Focus Section: Puerto Rico Seismicity, Tectonics and the 2020 M6.4 Earthquake Sequence
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Abstract

Puerto Rico is a highly seismically active island, where several damaging historical earth-
quakes have occurred and frequent small events persist. It situates at the boundary
between the Caribbean and North American plates, featuring a complex fault system.
Here, we investigate the seismotectonic crustal structure of the island by interpreting
the 3D compressional-wave velocity V, and compressional- to shear-wave velocity ratio
Vp/Vs models and by analyzing the distribution of the relocated earthquakes. The 3D
velocity models are obtained by applying the simul2000 tomographic inversion algo-
rithm based on the phase arrivals recorded by the Puerto Rico seismic network. We find
high-V, and low-V,/Vs anomalies in the eastern and central province between the
Great Northern Puerto Rico fault zone and the Great Southern Puerto Rico fault zone,
correlating with the Utuado pluton. Further, there are low-V, anomalies beneath both
the Great Southern Puerto Rico fault zone and the South Lajas fault, indicating north-
erly dipping structures from the southwest to the northwest of the island. We relocate
19,095 earthquakes from May 2017 to April 2021 using the new 3D velocity model and
waveform cross-correlation data. The relocated seismicity shows trends along the
Investigator fault, the Ponce faults, the Guayanilla rift, and the Punta Montalva fault.
The majority of the 2019-2021 Southwestern Puerto Rico earthquakes are associated
with the Punta Montalva fault. Earthquakes forming 17° northward-dipping structures
at various depths possibly manifest continuation of the Muertos trough, along which
the Caribbean plate is being subducted beneath the Puerto Rico microplate. Our results
show complex fault geometries of a diffuse fault network, suggesting possible subduc-
tion process accommodated by faults within a low-velocity zone.
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Supplemental Material

Introduction

Puerto Rico is one of the most densely populated islands in the
world with about 3.2 million residents (2019 Census, see Data
and Resources). It is of great importance to study the local seis-
mic and tectonic processes to assess seismic hazards and mit-
igate foreseeable risks from earthquakes. Puerto Rico and the
U.S. Virgin Islands (PRVI) are located at the boundary of the
North American and the Caribbean plates (small panel in
Fig. 1a) and accommodate motions relative to both plates. The
North American plate moves west-southwest toward Puerto
Rico at a rate of 169 + 1.1 mm/yr (DeMets et al., 2000;
Jansma and Mattioli, 2005). The Caribbean plate moves toward
the Puerto Rico microplate at a rate of 2.4 mm/yr (Jansma and
Mattioli, 2005). The island of Puerto Rico encompasses four
seismogenic zones, the Puerto Rico trench in the north, the
Muertos trough in the south, the Mona Passage in the west,
and the Anegada trough in the east (Fig. la, Doser et al.,
2005). The relative motion between the subducting North
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American plate and the Puerto Rico microplate causes abun-
dant seismicity at the 19° N fault zone south of the Puerto Rico
trench (Mccann, 1985; Jansma and Mattioli, 2005).
Deformation at the Puerto Rico trench is generally thought
to involve both a strike slip and a subduction component,
whose tectonics has been examined by previous studies with
various means (e.g., McCann and Sykes, 1984; DeMets et al.,
2000; Jansma and Mattioli, 2005). However, the Muertos
trough south of the island has an enigmatic tectonic history,
and whether or not the Caribbean plate subducts beneath
Puerto Rico Island has been debated because of inconsistent
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Figure 1. (a) Major geological features in the Puerto Rico and the
U.S. Virgin Islands (PRVI) region. Green triangles stand for the
permanent Puerto Rico Seismic Network (PRSN) seismic stations
and purple ones for those deployed after the 2020 M,, 6.4
earthquake. Major fault zones are denoted by orange lines,
including the Great Northern Puerto Rico fault zone, the Great
Southern Puerto Rico fault zone, and the South Lajas fault on
land. The purple box encloses the focused area of this study (a
close-up is shown in b). Two red arrows indicate the plate
movement directions relative to the Puerto Rico microplate
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-65.5°

