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Abstract 16 

The recent Indios, Puerto Rico earthquake sequence has drawn attention as the increased 17 

seismicity rate in this area was unprecedented. The sequence began on December 28, 2019, 18 

caused a 6.4 magnitude earthquake on January 7, 2020, and remained active over a year later. 19 

This sequence fits the nominal definition of an earthquake swarm in that it had an abrupt onset, 20 

a sustained high rate of seismicity without a clear triggering mainshock or evidence for Omori 21 

decay, and a lack of adherence to Bath’s Law. However, the sequence also had several prominent 22 

mainshock-aftershock (MS-AS) sequences embedded within it. We applied 3-station waveform 23 

cross-correlation to the early part of this sequence using the Puerto Rico Seismic Network (PRSN) 24 

catalog as templates, which confirmed the mixture of swarm and MS-AS patterns. In an effort to 25 

place this intriguing sequence in the context of the previous seismicity in Puerto Rico, we 26 
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investigated the existence of swarms and MS-AS sequences recorded by the PRSN since 1987 27 

by identifying sequences with increased seismicity rate when compared to the background rate. 28 

59 sequences were manually verified and characterized into swarms or MS-AS. We found 58% 29 

of the sequences follow traditional swarm patterns and 14% adhere to traditional MS-AS behavior 30 

while 29% of the sequences have a mixture of both swarm and MS-AS behaviors. These findings 31 

suggest it is not unusual for the Indios sequence to have a mixture of both characteristics. In 32 

addition, the detection of many swarms distributed over a broad area of the subduction interface 33 

indicates stress heterogeneity and low coupling consistent with prior studies indicating that the 34 

potential for a magnitude ~8 megathrust earthquake along the Puerto Rico Trench is unlikely. 35 

 36 

I. Introduction 37 

Puerto Rico lies in a dynamic plate boundary zone in between the North American and 38 

the Caribbean tectonic plates (Calais et al., 1992). Eastern Hispaniola, Puerto Rico and the 39 

Virgin Islands are the remnants of an intra-oceanic arc that formed in between the North 40 

American and Caribbean Plate boundary in the Cretaceous-early Paleogene period (Chaytor 41 

and ten Brink, 2010; Donnelly, 1989). The Northern Caribbean Plate boundary zone is 42 

predominantly controlled by left-lateral motion, collision, and oblique subduction of the North 43 

American plate beneath the Caribbean plate (Chaytor and ten Brink, 2010). This has resulted in 44 

the establishment of three microplates: Gonave (Mann et al., 1995), Hispaniola (Byrne et al., 45 

1985), and the Puerto Rico-Virgin Island (PRVI) (Jansma et al., 2000).  46 

The PRVI microplate is bounded in the north by the deepest trench in the Atlantic 47 

(Puerto Rico Trench) along with a complicated subducting slab morphology, while the eastern 48 

edges are delimited by the 19N fault zone characterized by normal motion, the Virgin Island 49 

Basin, and the Anegada Passage (Dillon et al., 1999; ten Brink, 2005; Meighan et al., 2013).  50 

The southern edge is defined by the Muertos Trough convergence zone with a low seismicity 51 

rate, and the western edge is represented by the Mona Passage which has been described to 52 
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be extensional (Figure 1) (Huérfano et al., 2005; Jansma et al., 2000; Chaytor and ten Brink, 53 

2010; Granja Bruña et al., 2015). Moving inland, the island is divided in three by the Great 54 

Northern and Southern Puerto Rico Fault Zones (Figure 1) (Huérfano et al., 2005). Overall, this 55 

creates a seismically active region that generates hundreds of earthquakes per year, but with 56 

most of the seismic activity small enough to not be felt by humans (M<4). However, historical 57 

seismicity records show that the northern part of PRVI have only seen moderate sized (M5.0-58 

M5.9) earthquakes when compared to northern Hispaniola and the Mona Passage in the 20th 59 

century (ten Brink et al., 2011). Previous studies have established that only 2 large earthquakes 60 

are historically known to have occurred in the assumed location of the Puerto Rico Trench in 61 

1785 and 1787 with an estimated magnitude of M8-8.25 for the latter date (ten Brink et al., 62 

2011; McCann, 1985). More recently, the 1918 earthquake of 7.3 in the Mona Canyon (Figure 63 

1) generated a tsunami that impacted the western coast of Puerto Rico and was responsible for 64 

the loss of more than 100 lives (Doser et al., 2005; Mercado and McCann, 1998).  65 

The PRVI microplate was thought to be capable of producing earthquakes of estimated 66 

magnitudes of at least 8 with commensurate shaking and tsunamis risks to the population 67 

centers on the island (McCann, 1985). Risk assessment studies have also pointed out that the 68 

recurrence interval for a fully coupled subduction zone is of 67-125 years to generate a M 7.5 69 

earthquake in the subduction region that covers Hispaniola, Puerto Rico and the Lesser Antilles 70 

(Geist and Parsons, 2009). More recently a study argued that the Puerto Rico Trench 71 

megathrust may be unable to generate great earthquakes (magnitude 8 and higher), although 72 

smaller shallow earthquakes could still be damaging (ten Brink and López-Venegas, 2012). 73 

