 8.2 1.2 0.4 2.6 2.7 1.2 −2.33 1.2 0.4 2.6 1.1123 367
PRGY 18.051 293.186 33.8814 12.5 0.5 9.2 0.4 −2.7 0.8 −0.31 0.5 −1.34 0.4 −2.7 0.8 9.7342 3308
PRJC 18.342 293.001 22.8497 13.5 0.4 8.9 0.4 −0.6 0.7 0.76 0.4 −1.51 0.4 −0.6 0.7 9.737 3393
PRLT 18.060 292.811 −15.2397 14.2 0.4 8.3 0.3 −0.8 0.7 1.52 0.4 −2.21 0.3 −0.8 0.7 9.5836 3376
PRMI 17.970 292.955 −25.477 12.6 0.4 8.7 0.3 −0.3 0.5 −0.13 0.4 −1.86 0.3 −0.3 0.5 13.7671 4636
PRN4 18.079 293.631 129.1832 13.5 0.4 9 0.4 0.5 0.8 0.55 0.4 −1.56 0.4 0.5 0.8 9.9123 3422
PRSN 18.217 292.855 −14.8337 12.5 0.8 8.4 0.7 2.8 1.8 −0.2 0.8 −2.05 0.7 2.8 1.8 4.4301 1339
PVGP 17.978 293.212 −2.3774 13.0 1.3 6.5 1.4 −1.4 2.6 0.19 1.3 −4.08 1.4 −1.4 2.6 0.9616 346
SALN 18.029 293.766 130.467 14.2 0.5 8.8 0.7 1.2 1.1 1.2 0.5 −1.79 0.7 1.2 1.1 15.0528 30
SBPR 17.988 292.877 168.9942 15.5 1 5.5 1 −4.8 3.4 2.8 1 −5.05 1 −4.8 3.4 2.2877 767

Bold fonts denote continuous GPS (cGPS) sites, otherwise the site is an episodic site (eGPS). ADJN, Adjuntas; CAJA, Caja de Muerto Island; and PRSN, Puerto Rico Seismic
Network.
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Daily (24 hr) Hatanaka-compressed RINEX files were con-
verted to RINEX (v.2.11) observation files and renamed for
processing. As part of a larger reprocessing effort to update
and refine the PRVI block interseismic velocity field
(Jansma et al., 2000; Jansma and Mattioli, 2005; López et al.,
2011; Ihemedu, 2012; Solares-Colón, 2019), data from a total of
68 stations, including 23 campaign or eGPS sites and 45 cGPS
stations, were obtained and prepared for processing and kin-
ematic analysis. GPS L1/L2 code phase data from cGPS sta-
tions were processed through 31 March 2022, and eGPS
sites were processed through the last available epoch. Six
new cGPS stations were established in southwestern PR with
NSF-RAPID funding provided to UPRM after the 7 January
2020 mainshock (PI López). One proximal and newly estab-
lished cGPS station, SBPR, located in the El Conuco
National Protected Area, Sierra Bermeja, Puerto Rico, and
installed in late 2019 was operating at the time of the M 6.4
mainshock. The six other NSF-funded cGPS stations were
installed in 2021 and therefore are only useful to examine post-
seismic deformation. Table 1 has details related to the number
of daily (24 hr) observations and length of the time series
included in the analysis.

Processing and analysis
RINEX (v.2.11) data were processed with the National
Aeronautics and Space Administration Jet Propulsion
Laboratory (JPL) software suite GIPSY-OASISII (v.6.4) using
an nonfiducial, absolute point positioning strategy (Lichten,
1990; Heflin et al., 1992; Zumberge et al., 1997) through
gd2p and other executable codes embedded in various scripts
for ease of processing and analysis. Final, nonfiducial orbit,
clock, and Earth orientation (OEP) products (Repro3—
IGS14) Lichten and Border (1987) were obtained from the
JPL along with nonfiducial wide-lane phase bias files and so
called “xfiles,” which were used to translate, rotate, and scale
the loosely constrained, daily-satellite-frame or “free-network”
ambiguity-resolved, absolute point positions into the JPL reali-
zation of IGS14 (Altamimi et al., 2016). Ocean loading coeffi-
cients (Scherneck, 1991), corrected for both ocean and solid
earth motion and using the FES2004 global gravity model, were
obtained from the Onsala Space Observatory to align with the
models used by JPL for their OEP products. Tropospheric delays
were estimated using standard VMF1 2.5 × 2 grid (Boehm et al.,
2006) files from the Technical University of Vienna. All our
GOA-II processing used absolute antenna phase center models
from the JPL-provided igs14_2163.atx ANTEX file, and process-
ing assumed elevation cutoff of 7° above the horizon.