measured by Global Positioning System data (DeMets et al.,
2000; Jansma and Mattioli, 2005). Inset map shows the location
of the PRVI region, lying between the North American and the
Caribbean plates. Base map of the inset is the topography map
compiled by Smith and Sandwell (1997). (b) Detailed fault traces
from various sources (Grindlay et al., 2005; Jansma and Mattioli,
2005; Mann et al., 2005; Prentice and Mann, 2005; Addarich-
Martinez, 2009; Symithe et al., 2015; Adames-Corraliza, 2017,
Piety et al., 2018). The color version of this figure is available only
in the electronic edition.
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Figure 2. (a) Earthquake distribution (dots) from January 1986 to April 2021 recorded by the PRSN
seismic stations. The purple ones represent events from May 2017 to April 2021, which are
dominated by the 2019-2021 Southwestern Puerto Rico seismic sequence. The yellow straight
lines are the profiles for the cross sections shown in Figure 5. (b) Map view of the master events
(orange dots) and grid nodes (purple squares) used in the tomographic inversion. The velocity
model is centered at (18.2°, -66.4°) (red star) with the x axis pointing to the west direction and y
axis to the north. (c) 1D V» models. The black layer-cake one is the model used in the PRSN daily
operation. The red one is the initial gradient velocity model derived from the layer-cake model. The
green one is the final gradient model used as the starting model for the 3D tomographic inversion.
The color version of this figure is available only in the electronic edition.
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evidence from seismicity, grav-
ity models, seismic profiles,
and bathymetrical data (e.g.,
Byrne et al., 1985; Bruna et al.,
2010).

In addition to the offshore
fault  systems, the Great
Northern Puerto Rico fault
zone (GNPRFZ) and the
Great Southern Puerto Rico
fault zone (GSPRFZ) are the
two major inland, strike-slip
fault networks, traversing the
east and west of the island
(Fig. 1b). The South Lajas fault
(SLF) in southwest Puerto Rico
extends from the southwestern
edge of the Lajas Valley, trend-
ing along an east-west direction
throughout the valley (Fig. 1b,
Prentice et al., 2000; Prentice
and Mann, 2005). This diffuse
and complex tectonic setting
makes the Puerto Rico Island
a seismically active region.

Every year, thousands of
earthquakes occur within and
around the Puerto Rico region.
At least four destructive earth-
quakes since 1700 have been
documented.  Several large
earthquakes have been reported
in recent history, including the
1916, 1918, and 1943 Mona
Passage earthquakes (Doser
et al, 2005). The inland seis-
micity concentrates over the
southwestern corner of Puerto
Rico (Fig. 2a). Previous studies
have shown the underlying ser-
pentinite belts relate to the local
tectonic and seismic activity
(Grindlay et al, 2005;
Huerfano et al., 2005). Smaller
faults are often difficult to iden-
tify at the surface, probably due
to high erosion rate and/or low
slip rate (Mccann, 1985).
Recently, a previously unknown
fault zone, the North Boquerdn
Bay-Punta Montalva fault
zone, was identified and
mapped (Fig. 1b) crossing the
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Lajas Valley based on detailed analyses of geophysical and geo-
logical data (Addarich-Martinez, 2009; Roig-Silva et al., 2013;
Adames-Corraliza, 2017). An ongoing seismic sequence (as of
August 2021) commenced in this area in December 2019.
With its progression into 2021, it had been renamed as the
2019-2021 Southwestern Puerto Rico sequence and is thought
to be associated with the Punta Montalva fault zone. This activ-
ity has lasted for over 19 months and included more than 15,000
events (by the end of April 2021), with the largest one an M,, 6.4
earthquake on 7 January 2020 (red star in Fig. la) south of
Indios.

In this study, we invert for 3D compressional-wave velocity
(Vp) and compressional- to shear-wave velocity ratio (Vp/V5)
models for the island of Puerto Rico. We also relocate the earth-
quakes beneath the island using the new velocity model and
waveform cross-correlation data. Based on these results, we
investigate the seismicity distribution of the 2019-2021
Southwestern Puerto Rico earthquake sequence and the seismo-
tectonic features of the Puerto Rico Island.

Data and Processing

The seismic data used in this study are recorded by the Puerto
Rico seismic network (PRSN). PRSN has been monitoring and
processing earthquakes in the Puerto Rico region since 1974. It
currently consists of four short-period and 30 broadband seis-
mographs (green triangles in Fig. 1a) in Puerto Rico and adjacent
islands (Clinton et al, 2006). Additional campaign seismic sta-
tions (purple triangles in Fig. 1a) were deployed by PRSN and the
U.S. Geological Survey shortly after the M,, 6.4 earthquake in
January 2020 and have been operational since then.