Even though the characterization of the coupling in the trench was limited due to the lack of 74 

offshore GPS stations, the existing evidence supported the notion that the subduction zone 75 

north of Puerto Rico is not fully coupled. Other studies have shown that the potential 76 

magnitudes of earthquakes in the intra-arc are smaller than those in the subduction zone, but 77 

the shallow depths and proximity to the population increases their seismic risk (ten Brink et al., 78 
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2011). However, one could also argue that patches that have been coupled for hundreds to 79 

thousands of years could also cause very destructive earthquakes (e.g. Satake and Atwater, 80 

2007). Investigation and characterization of these regions is therefore important within the 81 

context of understanding the hazard in order to better prepare for the future.  82 

Recent seismic activity has been dominated by the Indios sequence that began in 83 

December 2019 in the southwestern region of Puerto Rico and (Figure 1), generating large 84 

ground shaking that had not been felt since the 1918 (M 7.3) earthquake. The biggest 85 

earthquakes in the sequence (M5.0-6.4) caused substantial damage to structures in the south of 86 

the island, power outages, many injuries, and one confirmed death (López-Venegas et al., 87 

2020). The continuation of seismicity at high levels for several weeks with several jumps in rate 88 

and magnitude created pervasive anxiety throughout the island population about what might 89 

happen next. The Indios sequence began in earnest on December 28 and the region remained 90 

active over a year later (Van Der Elst et al., 2020). The Indios sequence has included more than 91 

10 earthquakes of M>=5, with an apparent mainshock of M6.4 on January 7th, 2020. This 92 

sequence is particularly interesting to study because it presents a mix of both mainshock-93 

aftershock (MS-AS) and swarm characteristics: the largest event happened later in the 94 

sequence providing evidence for swarm behavior but several MS-AS sequences with prominent 95 

Omori decay were embedded within it. Structurally, the earthquakes of M5.7 and M5.8 from 96 

January 6th and 7th happened on two E-SE striking, almost vertical, left lateral strike-slip faults 97 

(Vičič et al., 2021). Interestingly, the M5.8 aftershock happened on a parallel fault that has 98 

almost the same strike as where the mainshock happened, potentially representing activation of 99 

a fault network. Vičič et al. (2021) also suggested that sequence happened in response to a 100 

tectonic transient that would be related to a slow slip episode associated with the Muertos 101 

Trough subduction. Therefore, more detailed temporal analysis of the Indios sequence 102 

seismicity has the potential to help us understand the nature of this apparently unusual 103 

sequence.  104 
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Motivated by our examination of the temporal patterns in the Indios sequence, this study 105 

also investigates previous sequences of increased seismicity rate throughout the Puerto Rico 106 

Seismic Network (PRSN) catalog, to help identify how anomalous the Indios sequence is. In 107 

particular, we sought to examine the relative prevalence of MS-AS sequences characterized by 108 

Omori or Bath’s law patterns versus swarms that lack these temporal and magnitude patterns 109 

(Mogi, 1963; Vidale and Shearer, 2006; Holtkamp and Brudzinski, 2011). Previous research has 110 

suggested that swarms are prominent associated with the Puerto Rico Trench, but details are 111 

limited (Pulliam et al., 2007; López-Venegas et al., 2009).  The prevalence of swarms would be 112 

important because they present challenges for earthquake forecasting (Llenos and Van der Elst, 113 

2019). A detailed characterization of previous aftershock and swarm sequences would provide 114 

critical input for forecasting efforts. In the case of swarms, characteristics of previous sequences 115 

would prove beneficial in forecasting the duration of or earthquake probabilities during swarms 116 

once they start happening (Llenos and Van der Elst, 2019). Consequently, improved 117 

understanding of typical temporal and magnitude patterns based on a review of historical 118 

seismicity is a key component for better hazard mitigation in Puerto Rico.  119 

 120 

II. Temporal Patterns of the Indios Sequence Based on Template Matching 121 

During cases when the seismicity rate increases to unprecedented levels, it is not 122 

uncommon for more limited detection and characterization of smaller events near the detection 123 

threshold. Due to the swarm-like nature of the sequence and knowing the importance of such 124 

small events to characterize the type of sequence, we employed three-station template 125 

matching to improve the detection of smaller seismicity and better understand the temporal 126 

patterns of the sequence (e.g., Skoumal et al., 2014). This preliminary analysis was focused on 127 

maximizing the real detections and reducing the detection of noise. Approximately 20,000 128 

matches were found in the first 3 weeks of the sequence using roughly 2,000 cataloged events 129 

as templates. The best results were achieved using templates with seismograms from stations 130 
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MLPR (Magüeyes Lab, PR), CRPR (Cabo Rojo, PR) and AOPR (Arecibo Observatory, PR) 131 