Examples from a long-running cGPS station, BYSP, located
in Bayamón, Puerto Rico, far from the 7 January 2020 M 6.4
earthquake, and a campaign station established in 1986 with its
first useful GPS data in 1994, ISAB, are shown relative to IGS14
and CA-fixed frames in Figures 3 and 4, respectively. Linear
velocities were estimated along with estimates of the NEV-

component white and flicker noise (Mao et al., 1999), and
1 mm/sqrt (yr) of random walk monument noise was assumed.
IGS14 position estimates were placed into a Caribbean-fixed
frame using an Euler pole (DeMets et al., 2000, 2007) defined
by a global analysis of GPS and other kinematic data (DeMets
et al., 2010) and updated into IGS14 (C. DeMets and G.
Mattioli, personal comm., 2021). The Euler pole location
and rotation rate for CAR with respect to ITRF14 we applied
is −37.013° N, 79.240° E, 0.2583°m.y. (counter-clockwise). In
rare cases, offsets that are unrelated to known geophysical
events or were not fully removed due to known equipment
changes (e.g., antenna-model changes or changes in antenna
height) were calculated to remove offsets in the time series.
Methods to estimate these offsets are discussed further sub-
sequently. Details of the station component velocities in
IGS14, noise estimates, correlation of horizontal components,
length of observation, and CAR-fixed velocities are in Table 1.

GOA-II processing using gd2p yielded both nonambiguity-
resolved and ambiguity-resolved, daily “free-frame” position
estimates and covariances. These initial position estimates were
translated, rotated, and scaled using apply and JPL-provided
xfiles into IGS14. Only ambiguity-resolved, IGS14 position
estimates and their covariances were used for any further geo-
detic analysis. Time series were produced, analyzed, and plot-
ted using SuperVel (written by C. DeMets and modified by G.
Mattioli), Generic Mapping Tools (GMT; Wessel and Smith,
1998), and other user-written scripts. For stations considered
in this analysis, the initial inversion of the position estimates
for NEV-component velocities and errors was iterated to
remove residual NEV outliers of 20, 30, and 40 mm (∼4σ
for each component), respectively, and then the initial position,
linear velocities, and errors were re-estimated. For most cGPS
time-series examined here, the reduced Chi-squared was less
than 1 mm in each NEV-component.

COSEISMIC DISPLACEMENT ESTIMATES
As discussed earlier and shown in Figures 3 and 4, time series
based on ambiguity-resolved, absolute point positions, and
covariances from GOA-II were postprocessed using SuperVel
to calculate NEV-component linear velocities and errors, includ-
ing estimates of white, flicker, and random walk noise in either
the IGS14 and CAR-fixed frames. SuperVel can calculate two
types of offsets in positional time series: (1) constant velocity
offset at any specified, but arbitrary epoch within the data win-
dow; and (2) a five-day offset at a specified epoch, which is done
prior to the linear inversion to obtain the NEV-component
velocity and noise estimates. This method averages five days
of position estimates before and after the specified epoch and
simply calculates the difference in the average NEV positions.
In addition, SuperVel allows the user to time window the data
to a specified epoch before calculating velocities and offsets.

In the event of a geophysical event, such as an earthquake
that results in measurable coseismic displacement at any
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arbitrary station, method (2) above is the preferred method to
estimate that offset. This, of course, requires that continuous,
daily, observations are available for periods before and after
the epoch of the earthquake. This method does introduce a small
bias into a coseismic displacement estimate, because position
estimates for days immediately after the earthquake may also
include some afterslip. For large events (M >7) proximal to
any cGPS station, this bias is on the order of several millimeters
to a couple of centimeters; given that the coseismic displacement
is usually an order of magnitude larger than this potential bias in
the five-day offset estimate, five-day offsets discussed sub-
sequently should be considered the maximum coseismic dis-
placements, as they may contain some additional displacement
that should be considered afterslip. Once such an offset has been
estimated, continued afterslip is often clearly observable in the
cGPS time series. Modeling of the afterslip may be used to correct
the bias in the initial coseismic displacement estimate, but the
coseismic offsets reported in Table 2 are the initial, uncorrected
estimates. An example in which method (2) was applied at cGPS
station PRLT in Cabo Rojo, Puerto Rico, is shown in Figure 5.