The earthquake catalog and phase arrivals of Puerto Rico
events are available from PRSN since 1986. For the tomographic
inversion in this study, we use the P- and S-wave arrivals for over
34,000 earthquakes (dots in Fig. 2a) from January 1986 to April
2021 in the region. These events are mostly shallower than 30 km
depth with most of their magnitudes ranging from 1 to 3.5. To
obtain a more uniform event distribution and reduce the com-
putational time for the tomographic inversion, we select a subset
of 1222 master events (orange dots in Fig. 2b). These master
events have the most picks within 4 km radius with at least eight
P and four S arrivals. The average number of first arrivals per
event is 13 for P and 12 for S, respectively. Such an event selec-
tion procedure has proven effective and efficient in resolving
crustal structures in California and Hawaii (e.g., Lin et al,
2007, 2010, 2014).

For the relocation work, we focus on the 20,724 earthquakes
from May 2017 to April 2021 (purple dots in Fig. 2a). In addi-
tion to the first P and § arrivals, we download their associated
waveforms for all three components (i.e., vertical, east, and
north). The data are first resampled to a uniform 100 Hz sam-
ple rate and then band-pass filtered between 1 and 10 Hz. The
cross correlation is computed for each event with its nearest
(up to 200) neighbors within 5 km distance, independently
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for P and S waves. We use a 1.5 s window around P wave
and a 2.5 s window around S wave when catalog picks are avail-
able. If not, we use a 2 s P window and a 3 s S window based on
the predicted arrival times using the earthquake location and
the 1D initial velocity model used for the tomographic inver-
sion. We only save differential times with the corresponding
correlation coefficient (CC) greater than 0.5. Event pairs with
less than four satisfying differential times are discarded. This
step results in over 96 million differential times for more than
2.6 million event pairs. During the waveform cross-correlation
relocation process, we use differential times with CC higher
than 0.55 and require each event pair to have at least four dif-
ferential times with CC higher than 0.6.

Methodology
Tomographic inversion
We implement the simul2000 tomographic algorithm to obtain
3D body-wave velocity models (Thurber, 1983, 1993; Eberhart-
Phillips, 1990; Thurber and Eberhart-Phillips, 1999) using the
master events. The simul2000 program is a damped least-
squares inversion method using the full matrix to simultane-
ously solve for Vp and Vp/Vg models and earthquake loca-
tions. Based on the event and ray distributions, the grid
spacing in our final velocity model is selected as 10 km hori-
zontally (purple squares in Fig. 2b) centered at (18.2°, -66.4°)
(red star in Fig. 2b) with the x axis pointing to the west direc-
tion and y axis to the north. The vertical nodes are positioned
at0, 3,6,9, 12, 15, 20, 27, 35, 45, and 60 km depths. All depths
in this study are relative to mean sea level.

We perform our 3D tomographic inversion starting from a
1D velocity model. We first create a gradient 1D P-wave veloc-
ity model (red solid line in Fig. 2¢), based on the 1D layered
model used in the PRSN daily operation (black line in Fig. 2¢).
We choose a constant Vp/V ratio of 1.75 derived from the
Wadati diagram (Kisslinger and Engdahl, 1973), which is con-
sistent with the average values in the nearby Caribbean regions
(e.g., Corbeau et al., 2017; Kumar et al., 2020; Londofio et al.,
2020). Next, we start with the gradient Vp model and the con-
stant Vp/ Vg ratio to run the tomographic inversion. The layer-
averaged values of the output models are set as the 1D starting
models for the next round of inversion. This iterative process is
repeated until the input and output velocity models converge
with marginal differences and equal data fits. In our case, the
difference in the sum of squared residuals resulted from the
two models is smaller than 0.1%. The average values of the
Vp/ Vs ratios at different layers remain at 1.75 during these
iterations and thus are used in all the inversions. The input
model used in the final 3D tomographic inversion is shown
by the green line in Figure 2c. This iterative procedure helps
to resolve a model that best represents the average value at each
depth layer with minimal velocity perturbations. The well-
resolved velocity structures in the final model show no signifi-
cant dependence on the initial 1D model.