(triangles, Figure 1), because these generated the least number of false positives, and their 132 

signal-to-noise ratio was better than other stations in the surrounding network. The magnitude of 133 

the events was calculated using the Richter approach where the amplitude recorded is used to 134 

estimate the magnitude based on the established relationship from the existing catalog of 135 

reported magnitudes (e.g., Skoumal et al., 2014).  136 

The cataloged events in Figure 2A represent all of the template events used in the 137 

analysis. These events display a clear reduction of seismicity starting on January 2, 2020, that 138 

was suspicious given the lack of events below M 2.0. We estimated the magnitude of 139 

completeness (Mc) of the original template catalog to be 2.4 using the maximum curvature 140 

technique (Wiemer and Wyss, 2000), but there is an abrupt change from a Mc of 1.8 prior to 141 

Jan. 2, 2020, to Mc of 2.4 afterward based on a change in the network's capacity to catalog 142 

during a major sequence (PRSN, pers. comm.).  Nevertheless, examining the rate of events 143 

with magnitudes greater than M2.4 (red, Figure 2A), the reduced seismicity rate between Jan. 2 144 

and 6 is still noticeable. Moreover, the seismicity rate after larger earthquakes on Jan. 6 and 7 is 145 

surprisingly only slightly higher than that in late 2019.  146 

Template matching provides an opportunity to investigate these temporal trends, with 147 

Figure 2B showing the detected earthquakes and rates of events greater than M 2.4 and Figure 148 

2C showing the detected magnitudes and rates from M 1.0 to M 2.4. For our matched event 149 

catalog, the overall estimated Mc is 1.0, and in this case, the completeness changes from 0.7 to 150 

1.1 when the activity increases on Jan 6, 2020.  It should be noted that the Mc of a catalog 151 

constructed with template matching is generally thought to be biased due to the limited 152 

distribution of the template events (e.g., Skoumal et al., 2020), but it can still be useful for 153 

characterizing the detection limit of events similar to the templates. When considering both 154 

Figure 2B and 2C, we found a reduction in seismicity rate in 2020, but it does not occur until 155 

January 4-5 and the reduction is more modest. These plots also confirm there is a significantly 156 



7 

higher seismicity rate after the large earthquakes on January 6 and 7. Overall, the template 157 

matching results are interesting because they show that smaller magnitude events exhibit 158 

swarm characteristics while events of greater magnitudes present more MS-AS patterns. For 159 

example, the rate of smaller seismicity in Figure 2C shows a more limited decay with time after 160 

the larger earthquakes compared to the more pronounced decays observed in the rate of larger 161 

seismicity (Figure 2B). This mixture of swarm and MS-AS behavior is intriguing and motivated 162 

us to review previous seismicity in the Puerto Rico region to investigate how common this 163 

behavior is.  164 

 165 

III.  Characterizing Swarms and Aftershock Sequences in the PRSN Catalog from 166 

1986-2019 167 

The data consists of all the earthquakes in the PRSN catalog from 1986 up until the 168 

Indios seismic sequence at the end of 2019. Vičič et al. (2021) suggested a small foreshock 169 

swarm sequence occurred in July 2019 but we found no evidence of this in the PRSN catalog. 170 

We geographically divided over 70,000 earthquakes in the PRSN catalog into the 4 quadrants 171 

for the island (NE, NW, SE, SW) given the proximity of these events to the PRSN stations 172 

(Clinton et al., 2006; Huérfano et al., 2018), but then added 2 additional regions further offshore 173 

approaching the trench where seismicity was particularly prevalent (NNE, NNW) (Figure 1).  174 

In order to effectively process the seismicity in each geographic region, we developed an 175 

algorithm based on the weekly seismicity rate (Figure 3). This approach compared the 176 

seismicity rate of each week to that of the 3 previous weeks, looking for an increase that 177 

exceeds a factor of 4.5. We investigated a variety of threshold values from 0.5 to 5 and selected 178 

4.5. Smaller values generated more false positives (gradual changes in seismicity rate that did 179 

not have well-defined initiations) and larger values would not detect smaller clusters of 180 

seismicity that could be visually confirmed as true MS-AS or swarm sequences. All detected 181 

sequences were initially saved from the beginning of the week when the seismicity level rises 182 
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until the end of the second consecutive week where the activity level returned to the average 183 

weekly background seismicity rate (Figure 3B). The duration was then trimmed to be from the 184 

first earthquake to the last earthquake within this time frame (Figure 3C). 185 

Our study has both similarities and differences to previous efforts to characterize 186 

swarms relative to MS-AS sequences.  We sought to develop an automated sequence detection 187 

algorithm, which has the same goal as Vidale and Shearer (2006), but our catalog has a much 188 

smaller number of events due to the higher magnitude of completeness and much higher 189 

location uncertainty due to the lack of double-difference relocation being applied.  So we used 190 

broader time and location thresholds than Vidale and Shearer (2006) (i.e., 2 km radius and 28-191 

day windows).  Our approach of detecting sequences based on increased seismicity rate is 192 

similar to that of Holtkamp and Brudzinski (2011), but we sought to develop an automated 193 

detection algorithm to increase objectivity when compared to typical manual detection 194 

approaches (e.g., Holtkamp and Brudzinski, 2011; Roland and McGuire, 2009).  Several recent 195 

automated detection algorithms have been focused on swarm detection and would be biased 196 

against MS-AS detection (e.g., Reverso et al., 2016; Nishikawa and Ito, 2017). 197 