Method (1) above may be applied when GPS observations
are available for some period (i.e., interseismic) before the
earthquake and again after the event. Here, we apply the con-
straint that the NEV-component velocities are constant and
linear, and the offset is adjusted at the epoch of the event
as part of the inversion to constrain the linear velocity and
noise estimates. This method has been applied to eGPS stations

that have long interseismic observation epochs prior to the
Mw 6.4 mainshock and other regional earthquakes, and reoc-
cupations to obtain data recently after the event. Again,
because the postseismic observations are usually not available
immediately after the earthquake of interest, they may also be
biased with some amount of afterslip. An example in which
method (1) was applied at eGPS station LAJ1 in Cabo Rojo,
Puerto Rico, is shown in Figure 6.

The 7 January 2020 mainshock
As indicated earlier, we employed the USGS-derived focal
mechanism to compute the static displacement at each of the
sites where a displacement was observed in the GPS time series.
Because of the complex rupture observed, we computed displace-
ment using both nodal planes (MNP1 and MNP2) and com-
pared those to the observed data (Figs. 7 and 8). Our results
indicate that neither of the nodal planes’ predicted displacements
resemble the observed pattern of deformation (Table 2). This is
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Figure 3. Time series for cGPS station BYSP in Bayamón, Puerto Rico.
(a) Results in IGS14 with the blue lines showing linear fits to the posi-
tion estimates and (b) results in a CA-fixed frame with the green lines
showing the fit relative to the fixed CA plate. Each red dot represents a 24 hr
position estimate. The vertical blue line in both the panels denotes the 13
January 2014 Mw 6.4 earthquake and the epoch at which a five-day offset
was calculated (see the Coseismic displacement estimates section). The
color version of this figure is available only in the electronic edition.

106 • Bulletin of the Seismological Society of America www.bssaonline.org Volume 113 Number 1 February 2023

Downloaded from http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/113/1/99/5770748/bssa-2022115.1.pdf
by alvenegas 
on 08 February 2023



–10

0

10

L
at

it
ud

e 
(m

m
)

PRLT residual coordinate changes - CA fixed 

0

10

L
on

gi
tu

de
 (

m
m

)
V

er
ti

ca
l (

m
m

)

0

2010 2012 2020 2022

–10

10

20

30

0

10

20

30

L
at

it
ud

e 
(m

m
)

PRLT coordinate changes - CA is fixed

–30

–20

–10

–10

0

L
on

gi
tu

de
 (

m
m

)

0

–40

V
er

ti
ca

l (
m

m
)

2010 2012 2020 2022

10

20

30

0

50

100

150

L
at

it
ud

e 
(m

m
)

PRLT coordinate changes - IGS14  

0

10

30

50

70

90

L
on

gi
tu

de
 (

m
m

)

-–50

-–30

–10

0

10

30

V
er

ti
ca

l (
m

m
)

2010 2012 2014 2016 2018 2020 2022

–

–

–

–

–

–

–

–

(a) (b) (c)

Figure 5. cGPS station PRLT in Cabo Rojo, Puerto Rico, in which method (2),
a five-day offset was applied for the 7 January 2020 and 3 July 2020
earthquakes shown as vertical blue lines. Another regional earthquake
occurred on 13 January 2014 is denoted with the dashed vertical red line,

although no offset was estimated. (a) The 24 hr position estimates relative
to IGS14, (b) relative to the fixed-CA, and (c) with CA motion removed. Note
the well-resolved afterslip in the north and east components. The color
version of this figure is available only in the electronic edition.
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Figure 4. Time series for eGPS site, ISAB, established in 1986, but with the
first useful GPS data in 1994. (a) Results in IGS14 with the blue lines
showing linear fits to the position estimates and (b) results in a CA-fixed
frame with the green lines showing the fit relative to the fixed CA plate.
Each red dot represents a 24 hr position estimate. The vertical blue line in