Volume XX« Number XX

www.srl-online.org - 2021

Downloaded from http://pubs.geoscienceworld.org/ssal/srl/article-pdf/doi/10.1785/0220210223/5481522/srl-2021223.1.pdf
bv LIC San Dieao | ibrarV user



(@1)  Depth=0(km), Vo=4.30 (km/s)  (82)  Depth =0 (km), Vp/Vg=1.75 to invert the 3D Vp and Vp/ Vg
: : ‘ : : : ‘ : : models. The comparison of the
18.5° 1 M"" = | true and inverted models is
2 ® . ™ e TN shown in the supplemental

S ~ e~ . . . .
- | ¢ » ol 3,_/” I VJ | material available to this article.

18 '; " o £ %

i ool 25 km g 25 km The models are generally well
675 -67° -66.5 -66° —65.5 675 -67° -665° -66' -655 :lecot‘}'lered (flrm}? o t°h27 km
Depth = 3 (km), V= 5.05 (km/s) Depth = 3 (km), Vp/Vg=1.75 epths, and the southwestern
(b1) (b2) g ; . : . portion of the island has the
18.5° best model resolution. Based

\.
18] é.vwzw

—> )

ﬁ, | é-.

\ w/"f”
NS |
RS

on the recovered patterns, we
use RDE > 0.1 as a confidence

— interval to contour the well-

25 km 25 km .
; ; ; ; ; ; ; ; ; ; resolved regions and focus our
-67.5° -67° -66.5° -66" -65.5 -67.5° -67° -66.5° -66° -65.5° discussions on the features
(c1) Depth =6 (km), V=577 (km/s) (c2) Depth = 6 (km), Vp/Vs = 1.75 within these areas. We note that
18.5° 1 : I the model resolution could be
~ ﬁMM“I- o significantly increased if smaller
damping values were used.
= ping

18" - f’M - However, we prefer relatively
: ‘ ‘ 25 km_ ‘ 25 km larger damping parameters in
-67.5" -67° -66.5° -66° -65.5 675 -67° -66.5" —66" —65.5' this study to retrieve the most

Depth 9 (km) Vp=6. 39 (km/s) Depth =9 (km), Vp/Vs =1.75 reliable velocity structures.

(d1) (d2) ‘ ‘ ‘ ‘

185 ((\;M‘h\.t ] [= (r\—MN\I .|  Earthquake relocation
S8 ad \. N Three-dimensional  velocity
18° 1 !_‘,*MM; - . éﬁ, - _ V,Jf models of crustal and upper
1 55Km 2 25 km mantle structures can greatly
675 -67° -665 -66' -655' 675" -67° -66.5° -66" -655  improve absolute hypocentral
I - (%) M /V;  locations by correcting the
-9 6 -3 0 3 6 9 1.60 1.70 1.80 1.90 biasing effects from large-scale

Figure 3. Map views of the final 3D (a1-d1) Vp and (a2—d2) V,,/ Vs models at four depth slices from
0 to 9 km depth for the study area. V perturbations are shown relative to the slice-average values,
shown at the top of each subfigure. White contours enclose areas with the resolution matrix
diagonal element (RDE) value greater than 0.1. Pink lines represent the fault traces. The color

version of this figure is available only in the electronic edition.

velocity variations. We use our
newly developed 3D velocity
model to relocate all the seis-
micity from May 2017 to
April 2021 beneath and near
the island of Puerto Rico.

Because simul2000 is a damped least-squares method, the
optimal damping parameters used in our inversion are selected
by compromising the data and model variances (e.g., Eberhart-
Phillips, 1986, 1993). During the tomographic inversion, the
simul2000 algorithm also computes the resolution matrix,
whose diagonal element (RDE) can serve as an assessment
for model recovery. To further examine the model resolution,
we perform checkerboard tests to evaluate the inversion param-
eters and the recovery capability of the data. We construct
checkerboard patterns with every 20 km gridding along both
x and y directions and velocity perturbations of + 5% relative
to the layer-averaged values of the 1D initial model. Using
the synthetic travel times calculated from the perturbed velocity
model, we apply the same parameterization as for the real data
Volume XX« Number XX
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During the inversion, we keep
the Vp and Vp/Vg models
fixed and only allow the earthquake hypocenters to vary for
a few iterations until convergence. We refer to the relocation
result after this step as the 3D location. The absolute location
uncertainties are computed by the tomographic algorithm for
both horizontal and vertical directions.

