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Active tectonic regions where plate boundaries transition from subduction to 

strike-slip can take several forms, such as triple junctions, acute and obtuse corners.  The 

Caribbean-North American plate boundary is one such active margin, where subduction 

transitions from arc- to oblique-type off the northeast coast of Puerto Rico.  

Understanding mantle flow in this region will not only help determine the nature of 

tectonic activity and mantle dynamics that control these margins, but will also aid our 

understanding of the fate of subducting lithosphere.  The forearc region of the northeast 

Caribbean plate north of Puerto Rico and the Virgin Islands has been the site of numerous 

seismic swarms since at least 1976.  A six-month deployment of five ocean-bottom 

seismographs recorded two such tightly-clustered swarms, along with additional events.  

Focal mechanism solutions, calculated from a joint analyses of the OBS and land-based 

seismic data, reveal that the swarms generally have strike- and dip-slip mechanisms at 

depths of 50-100 km, while events at depths of 100-150 km have oblique mechanisms.  A 

stress inversion reveals two distinct stress regimes, which supports the hypothesis that the 

subducting NOAM plate is tearing at or near these swarms.  Global and well-documented 



 
 

slab tears associated with high rates of intermediate-depth seismicity are discussed here. 

Seismicity at these locations occurs, at times, in the form of swarms or clusters and 

various authors have proposed that each marks an active point of tear propagation.  The 

swarms and clusters start at the top of the slab below the asthenospheric wedge and 

extend 30-60 km vertically downward within the slab. We interpret these swarms and 

clusters to be generated by dehydration embrittlement of mantle rocks. Focal mechanisms 

of these swarms generally fit the shear motion that is thought to be caused by the tearing 

process. 
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PREFACE
 
 

Here I am, having just completed my dissertation in earthquake seismology, a 

field of study that I have been intrigued by ever since high school.  Looking back now, 

life has had an amazing way of bringing me here to Baylor.  First being diagnosed with 

thyroid cancer during my masters studies at Temple University, and then I underwent 

surgery and two rounds of radiation treatment before receiving that degree.  Lastly, I kept 

my nose to the PhD grindstone, despite the emotional and mental struggles of going 

through a divorce my last two years at Baylor.  Yet here I am... being given this amazing 

opportunity, enabling me to pursue my forgotten dream, and following it through to the 

end no matter how many 'roadblocks' were thrown my way.  I just want to say, even 

during my dark times of doubt, deep down I knew I could do it despite all the odds. 

Out of my three papers included in this dissertation, my second paper (Chapter 

Three) is by far my proudest accomplishment.  That paper has been a long time in the 

making as I started analyzing the data my first semester at Baylor, way back in the Fall of 

2008.  I'm very proud that this paper has finally been published, so I'm going to take a 

moment to share the story of its 'birth'. 

There was a large of amount of data to analyze by hand, so much that we paid two 

additional people to help me out for an entire summer.  After that, there were several 

steps of post-processing that had to be done using computer programming languages that 

I was just learning, with a very steep learning curve.  Once I had my results in the fall of 

2010, my advisor and I took a stab at interpreting them, but we were not entirely 
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convinced we understood what we were seeing.  There was so much to look at and it all 

seemed so chaotic with no real pattern. 

This was when we decided I should take a break from that dataset and move on to 

my next paper.  A year later, I had analyzed, interpreted, and wrote up a manuscript about 

the results from my other dataset, that was submitted to a journal and accepted for 

publication in the early 2012 (Chapter Two).  So what should have been my second 

paper, became my first paper. 

Now it was time to get back to work on the dataset I had set down for about a 

year.  How do I manage such a large dataset in order to pull out some kind of pattern that 

I can make sense out of?  Well, I dove deeper into the literature to look at what other 

researchers have done when encountered with large datasets.  I found a couple of ideas, 

presented them to my advisor, he liked what I wanted to try.  It had then truly become 

MY paper.  While the data was still complicated to understand and not quite what I had 

been expecting, I was able to get a good handle on what it all meant.  So, 9 months later, 

the data underwent more post-processing, interpretations, visualizations, and I wrote up a 

manuscript that I submitted to JGR around the end of the Fall 2012 semester. 

This is the paper that never seemed to want to come to an end... This is the 

dissertation that made me into a strong and confidant research earthquake seismologist... 

here it is, finally, for your viewing pleasure and a little "light reading". 
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CHAPTER ONE
 

Introduction 
 
 

 This dissertation is the culmination of five years of research that began after a 

significant deployment of seismic instrumentation off the NE coast of Puerto Rico was 

completed in 2007.  The study was focused on fully characterizing the active tectonics of 

the northeast Caribbean, specifically off the northern and northeastern shores of Puerto 

Rico.  Those involved with these three papers were my advisor, Dr. Robert J. Pulliam of 

Baylor University, with two other coauthors, Dr. Uri ten Brink of the United States 

Geology Survey and Dr. Alberto M. Lopez of the University of Puerto Rico.  Uri ten 

Brink developed this large project from its infancy and in delegating the tasks at hand 

amongst the other primary investigators, Dr. Pulliam was given the portion focused on 

the investigation of local seismicity and how it further delineates the region's tectonic 

interactions.  Dr. Lopez assisted in acquiring the data and processing techniques later on. 