both the panels denotes the 13 January 2014 Mw 6.4 earthquake and the
epoch at which a constant velocity offset was calculated (see the Coseismic
displacement estimates section). The color version of this figure is available
only in the electronic edition.
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unsurprising, particularly, because the suggested complex rup-
ture process during this event may have yielded a deformation
pattern arising from multiple contributing faults. We can, how-
ever, examine which sites agree with each of the nodal plane
estimates. The preferred fault-plane solution, MNP1 (Cromwell
et al., 2021; Vičič et al., 2021; ten Brink et al., 2022), dips to the
north and strikes east–west. Although sites west of the epicenter
are in overall good agreement with predictions, sites to the north
fail to agree in both direction and magnitude. Site PRGY,
immediately north of the epicenter, shows a larger than com-
puted northeast displacement and a 90° misfit to the predicted
coseismic displacement. Interestingly, campaign site CCM5 in
Ponce agrees well with the predicted southwest displacement
direction, albeit with a far larger displacement. Farther north,
episodic site ADJN shows agreement in the direction but with
a larger displacement, thus failing to produce a similar smaller
magnitude to the prediction. Of sites west of the epicenter where
a consistent northwest prediction is observed, an interesting
result comes from the eGPS site LAJ1, where a large displace-
ment is observed toward west-southwest. With respect to sites
east of the epicenter, eGPS sites CAJA and SALN produce dis-
crepant results. Site CAJA shows a displacement toward east-
southeast, almost 180° from the prediction, and site SALN
shows a larger displacement toward the north, where the pre-
diction is almost negligible.

When the northeast–southwest-striking southeast-dipping
nodal plane is used (MNP2), results from GPS observations
at sites to the north of the epicenter tend to provide better agree-
ment (Fig. 8). Site ADJN has the best-fit direction but has larger
observed displacement, whereas both PRGY and CCM5 have
smaller predicted displacement, with a direction similarly ori-
ented to what was observed. GPS sites to the west, however,
show smaller displacements when compared to the observed
values. GPS sites located to the east of the epicenter produce
disagreements in both orientation and magnitude of the

predicted displacement. We note that the southwest-dipping
fault plane favors a larger, westward displacement for CAJA
than the prediction for the northwest-dipping nodal plane.

The comparison of our GPS-derived coseismic observations
with the predicted displacements from the USGS NEIC focal
mechanism’s nodal planes confirm that irrespective of which
nodal plane is used for the fault plane, the predicted static dis-
placement computed at these sites fail to reproduce the observed
values across the entire GPS network. A direct inversion of the
GPS-derived coseismic displacements together with seismic data
is necessary to compute a focal plane that would better explain
the actual rupture process that occurred during the complex,
Mw 6.4 event of 7 January 2020.

The 3 July 2020 aftershock
GPS-derived coseismic observations for the 3 July 2020 after-
shock indicate that deformation for this event is confined south
of the fault, because displacements were observed only in cGPS
sites PRMI, and SBPR, and eGPS site PARG. Recall that sites
PRMI and PARG are located ∼100 m apart. PRMI is a rooftop
site installed in 2006, and PARG is a Bevis pin drilled into
exposed rock in the 80’s (Dixon et al., 1998). PARG was occu-
pied once after the mainshock and once again after the 3 July
2020 aftershock.
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Figure 6. Campaign GPS station LAJ1 in San German, Puerto Rico, in which
method (1), a constant velocity offset was applied for the 7 January 2020
earthquake, shown as vertical blue line. Another regional earthquake, which
occurred on 13 January 2014, is denoted with the dashed vertical red line,
although no offset was estimated. Panel (a) shows each 24 hr position
estimate relative to IGS14, (b) relative to the fixed-CA, and (c) with CA motion
removed. Note that because the previous occupation at LAJ1 was in 2015 and
the most recent was several months after the 7 January 2020 earthquake, this
is the only viable method to estimate the coseismic displacement. The color
version of this figure is available only in the electronic edition.
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Because the southwestern Puerto Rico region has a charac-
teristic west-northwest–east-southeast-trending left-lateral
strike-slip system (Huérfano et al., 2004), it was natural to
select the left-lateral fault plane from the first focal mecha-
nisms in the seismic sequence. In addition, the fact that the
identified onland fault in the region (PMF) has a similar trend,
and motion to those focal mechanisms was an important deci-
sion factor in establishing a relationship between the events
and a possible offshore extension of the PMF early on in
the seismic sequence. However, the fact that the 3 July 2020
aftershock occurred farther south than the trend of the
PMF could mean that either another similarly trending left-lat-
eral fault exists offshore, or that a northeast–southwest-trend-
ing right-lateral fault is accommodating deformation. To test
this idea, we computed static displacements using both the
nodal faults and compared to observed displacements at sites
PRMI, SBPR, and PARG.