Starting with the 3D locations, we further improve relative
earthquake locations by applying a differential time location
technique (Lin, 2018) based on waveform cross-correlation
data. The approach has proved successful in relocating large
sets of earthquakes in California and Hawaii (e.g., Lin et al,
2007, 2014; Lin and Okubo, 2016, 2020). This method solves
for the location of each earthquake that minimizes the differ-
ential time residuals between the target event and the linked
events in the study area. The relative horizontal and vertical
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Figure 4. Map views of the final 3D (a1-d1) V and (a2-d2) V,,/ Vs models at four depth slices from
12 to 27 km depth for the study area. Symbols are the same as those in Figure 3. The color version

of this figure is available only in the electronic edition.

et al, 1998; Mendoza and
McCann, 2009). In between
the  GNPRFZ the
GSPRFZ, the and
eastern island region has high-

and
central

location uncertainties are estimated by bootstrapping (Efron
and Tibshirani, 1991) the differential times of each earthquake.
It has been found that differential times between large
earthquakes and smaller events may lead to unreliable loca-
tions for large events (Bachura and Fischer, 2019) because
of their complex waveforms, high amplitudes, and frequently
clipping the records. Therefore, we exclude M > 5 events in the
waveform cross-correlation relocation process and present the
2020 M,, 6.4 earthquake at its 3D location for reference.

Results and Discussions

Final V; and Vp/Vs models

After the final tomographic inversion, the median absolute
deviation of arrival-time residuals was dropped from 0.34 to
0.09 s for P and from 0.37 to 0.11 s for S wave. Because of
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Vp values and low-Vp/Vy

ratios. In particular, the shape
of the resolved structures in the eastern island and south of
the GNPRFZ is consistent with the San Lorenzo batholiths
(Huerfano et al., 2005). The highest Vp-value occurs near the
central GSPRFZ, extending to the north-northwest direction,
probably associated with the Utuado pluton (Jolly et al., 1998;
Huerfano et al., 2005). Similar to the north central coast, the
south coast basin is imaged with low-Vp and high-V,/V
anomalies with stronger perturbations relative to the slice aver-
age values, coinciding with the sedimentary rocks in the area
(Schellekens, 1998). Most of these structural anomalies extend
deep into the mid- and lower crust from 12 to 27 km depth,
but with subdued amplitudes (Fig. 4). However, the high-V;
and low-Vp/Vs bodies between the GNPRFZ and the
GSPRFZ gradually reverse into low-Vp and high-Vp/ V¢ anoma-
lies from 12 to 27 km depth. The reversal of the velocity
Volume XX« Number XX
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anomalies may be related to the isostatic response for the density
anomalies within these mountainous regions and warrant fur-
ther investigation with integration of other geophysical data.
In Figure 5, we show five vertical profiles of the absolute Vp
and Vp/Vs models along the south-north direction moving
from the east to the west of the island. Along the easternmost
profile 1-1’, the V) model is only well resolved in the central
area above 20 km depth, with slightly low-Vp value. The Vp/V
ratios are generally low (<1.7) within the resolution contour.
Along profiles 2-2’ and 3-3’, the high-V} body at 10-20 km
depths between the GNPRFZ and the GSPRFZ is prominent,
which is one of the best-resolved features in our Vp velocity
model. The V/ Vg model shows different patterns from each
other along these two profiles. Along the profile 2-2’, there
seems to be a north-dipping high-V/ Vg zone corresponding
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Figure 5. Depth distribution of the final 3D (a1-a5) V, and (b1-
b5) Vp/Vs models along five south-north profiles (1-1" to 5-5)
migrating from the east to the west of the island. Profile locations
are shown by the yellow vertical lines in Figure 2a. White con-
tours enclose areas with the RDE value greater than 0.1. GNPRFZ,
Great Northern Puerto Rico fault zone; GSPRFZ, Great Southern
Puerto Rico fault zone; |, Investigator fault; P, Ponce faults; SM,
San Marcos fault; SLF, South Lajas fault. The color version of this
figure is available only in the electronic edition.