The algorithm detected 70 sequences across the different geographic regions, with 59 198 

sequences having at least 10 earthquakes. We found it difficult to classify sequences with less 199 

than 10 earthquakes, so we decided not to use them in the current study, hoping to improve 200 

their characterization with waveform correlation techniques in future work (Skoumal et al., 2015; 201 

Skoumal et al., 2016). To ensure all the events in a detected sequence were occurring at a 202 

similar location within a geographic region that could extend larger than 100 km wide (Figure 1), 203 

we calculated the median location of the cluster and the distance of each event from the 204 

median. To take into account location uncertainty, particularly for offshore and older sequences, 205 

we allowed events to be included in the sequence up to 20 km from the median location (Figure 206 

3D). This step helps ensure events in the sequence are in roughly the same geographic location 207 

and did not occur in more disparate parts of our geographic boxes.  208 
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The trimmed and filtered sequences were then manually verified and classified into 209 

swarm or mainshock-aftershock (MS-AS) groups using criteria established in previous research 210 

(Mogi, 1963; Holtkamp and Brudzinski, 2011). Swarms were determined when the sequence did 211 

not show a clear mainshock at the beginning of the cluster, had a more constant seismicity rate 212 

during the sequence, and when the seismicity terminated more abruptly (Figure 4A). In contrast, 213 

MS-AS were identified when a clear mainshock at least 0.5 magnitude units higher than other 214 

big events in the cluster was observed (Bath’s Law) as well as a clear decay of seismic activity 215 

following Omori’s law that did not show an abrupt termination of the sequence (Figure 4B). We 216 

decided on 0.5 as the minimum threshold based on a relatively clear difference between the 217 

MS-AS and swarms in our dataset.  The mean magnitude difference for swarms was 0.1 and for 218 

MS-AS it was 0.93, and the standard deviation for swarms was 0.09 and for MS-AS it was 0.57. 219 

Specifically, the MS-AS sequences produced a magnitude difference ranging from 0.40 to 2.16, 220 

while the swarms ranged from 0.0 to 0.36.  Our characterization of the 59 sequences resulted in 221 

40 swarms and 19 MS-AS sequences (Table S1).  222 

 223 

IV. Relationships Between Swarms and Mainshock-Aftershock (MS-AS) Sequences in the 224 

PRSN Catalog 225 

Using previous research as a guide (Vidale and Shearer, 2006; Holtkamp and 226 

Brudzinski, 2011; Skoumal et al., 2015), we reviewed our swarm and aftershock sequences on 227 

a plot that shows the largest earthquake versus the number of events in the sequence (Figure 228 

5). This plot is designed to create a separation between the two types of sequences. Because 229 

swarms normally have more events per largest event magnitude they would be plotted on the 230 

top left corner and MS-AS would normally have fewer events per largest magnitude and would 231 

be plotted on the bottom right corner of the plot (Vidale and Shearer, 2006).  232 

In Figure 5A, swarms generally had larger numbers of events per maximum magnitude, 233 

but plenty of overlap between swarms and MS-AS is visible. In order to investigate the cause of 234 
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the overlap, we restricted the plot to only recent sequences to see whether the increased 235 

number of seismometers in the PRSN would result in a more definitive characterization (Clinton 236 

et al., 2006; Huérfano et al., 2018). Plotting only clusters since 2010 illustrates a better 237 

separation (Figure 5B), and we also note that the number of events per sequence is higher on 238 

average for these recent sequences.  This indicates the increased number of seismometers 239 

lowered the magnitude of detection so that more smaller magnitude events can be detected for 240 

each sequence, providing a larger number of events to help discern between swarms and MS-241 

AS characteristics. 242 

The process of manually characterizing the sequences also led us to consider if some of 243 

the overlap in Figure 5A was due to sequences having a mix of both swarm and MS-AS 244 

behavior. We decided to recharacterize the sequences to include 3 additional categories: 1) 245 

swarms followed by a MS-AS (Figure 6A), initially characterized as a swarm, but with a 246 

prominent MS-AS during the swarm, 2) MS-AS followed by a swarm (Figure 6B), initially 247 

characterized as a MS-AS based on the prominent initial mainshock, but lacking signatures of a 248 

typical Omori decay, and 3) MS-AS followed by another MS-AS (Figure 6C), initially 249 

characterized as a MS-AS, but with a second prominent MS-AS occurring soon after the initial 250 

one. We found 7 cases of a Swarm followed by a MS-AS, 2 cases of a MS-AS-followed by 251 