Figure 9 and Table 3 show displacement comparisons
between observed and predictions using the east–west-trend-
ing left-lateral fault-plane solution (ANP1), whereas Figure 10
shows comparisons using the right-lateral north–south-trend-
ing fault solution (ANP2). It is evident that ANP2, the north–
south-trending fault plane, produces better agreement at site
PRMI and an excellent fit at SBPR, suggesting that the 3
July 2020 aftershock may have occurred along a north–
south-trending right-lateral strike-slip fault as previously sug-
gested by ten Brink et al. (2022) and unlikely associated to a
left-lateral fault parallel to PMF as initially suggested by López-
Venegas, Hughes, and Vanacore (2020). The observed hori-
zontal displacements at PRMI for this event were larger than
those observed during the mainshock (14.082 mm vs.
11.641 mm and −22.127 mm vs. −2.933 mm for the north
and east components, respectively). Both PRMI and PARG
were the closest sites to the epicenter for the 3 July 2020

TABLE 2
Displacement Comparisons (in Millimeters) for 7 January 2020 Mw 6.4 Mainshock

Observed Displacement (mm) MNP1 MNP2

Sites N E U N E N E

PRGY 33.418 −28.995 −8.503 −9.746 −13.011 19.027 −10.529
PRMI 11.641 −2.933 −1.378 8.367 −6.151 3.995 −6.048
PRLT 8.528 −4.741 0.458 10.575 −10.921 3.001 −4.056
PRSN 9.116 −6.563 1.521 12.292 −6.929 5.13 −4.793
PRJC 18.109 −1.939 2.099 9.219 −2.165 7.5 −4.155
PRN4 −3.827 −3.93 6.982 −1.059 −2.795 −3.345 −7.331
SBPR 8.053 −2.663 −7.318 10.748 −11.332 2.917 −4.418
ADJN 28.763 −11.471 33.502 2.652 −2.234 17.542 −6.035
CAJA −3.200 8.015 −19.555 −1.125 −5.32 −0.24 −21.0
CCM5 −17.691 −38.498 −19.664 −3.289 −7.128 −12.244 −13.385
LAJ1 −5.042 −41.724 61.639 19.688 −10.899 7.005 −7.846
LAJ2 21.591 −18.893 −9.805 17.512 −12.456 5.309 −6.963
PARG −0.058 −6.300 51.540 8.033 −5.849 3.971 −6.024
SALN −0.847 5.644 4.957 −0.614 −1.589 −1.412 −3.971

MNP1 and MNP2 are predicted displacements for fault parameters using nodal planes 1 and 2, respectively. Sites in bold are continuous.

TABLE 3
Displacement Comparisons (in Millimeters) for 3 July 2020 Mw 5.3 Mainshock

Observed Displacement (mm) ANP1 ANP2

Site N E U N E N E

PRGY 0.116 −3.116 −1.321 −0.543 −0.52 −0.665 −0.658
PRMI 14.082 −22.127 −3.376 −0.184 −1.3 3.603 −3.707
PRLT 0.229 −1.534 −0.396 0.671 −0.776 0.654 −0.855
PRSN 0.822 −2.239 −9.289 0.123 −0.18 0.195 −0.223
PRJC −0.208 −0.918 8.326 −0.106 −0.084 −0.092 −0.089
PRN4 3.13 −2.328 2.709 −0.047 −0.018 −0.05 −0.017
SBPR 2.802 −5.802 −10.742 1.789 −2.09 1.511 −2.319
PARG 88.436 −15.438 −60.888 −0.296 −1.31 3.648 −3.767

ANP1 and ANP2 are predicted displacements for fault parameters using nodal planes 1 and 2, respectively. Sites in bold are continuous.
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Mw 5.3 aftershock, and no other site experienced the same
behavior. An unexpectedly high displacement at PARG was
observed between the occupation after the mainshock and
the occupation immediately after the 3 July 2020 aftershock.