to the high-Vp zone, surrounded by multiple very low-
Vp/ Vs anomalies. In contrast, along profile 3-3’, the Vp/V
model shows relatively low values corresponding to the high-
Vp body. Along profile 4-4’, although the Vp still shows high
values between the GNPRFZ and the GSPRFZ, the most visible
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anomaly is in the south of the GSPRFZ. The Vp/V model
along this profile shows a complex pattern with both the lowest
and highest values among these five profiles. The high V,/V
occurs in the south coast (from 24 to 36 km distance), extending
to about 8 km depth, and collocates with a low-Vp zone in the
same area. A low-Vp/V body takes place beneath the GSPRFZ
(~60 km distance) from the surface to about 8 km depth. Below
it, a north-dipping high-V;,/ Vg feature extends from 5 km
depth beneath the San Marcos fault to ~25 km depth north
of the GSPRFZ. A second low-Vp/Vg body beneath the
GSPRFZ stretches from 15 down to 30 km depth. The corre-
sponding Vp model of this area shows low values at shallow
(<8 km) and deep (>15 km) depths and a thin high-Vp body
centered at about 10 km depth. The velocity model along profile
5-5" displays distinct features, including very low-Vp values
beneath the South Lajas fault (from 32 to 50 km distance) from
the surface to 30 km depth and a low-V structure (from 50 to
92 km distance) dipping northward throughout the island,
which could reflect the Caribbean slab subducting beneath
Puerto Rico. The Vj/ Vg ratios outline a similar dipping struc-
ture with low values with intermittent high-V/ V¢ bodies along
the dipping trend.

Relocation results
For all the 20,154 earthquakes relocated by the 3D velocity

model, the absolute locations have median uncertainties of
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Figure 6. Comparison of different location catalogs in the adja-
cent area of the 2019-2021 seismic sequence. (a1) Map view of
the PRSN location, (a2) depth distribution of the PRSN location,
(b1) map view of the 3D location, (b2) depth distribution of the
3D location, (c1) map view of the cross-correlation location, and
(c2) depth distribution of the cross-correlation location. Gray dots
stand for the earthquakes before 28 December 2019, and red for
those on or after that. Depth distributions (middle column) are
plotted for the seismicity along profile 66’ (thick blue straight
line) and within the dotted box in (a1). Stars in (a1) and (a2) show
the PRSN location of the 2020 M,, 6.4 earthquake, and those in
other subfigures are the 3D relocation of the earthquake from this
study. (a3) V» model along profile 6-6’. White contours enclose
areas with the RDE value greater than 0.1. (b3) Vp/Vs model
along profile 6-6". White contours enclose areas with the RDE
value greater than 0.1. (c3) Lines highlighting the seismicity trends
in (c2) that are discussed in the Relocation Results section. GR,
Guayanilla rift; GSPRFZ, Great Southern Puerto Rico fault zone; |,
Investigator fault; P, Ponce faults; PM, Punta Montalva fault and its
extension; SLF, South Lajas fault. Note that the same number of
earthquakes are plotted in each location catalog. The color version
of this figure is available only in the electronic edition.

103 and 122 m in the horizontal and vertical directions, respec-
tively. In Figure 6al,a2 and b1,b2, we compare these 3D loca-
tions with the PRSN network catalog in the region near the
2019-2021 seismic sequence. There are significant differences
in the absolute location and marginal ones in seismicity spatial
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www.srl-online.org - 2021

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220210223/5481522/srl-2021223.1.pdf
bv LIC San Dieao | ibrarV user



spread. For example, the 3D relocated earthquakes south of the
2020 M,, 6.4 mainshock location (Fig. b2) form a more steeply
dipping feature than in the PRSN catalog (Fig. a2).

We further relocate 19,095 earthquakes (95% of the input
3D relocated events) with the waveform cross-correlation
method to investigate the detailed fault structures of the area.
Our results have median relative location uncertainties of 69
and 64 m in the horizontal and vertical directions, respectively.
These waveform cross-correlation relocations are compared
along the same profile with the 3D and the PRSN locations
in Figure 6. Further location comparisons along a west—east
profile are shown in the supplemental material. We obtain a
more compact earthquake distribution from the waveform
cross-correlation results, although the relocation does not pro-
duce dramatic sharpenings delineating fault traces that are
often observed in California or Hawai‘i after similar proce-
dures (e.g., Lin et al, 2007, 2014; Lin and Okubo, 2016,
2020). This wide spatial spread is likely real, which may reflect
the complex tectonic setting in Puerto Rico causing inter-
twined fault networks.