Swarm, and 8 cases of a MS-AS followed by a MS-AS (Table S1). To help justify why we 252 

considered these multiple behaviors as single sequences, we found that only 7 sequences with 253 

swarm-like behavior were identified during 1990-2009 in the NNE region and 2 of them occurred 254 

as Swarms followed by MS-AS group.  This indicates that swarms were not particularly 255 

prevalent during that time period in that region, such that a swarm occurring days after a MS-AS 256 

is unlikely to occur by coincidence.  The prevalence of these mixed sequences (29% of all 257 

sequences) indicates they are relatively common in Puerto Rico.  Figure 5C shows the mixed 258 

sequences primarily occur in the overlap between the swarms and MS-AS, suggesting that the 259 

prevalence of mixed sequences is contributing to the more extensive overlap than in previous 260 
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studies.  In previous studies that have identified a few examples of mixed sequences (e.g., De 261 

Barros et al., 2019; Bachura et al., 2021), the mixture is thought to occur when multiple fault 262 

segments are activated with local variations of fault rheology, smoothness, differential stress, or 263 

fluid circulation. 264 

To further clarify the nature of our detected sequences, we determined the number of 265 

foreshocks as the number of events before the largest earthquake in each sequence and 266 

calculated what percentage of the sequence was foreshocks. On average, foreshocks of an MS-267 

AS made up only 3.5% of the sequence.  In contrast, swarms had 49% foreshocks on average, 268 

consistent with the idea that the largest event occurs with an equal likelihood in time within a 269 

swarm sequence (e.g., Vidale and Shearer, 2006).  For the 8 MS-AS followed by MS-AS 270 

sequences, 5 had small foreshock percentages (0-2.8%) due to the larger mainshock occurring 271 

in the first group, while 3 had larger foreshock percentages (17%-68.7%) due to the larger 272 

mainshock occurring in the second group.  Intriguingly, the magnitude difference between the 2 273 

mainshocks for all 8 of these sequences was less than or equal to 1.0 with most less than 0.1.  274 

This is a key reason we prefer to refer to these sequences as MS-AS followed by MS-AS as 275 

opposed to foreshock-mainshock-aftershock sequences. 276 

One more possibility we considered is that variations in duration could influence how 277 

sequences are represented in these plots.  To account for this, we normalized the number of 278 

events by a unit of time (per week) in Figure 5D.  This generates some additional separation as 279 

the swarms tended to have higher seismicity rates when compared to MS-AS, but plenty of 280 

overlap remains, indicating this factor alone cannot account for the overlap between the swarm 281 

and MS-AS distributions.  282 

 283 

V. Temporal Patterns of Swarms and Mainshock-Aftershock Sequences in the PRSN 284 

Catalog 285 
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Based on the findings in Figure 5D, we began our investigation of the temporal patterns 286 

of the detected sequences by focusing on the duration of the different sequence types.  Figure 7 287 

is a log-log plot showing the number of events versus the duration of the sequences.  This plot 288 

highlights how the MS-AS tends to last longer than the swarms, with only MS-AS sequences 289 

extending longer than 20 days and only swarms lasting shorter than 1 day.  We also found a 290 

much stronger relationship between the number of events and the duration for MS-AS than for 291 

swarms. A relationship is expected for MS-AS as a sequence with more events (presumably 292 

due to a larger mainshock) is typically going to have a longer aftershock sequence. However, 293 

we also expected to see a strong relationship for swarms, as swarms tend to have a relatively 294 

constant rate of seismicity over time, such that longer sequences should have more events. The 295 

lack of a strong demonstration of this in Figure 7 indicates differences in the seismicity rate for 296 

shorter swarms (higher rate) versus longer swarms (lower rate) which could offset the expected 297 

trend. If this trend can be verified over a larger population of swarms, it could provide some 298 

clues about the causes of swarms.  For example, if swarms are driven by deformation 299 

associated with slow slip episodes (e.g., Hirose et al., 2008; Passarelli et al., 2021), it suggests 300 

that slow slip may have variable deformation rates that are related to the duration of the 301 

episodes. 302 

To further understand the MS-AS behavior, we used log-log plots to look for patterns in 303 

aftershock decay rates (Figure 8A). These plots show the seismicity rate versus the time after 304 

the largest event in the sequence. The slope approximates the p-value, a constant from Omori 305 

Law that describes the decay of aftershocks over time (e.g., Utsu et al., 1995). Although there is 306 

considerable debate about what controls the p-value of a sequence, it may be related to stress 307 

conditions, temperature of the crust, the structural heterogeneity, and fluid-driven permeability 308 

dynamics (e.g., Enescu and Ito, 2002; Miller, 2020). We sought to characterize the p-values for 309 

sequences in our study to look for any coherent patterns. The uncertainties of the p-values were 310 

calculated through bootstrapping by removing 10% of the events and recalculating the p-value 311 
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100 times to generate a mean p-value and standard deviation to represent the uncertainty.  The 312 

average uncertainty in p-value for our sequences is 0.03. In order for a sequence to be 313 

considered in the p-value analysis, the number of events after the largest earthquake had to be 314 

at least 10, there had to be a rate estimate in at least 5 time bins, and the uncertainty standard 315 

deviation had to be 0.10 or less.  We attempted calculating p-values with several different 316 

magnitudes thresholds but did not find that the p-values changed substantially until the 317 

sequence fell below our consideration thresholds. 318 

We identified that the different types of sequences had different p-values (Figure 8). 319 