Postseismic velocity field
A preliminary analysis of cGPS data after the 3 July 2020 after-
shock for existing sites and for the six RAPID sites is shown in
Figure 11. The data cutoff date is until 20 November 2021, and
it shows no apparent velocity pattern in the region, owing to its
current reaccommodation process prior to the beginning of the
next interseismic period. Sites that appear to be south of the
PMF, however, show faster velocities; SBPR, LVFP, MBGP.
Whether this is an artifact of the short time span of these sites
or if it is truly showing faster movement of the SWPR block
will require additional data and analysis.

CONCLUSION
The 7 January 2020 Mw 6.4 Southwest Puerto Rico earthquake
was triggered by a left-lateral foreshock sequence, and it was
followed by a complex rupture process along multiple trans-
tensional faults. The subduction of the NA plate beneath
the CA plate in a northeast–southwest oblique direction causes
localized deformation along the PRVI block and its bounda-
ries. Active and slow transtensional tectonic deformation
throughout the Mona Passage is diffuse with a plausible albeit

uncertain relationship with the 2020 southwest PR seismic
sequence farther southeast.

The USGS-derived focal mechanism of the 7 January main-
shock and 3 July aftershock were used to determine static dis-
placements at GPS sites. GPS data from continuous and episodic
sites in southwestern PR were used to estimate and discriminate
among the nodal planes of the USGS. Our study is in agreement
with other studies in that we infer that the northwestward-dip-
ping nodal plane as the predominant causative fault for the
mainshock. Some disagreements still exist between the observed
and predicted displacements, however, and this suggests that a
complex faulting mechanism for the 7 January 2020 mainshock
occurred, as previously suggested (Liu et al., 2020; Cromwell
et al., 2021; Blasweiler et al., 2022), and indicates that the
southwestern PR region is a young deformation zone (Viltres
et al., 2021; ten Brink et al., 2022). Postearthquake deployment
of six continuous GNSS sites installed to monitor the onland
PMF, west of the epicentral region, shows effects of
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Figure 9. Observed (blue vectors) and predicted (red) coseismic displace-
ments for campaign and cGPS sites for the 3 July 2020 aftershock using
the steeply northward-dipping left-lateral nodal plane (ANP1). Only the
campaign site PARG, and cGPS sites PRMI and SBPR recorded postseismic
displacements associated with this aftershock. The color version of this
figure is available only in the electronic edition.
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postearthquake afterslip, and additional data are expected to
provide valuable insights into the possible loading of inland
faults after the 2020 earthquake sequence.

DATA AND RESOURCES
Hatanaka-compressed Global Positioning System (GPS) data in RINEX
2.11 format from continuous stations were acquired from two primary
archives including UNAVCO (https://data.unavco.org/archive/gnss/)
and the National Geodetic Survey (NGS) Continuous Operating
Reference Station (CORS) network (https://geodesy.noaa.gov/corsdata/
rinex/). Final, nonfiducial orbit, clock, and Earth orientation (OEP)
products (Repro3—IGS14—Lichten and Border (see 1987) were
obtained from the Jet Propulsion Laboratory (JPL) (https://
sideshow.jpl.nasa.gov/pub/JPL_GPS_Products/Final/). This study is in
IGS14 (Altamimi et al., 2016, https://www.iers.org/IERS/EN/
DataProducts/ITRF/itrf.html). Ocean loading coefficients corrected for
both ocean and solid earth motion, and using the FES2004 global gravity
model were obtained from the Onsala Space Observatory (http://
holt.oso.chalmers.se/loading/). Tropospheric delays were estimated using
standard VMF1 2.5 × 2 grid (Boehm et al., 2006) files from the Technical
University of Vienna (https://vmf.geo.tuwien.ac.at). Maps and graphs
were produced using the Generic Mapping Tools (GMT) software
(Wessel and Smith, 1998, https://www.generic-mapping-tools.org/).
All websites were last accessed in March 2022.
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Figure 10. Observed (blue vectors) and predicted (red) coseismic displace-
ments for campaign and cGPS sites for the 3 July 2020 aftershock using the
steeply east-dipping right-lateral nodal plane (ANP2). The color version of
this figure is available only in the electronic edition.
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