Despite the spread of the earthquakes, our relocation results
show trends that may correlate with the surface traces of multi-
ple active faults identified from geological surveys (Fig. 6¢2).
For example, a near-vertical seismicity streak located at
6.8 km distance and ~5 km depth (highlighted by the orange
dotted line in Fig. 6¢3) is coincident with the projection of the
Investigator fault (LaForge et al., 2005). Farther north, the seis-
micity beneath the southernmost segment of the Guayanilla
rift and the Ponce faults shows steep north-dipping trends
(highlighted by the green dotted lines in Fig. 6c3), whose sur-
face extensions agree well with the mapped fault lines. Near the
Punta Montalva, where most of the earthquakes occur, there
appears to be two linear trends. The steep linear trend (high-
lighted by the black dotted line in Fig. 6¢3) has a dipping angle
of ~71° and extends to the Punta Montalva fault at the surface.
The other gentle trend (highlighted by the blue dotted line in
Fig. 6¢3) has a lower dipping angle of ~17°, which nicely agrees
with the inferred dip angle for the Muertos subduction zone
based on the study of a 1984 M, 6.7 thrust event in the area
(Byrne et al., 1985; LaForge et al., 2005). At 4 km depth
between the Ponce faults and the Punta Montalva fault, there
is a small cluster of events parallel to the 17° dipping linearity
(highlighted by the pink dotted line in Fig. 6¢3). These results
suggest that a complex fault network with multiple fault planes
dipping from gentle to steep toward the north direction may
have been active during the 2019-2021 earthquake sequence.

Intriguingly, the seismicity patterns do not directly correlate
with the structure features of the Vp and Vp/ Vs models along
the profile. The Vp model is dominated by the low-velocity body
south of the GSPRFZ (Fig. 6a3), most obvious in the region south
of the 2020 M,, 6.4 mainshock. There is a strong high-value,
south-dipping feature in the Vp/ V¢ model (Fig. 6b3), originating
from the surface in the GSPRFZ and extending southward to
Volume XX« Number XX
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~10 km depth beneath the southern end of the Guayanilla rift.
The high-Vp/V anomaly smears to greater depths, but this is
probably due to the limited resolution in this area. Below this
anomalous feature, there are scattered low-Vp/V patches in
between the GSPRFZ and the Punta Montalva fault. Above this
high anomaly, there is a low-V;/V zone beneath the Punta
Montalva fault above 4 km depth, which spatially compacts with
a horizontal extent of 10 km.

2019-2021 Southwestern Puerto Rico sequence
The 2019-2021 Southwestern Puerto Rico sequence has lasted
over 19 months (as of August 2021) and consists of most of the
relocated earthquakes. About 83% of the waveform cross-cor-
relation relocations occurred after the initiation of the seismic
sequence on 28 December 2019. The daily seismicity rate from
May 2017 to April 2021 shows abrupt increases in December
2019 and January 2021 (see supplemental material). The 2019-
2021 Southwestern Puerto Rico sequence has been associated
with the Punta Montalva fault (e.g., Lopez Venegas et al.,
2020). The map view of our relocations (Fig. 6¢1) seems to sug-
gest that the sequence is bounded by the Investigator fault and
Ponce faults in the southern and eastern ends and extends
along the Punta Montalva fault and the Guayanilla rift. The
depth distribution of the earthquakes (Fig. 6¢2) indicates that
all these nearby faults are active with most of the earthquakes
occurring near the Punta Montalva fault. The 2020 M,, 6.4
mainshock is relocated at the edge of the seismicity zone
beneath the Punta Montalva fault and near the boundary
between the dominant high- and low-Vp/Vy bodies
(Fig. 6b3), which may suggest variations of material properties
or fluid contents in the area.