Traditional MS-AS had an average p-value of 0.9, at the lower end of the expected range (0.9-320 

1.5) (Utsu et al., 1995).  We also found that MS-AS followed by MS-AS had a similar average of 321 

0.9, indicating that the aftershock decay rate was similar to single MS-AS sequences despite 322 

their doublet nature.  The Swarm followed by MS-AS sequences also had an average of 0.9, but 323 

this group had a wider diversity and had two cases with p-values less than 0.7 when there the 324 

swarm activity continued to be productive after the mainshock occurred.  MS-AS followed by 325 

Swarms showed this pattern even more clearly.  Finally, swarms had an average p-value of 0.6, 326 

consistent with the typical lack of Omori decay used to characterize a swarm sequence .  We 327 

note that Enescu et al. (2009) utilized superposition to combine sequences based on ETAS 328 

productivities to group sequences that are more swarm-like versus those more like MS-329 

AS.  They found that the swarm group had a lower p-value (0.7) than the MS-AS group (0.9), 330 

although they noted that forming sequences via superpositions tends to produce lower p-values 331 

(e.g., Utsu et al., 1995).  Since we estimated p-values of individual sequences without the need 332 

for superposition, we can more confidently say that the p-values of swarms and mixed 333 

sequences are lower than those of MS-AS.  The generally lower p-values of mixed sequences 334 

suggests that p-values are modulated by the amount of swarm-like behavior present in the type 335 

of sequence in the Puerto Rico region.  Considering that swarms are often considered to be 336 
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associated with fluid fluxes, this could support the fluid-driven permeability conceptual model 337 

suggested by Miller (2020).   338 

 339 

VI.  Geographics Patterns of Swarms and MS-AS Sequences in the PRSN Catalog 340 

Figure 9 shows the geographic pattern of the various sequences detected in this study.  341 

The initial rate detection algorithm only identified 3 potential sequences in the NE and NW 342 

regions, but these were discarded based on the low number of events (<10 earthquakes) in 343 

those sequences. The lack of sequences that met our criteria in the NE region is not surprising 344 

considering this region had the lowest seismicity rate (1861 events, with 614 events M>3) 345 

(Figure 9). The NW region does have a higher seismicity rate (3018 events, 711 with M>3) with 346 

two prominent areas of more pronounced seismicity (Figure 9), and yet our algorithm did not 347 

detect temporal increases that met our criteria to be defined as sequence. The NNE and NNW 348 

regions had higher seismicity rates (4998 and 6120 events, respectively; 2718 and 2382 with 349 

M>3), and these correspond to the regions with the most detected sequences (24 and 20 350 

sequences, respectively). Intriguingly, the SE region has a lower seismicity rate (3770 events, 351 

696 with M>3) approaching that of the NW region, but there were 9 sequences detected in the 352 

SE region.  Even more surprising is that the SW region has had the highest seismicity rate even 353 

prior to the Indios sequences (8563 events, 969 with M>3), but only had 6 sequences detected.  354 

The relatively small number of sequences detected suggests the changes in seismicity rate 355 

have tended to be more gradual in the SW region prior to the Indios sequence than in the NNE, 356 

NNW, and SE regions.   357 

We should be careful to note that the ability to detect sequences has been variable over 358 

space and time due to the changing Mc throughout the PRSN catalog (Clinton et al., 2006; 359 

Huérfano et al., 2018). We calculated the Mc for each of our study regions: SW = 2.0, SE = 2.2, 360 

NW = 2.6, NE = 2.8, NNW = 2.8, and NNE = 3.1.  The eastern side of our study area has a 361 

slightly higher Mc than the western side, but a more pronounced pattern is the increase in Mc 362 
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from south to north that creates an artificially lower number of events per sequence offshore. 363 

However, a smaller magnitude of completeness in recent times due to increased recordings 364 

creates more events per sequence and more sequences. These biases prevent a simple 365 

effective metric to distinguish when combining sequences across the various geographic 366 

regions and time frames. The use of template matching in the recent Indios seismic sequence 367 

proved to be very effective when looking for smaller magnitude events that improve the 368 

magnitude of completeness, making it easier to identify the characteristic behavior of this 369 

sequence. This suggests that future work should focus on more extensive template matching of 370 

the PRSN catalog to increase detection associated with the sequences we investigated and 371 

potentially can lead to a larger catalog of sequences. 372 

Given the catalog of sequences that was produced, we observed some general spatial 373 

patterns in the Puerto Rico region. We observed that the sequences in the southern part of the 374 

island tend to follow crustal faults and are generally shallower than the sequences in the 375 

northern region. Some of the northern sequences occur in the vicinity of the 19N fault zone, but 376 

most northern sequences are deeper, more distributed, and appear to be associated with the 377 

subduction interface (Figure 9 and Table S1). Northern sequences tend to have more events 378 

and more sequences in general when compared to the southern sequences, despite the fact 379 

that the land based PRSN enables a smaller magnitude of detection in the southern regions 380 