Implications

Whether there is an active subduction from the Caribbean plate
beneath the Puerto Rico Island has important implication in
regional tectonics and seismogenesis. This topic can be explored
through interpreting the seismic data. The velocity structure of
the Puerto Rico Island and the adjacent Caribbean region has
been investigated based on different techniques (e.g., Fischer
and McCann, 1984; McCann, 2007; Mendoza and McCann,
2009; Huerfano et al, 2010; Martinez Torres and Lépez
Venegas, 2012). The earthquake distributions have also been
examined by many researchers (e.g., Asencio, 1980; McCann,
2006, 2007). In our study, cross sections of both the velocity
model and seismicity (Figs. 5 and 6) show northward-dipping
structures, mainly represented as low-Vp and low-Vp/Vy
anomalies. The relocated seismicity shows secondary, gentle
northward-dipping planes (~17°) at both shallow (~4 km)
and greater (from 10 to 18 km) depths, consistent with the
inferred dip angle of the Muertos trough. These results echo pre-
vious studies correlating similar dipping features with the
hypothesized active subduction (e.g., Mendoza and Huerfano,
2005). Alternatively, the seismogenesis may have been due to
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a possible material contrast between the northwest and south-
west of the island in the upper 20 km depth, which can also form
a dipping structure from south to north. We detect a large high-
Vp anomaly at shallow depths beneath the northern side of the
GSPRFZ, where batholith has been found at the surface
(Weaver, 1958; Learned et al., 1981; Jolly et al., 1998). This cor-
relation suggests that the high-velocity body could possibly
represent the plutonic rocks with great material strength,
whereas the materials in the southwest are relatively weak as
indicated by our velocity models, which could lead to abundant
earthquakes occurring at all depths. The subduction process of
the Caribbean plate beneath the island of Puerto Rico is incon-
clusive from only shallow velocity structures and earthquakes,
and investigations of the continuity of the dipping plane to
greater depths warrant future studies.

Conclusions

We obtain new 3D Vp and Vp/V models for the island of
Puerto Rico and relocate earthquakes in the region from
May 2017 to April 2021 using the resulting velocity models
and waveform cross-correlation data. We find prominent
high-Vp and low-V/ Vg anomalies in the eastern and central
province between the GNPRFZ and the GSPRFZ, which likely
reflect the Utuado pluton. In the western island, the V) model
shows low anomalies beneath both the GSPRFZ and the SLF,
which form northerly dipping structures from the southwest to
the northwest of the island. The relocated earthquakes have a
broad spatial spread, although showing dipping trends along
the Investigator fault, the Ponce faults, the Guayanilla rift,
and the Punta Montalva fault. The majority of the 2019-
2021 Southwestern Puerto Rico earthquakes seem to associate
with the Punta Montalva fault. However, more than one fault
plane is suggested by the earthquake depth distribution. There
is a 17° dipping seismicity trend at various depths, possibly
related to the Muertos trough, along which the Caribbean plate
is being subducted beneath the Puerto Rico microplate. Our
tomographic and relocation results show an active fault net-
work with multiple distinct fault planes, suggesting that
regional deformation is accommodated by a diffuse fault struc-
ture within a low-velocity zone. The processing of the seismic
data collected from a rapid-response seismic reflection survey
in March 2020 has already identified numerous faults
in the area of the 2019-2021 sequence. Integration with
other geophysical and geological data will be valuable for
better understanding of the seismic and tectonic activity in
the area.

Data and Resources

The seismic data in this study are obtained from the Puerto Rico seis-
mic network (PRSN). The initial earthquake catalog and phase arrivals
are available from the PRSN website (http://redsismica.uprm.edu/
english/, last accessed May 2021) and are also accessible through
the COMCAT catalog maintained by the National Earthquake
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Information Center (NEIC). The waveforms from all the PRSN sta-
tions are stored with the Incorporated Research Institutions for
Seismology Data Management Center (IRIS-DMC, http:/
ds.iris.edu/ds/nodes/dmc/, last accessed May 2021). The 2019
obtained from https:/
www.census.gov/quickfacts/PR (last accessed May 2021). The maps

Census data for Puerto Rico was

are created by using the public domain Generic Mapping Tools
(GMT; Wessel 2013) and the Matlab available at
www.mathworks.com/products/matlab  (last

et al,
accessed  October
2021). The supplemental material for this article includes results
for the tomographic checkerboard tests, comparison of different loca-
tion catalogs along one more profile, and the seismicity rate from May
2017 to April 2021 in the study area.
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