(Clinton et al., 2006; Huérfano et al., 2018), suggesting this disparity is likely even more 381 

pronounced if recording was comparable. The limited number of sequences in the south makes 382 

it difficult to identify more specific patterns on the island.  383 

To interpret our findings of many sequences offshore with pervasive swarm activity, we 384 

turned our attention to prior analyses of subduction zone earthquake swarm studies. Previous 385 

research has indicated that swarms appear to occur in regions of reduced coupling (Holtkamp 386 

and Brudzinski, 2014). This finding was based on reviewing a global compilation of megathrust 387 

earthquake swarms (Holtkamp and Brudzinski, 2011), and comparing them to the extent of 388 
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several dozen great megathrust earthquake rupture zones and geodetic estimates of subduction 389 

interface coupling. Earthquake swarm activity in places like Japan, Chile, Sumatra, and Alaska 390 

correlated with regions on the plate interface that show low seismic coupling, in between the 391 

rupture zones of great earthquakes. The swarms appear to represent areas of high-stress 392 

heterogeneity and low overall coupling that creates an obstacle for large earthquake rupture. 393 

Given that 34 of the 40 swarm sequences we found were in the northern offshore subduction 394 

zone and were distributed over a broad region (Figure 9), we argue that the subduction interface 395 

in Puerto Rico has relatively low coupling due to heterogeneous stress. The findings of 396 

Holtkamp and Brudzinski (2011) indicate the pervasive swarms would make it unlikely that a 397 

large, coupled patch would rupture as a great megathrust earthquake. This supports the 398 

conclusions of ten Brink and López-Venegas (2012) that great megathrust earthquakes are 399 

unlikely to happen on the subduction interface based on GPS data indicating weak coupling on 400 

the subduction interface. However, it is important to note that this interpretation does not 401 

preclude shallow earthquakes reaching into the magnitude 7 sizes occurring and generating 402 

damage (ten Brink and López-Venegas, 2012). Strong (M6-6.9) and major (M7-7.9) sized 403 

earthquakes could still be very disruptive for population centers close to the subduction 404 

interface.  405 

 406 

VII.  Conclusions 407 

Our study was motivated initially by the unexpected seismic behavior observed in the 408 

Indios sequence. Template matching was employed in order to better characterize and 409 

understand it. This approach improved the detection of smaller seismicity, and we were able to 410 

observe the temporal patterns of the sequence and how it varied depending on the magnitude 411 

threshold. We observed that smaller magnitude events exhibit swarm characteristics while 412 

events of greater magnitudes present more mainshock-aftershock (MS-AS) patterns. Then in an 413 

effort to understand the mixture of the swarm and MS-AS behavior in the sequence we used an 414 
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algorithm to study all previous sequences. Employing the seismicity rate detection algorithm and 415 

sequence classification characterization criteria, we found 40 swarms and 19 MS-AS sequences 416 

of increased seismicity rate in the PRSN catalog. 58% of the sequences follow traditional swarm 417 

patterns and 14% adhere to traditional MS-AS behavior while 29% of the sequences have both 418 

swarm and MS-AS behaviors. Therefore, it is not unexpected for the 2020 SW Puerto Rico 419 

sequence to have a mixture of both characteristics.  420 

We also found that the duration of MS-AS is proportional to the number of events as it 421 

would be expected, and swarms tend to have shorter durations and no distinctive pattern 422 

relative to the number of events in the sequence. Consequently, we evaluated the P-values for 423 

the different sequences and found that the P-value decreases depending on the amount of 424 

swarm-like behavior in the sequence.  425 

Additionally, we found evidence that supports the conclusion of ten Brink and López-426 

Venegas (2012) that a great (M>8.0) megathrust earthquake on the subduction interface is 427 

unlikely given the amount of swarm activity in this region consistent with previous research that 428 

has suggested the subduction interface is weakly coupled.  429 
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Data and Resources 441 

The catalog of earthquakes analyzed in this study was retrieved from the Puerto Rico Seismic 442 

Network (http://www.prsn.uprm.edu/English/catalogue/index.php). Seismograms recorded by 443 

the PRSN were retrieved from the IRIS DMC to perform the 3 station template matching. 444 

Supplemental Material for this article consists of a table describing the characteristics of the 445 

earthquake sequences identified in this study. 446 
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Figure Captions 596 

Figure 1. Map of the study area around Puerto Rico. White boxes show the 6 different regions 597 

we investigated for swarm and mainshock-aftershock (MS-AS) seismic sequences. Green 598 

triangles show the locations of seismic stations used for template matching of the Indios 599 

earthquake sequence. Stars represent historical large seismicity, with the largest highlighting 600 

the Indios seismic sequence; stars accompanied by question marks mean that their location is 601 

assumed and not exact. Curved white lines show mapped faults (Courtesy E. Vanacore). 602 

 603 

Figure 2. Summary of 3-station template matching results for the early part of the 2019-2020 604 

Indios earthquake sequence, showing earthquake magnitudes (circles) and rates (red line). The 605 

PRSN catalog (A) was used as template events (blue), and the rate shown is for magnitudes 606 

greater than 2.4. Matched events (black) are shown in the other two panels highlighting the rate 607 

for earthquakes with magnitudes larger than 2.4 (B) and between 1.0 and 2.4 (C).  608 

 609 

Figure 3. Illustration of how the algorithm finds the sequences that overcome the threshold of 610 

background seismicity. The plot shows earthquakes per week (A) and the magnitude of events 611 

(B) per time in days. C shows the magnitude over time of a set of events that then is filtered by 612 

distance over time (D).  613 

 614 

Figure 4. Examples of a (A) swarm sequence (B) MS-AS sequence.  615 

 616 

Figure 5. For each sequence, the symbol location indicates the maximum earthquake 617 

magnitude in the sequence versus the number of events in the sequence (A, B, and C) or the 618 

number of events per week (D). B shows sequences since 2010.  Symbol shape indicates our 619 

sequence classification: A-B shows the initial characterization of swarms and MS-AS and C-D 620 

show the additional determination of mixed sequences.  621 
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Figure 6. Examples of the additional classifications we used to describe mixed sequences that 622 

were more complicated and had multiple characteristics. 623 

 624 

Figure 7. Duration in days of the sequence versus the number of events in the sequence. Red 625 

indicates sequences that were nominally swarms and blue indicate sequences that had 626 

predominantly MS-AS patterns. Symbol shape indicates the more detailed classification. 627 

 628 

Figure 8. Estimation of the Omori p-value for sequences detected in this study.  (A) Log-log 629 

plots of the seismicity rate versus the time after the largest event in the sequence for examples 630 

of 4 different sequence types. (B) Estimated p-values of the different types of sequences 631 

(colored symbols). The symbol size matches the average standard deviation of the p-value to 632 

aid in interpretation of these values. 633 

 634 

Figure 9. Map of area of study with all cataloged seismicity from PRSN in black. Thick white 635 

lines indicate the specific subdivision within the study (Figure 2). Regions outlined in green (MS-636 

AS) or yellow (swarm) indicate the 1-sigma spatial distribution enclosing ⅔ of the events in the 637 

sequence on average. Thin white lines show mapped faults (Courtesy of E. Vanacore).  638 
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Figure 1. Map of the study area around Puerto Rico. White boxes show the 6 different regions 643 

we investigated for swarm and mainshock-aftershock (MS-AS) seismic sequences. Green 644 

triangles show the locations of seismic stations used for template matching of the Indios 645 

earthquake sequence. Stars represent historical large seismicity, with the largest highlighting 646 

the Indios seismic sequence; stars accompanied by question marks mean that their location is 647 

assumed and not exact. Curved white lines show mapped faults (Courtesy E. Vanacore). 648 
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 650 

Figure 2. Summary of 3-station template matching results for the early part of the 2019-2020 651 

Indios earthquake sequence, showing earthquake magnitudes (circles) and rates (red line). The 652 

PRSN catalog (A) was used as template events (blue), and the rate shown is for magnitudes 653 

greater than 2.4. Matched events (black) are shown in the other two panels highlighting the rate 654 

for earthquakes with magnitudes larger than 2.4 (B) and between 1.0 and 2.4 (C). 655 
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 658 

Figure 3. Illustration of how the algorithm finds the sequences that overcome the threshold of 659 

background seismicity. The plot shows earthquakes per week (A) and the magnitude of events 660 

(B) per time in days. C shows the magnitude over time of a set of events that then is filtered by 661 

distance over time (D).  662 
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 663 

Figure 4. Examples of a (A) swarm sequence (B) MS-AS sequence.   664 
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 666 

Figure 5. For each sequence, the symbol location indicates the maximum earthquake 667 

magnitude in the sequence versus the number of events in the sequence (A, B, and C) or the 668 

number of events per week (D). B shows sequences since 2010.  Symbol shape indicates our 669 

sequence classification: A-B shows the initial characterization of swarms and MS-AS and C-D 670 

show the additional determination of mixed sequences.   671 
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Figure 6. Examples of the additional classifications we used to describe sequences that were 675 

more complicated and had multiple characteristics. 676 
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 678 

Figure 7. Duration in days of the sequence versus the number of events in the sequence. Red 679 

indicates sequences that were nominally swarms and blue indicate sequences that had 680 

predominantly MS-AS patterns. Symbol shape indicates the more detailed classification. 681 
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 687 

Figure 8. Estimation of the Omori p-value for sequences detected in this study.  (A) Log-log 688 

plots of the seismicity rate versus the time after the largest event in the sequence for examples 689 

of 4 different sequence types. (B) Estimated p-values of the different types of sequences 690 

(colored symbols). The symbol size matches the average standard deviation of the p-value to 691 

aid in interpretation of these values. 692 
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 693 

 694 

Figure 9. Map of area of study with all cataloged seismicity from PRSN in black. Thick white 695 

lines indicate the specific subdivision within the study (Figure 2). Regions outlined in green (MS-696 

AS) or yellow (swarm) indicate the 1-sigma spatial distribution enclosing ⅔ of the events in the 697 

sequence on average. Thin white lines show mapped faults (Courtesy of E. Vanacore).  698 
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