 The seismic data collected from stations deployed in this region have provided a 

large dataset to Dr. Pulliam and I that resulted in three publications, one of which is 

currently under review (Chapter Four).  Each chapter follows the style of their respective 

journal requirements.  Where Chapter Two was published in the Bulletin of the 

Geological Society of France, Chapter Three was published in the Journal of Geophysical 

Research, and Chapter Four was submitted to Geophysical Research Letters.  Our goal 

was to further the scientific community's understanding the boundary between the 

Caribbean plate and the North American plate, where they converge on one another and 

form a complex tectonic environment frequented by low magnitude seismic activity.
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CHAPTER TWO
 

Seismic Anisotropy Beneath the Northeastern Caribbean:   
Implications for the Subducting North American Lithosphere 

 
This chapter published as:  Meighan, H. E., and J. Pulliam (2013), Seismic anisotropy 
beneath the Northeastern Caribbean: Implications for the subducting North American 

lithosphere, Bulletin of the Geological Society of France, 184, 67–76. 
 
 

Abstract 
 

 Active plate boundaries in the Caribbean form a complex tectonic environment 

that includes transform and subduction zones.  The Caribbean-North American plate 

boundary is one such active margin, where subduction transitions from arc- to oblique-

type off the northeast coast of Puerto Rico.  Understanding mantle flow in this region will 

not only help determine the nature of tectonic activity and mantle dynamics that control 

these margins, but will also aid our understanding of the fate of subducting lithosphere.  

 The existence of tears, windows, and gaps in subducting slabs has been proposed 

at various locations around the world but few have been confirmed.   Since mantle flow 

and crustal deformation are believed to produce seismic anisotropy in the asthenosphere 

and lithosphere, searching for changes in, for example, SKS splitting parameters can help 

identify locations at which subducting slabs have been disrupted.  

 Several lines of evidence support the notion of a slab tear within the subducting 

North American plate at this transition zone, including the counter-clockwise rotation of 

the Puerto Rico microplate over the past ~10 Ma, clusters of small seismic events, and 

trench collapse initiating ~3.3 m.y.  Here we present results from a detailed investigation 

of seismic anisotropy from 28 stations across six networks in the Northeast Caribbean 
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that support the hypothesis of a significant slab gap in the vicinity of the U.S. and British 

Virgin Islands. 

 A regional synthesis of our results reveals fast shear-wave polarizations that are 

generally oriented parallel to the plate boundary with intermediate to high SH-SV delay 

times.  For example, polarization directions are oriented roughly NE-SW along the bulk 

of the Lesser Antilles, E-W along the Puerto Rico Trench and the northern Lesser 

Antilles, and NW-SE beneath Hispaniola.  Beneath the U.S. and British Virgin Islands, 

however, the fast polarization direction differs markedly from the regional pattern, 

becoming almost perpendicular to the plate boundary.  Stations on Anegada, British 

Virgin Islands and St. Croix, U.S. Virgin Islands show a fast polarization direction that is 

oriented nearly NNE-SSW and smaller delay times than surrounding stations.  These 

results suggest that mantle flow is redirected NE-SW at this location through a gap in the 

subducted lithosphere of the North American plate.
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Introduction 
 

 The Northeast Caribbean region is tectonically complex and diverse: Convergent, 

divergent, and transform margins are all found within a relatively small geographic area.  

The plate boundary transitions from sinistral motion in the north-central Caribbean to 

oblique subduction of the North American (NA) plate along the Puerto Rico Trench 

(PRT) to true arc-subduction in the eastern Caribbean (CAR).  Concave subduction 

geometry occurs off the NE coast of Puerto Rico (PR), due to the oblique subduction of 

the NA plate at the curved PRT.  Slab curvature has been shown to induce three-

dimensional mantle flow patterns [Kneller and van Keken, 2007].  A shear zone or slab 

tear has likely formed in this area of the downgoing NA plate to accommodate such 

complex geometry and also offers an explanation for a range of previously reported 

seismic, morphological and gravity observations [ten Brink, 2005].  Tensile stresses have 

been modeled along the PRT, indicating that both the counterclockwise rotation (-14, 

[Reid et al., 1991]) of the PR microplate increased trench curvature and the subduction of 

the Main Ridge seamount could initiate a slab tear [ten Brink, 2005; Gutscher et al., 

1999; Reid et al., 1991].  In addition, approximately 3.3 m.y. the slab dip angle along the 

PRT increased from 15° to 20°, which caused deepening and widening of the PRT west 

of 64.5°W [ten Brink, 2005].  Together these observations suggest that a shear zone or 

slab tear exists in the subducting NA slab and as a result, we would expect three-

dimensional mantle deformation or flow to be generated [Civello and Margheriti, 2004; 

Smith et al., 2001]. 

 The geometry of mantle deformation is often poorly constrained at plate 

boundaries, especially in corner regions such as the NE Caribbean.  One approach to 
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determining mantle deformation is to investigate the anisotropic fabric of the upper 

mantle by measuring seismic shear wave splitting parameters [Silver and Chan, 1991].  

Teleseismic (SKS, SKKS) waveforms are most commonly used for these measurements 

because their particle motions become polarized in the vertical direction upon conversion 

from P to S waves at the core-mantle boundary.  In a purely isotropic Earth, a 

seismographic station at the Earth’s surface would only register motion in the radial 

direction (“SV” motion), not the transverse direction (which would record “SH” waves).  

Therefore, an observation of energy on a given station’s transverse component is 

diagnostic of seismic anisotropy (Fig. 2.1).  If we observe a “split” shear SKS wave at a 

seismographic station, meaning that energy appears on both the radial and transverse 

components, we can be sure that at some point during the shear wave’s second traversal 

of the mantle, it encountered an anisotropic region.  Measurements can be made of the  
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Figure 2.1  When a shear wave travels through a seismically anisotropic medium it splits into two waves 
with orthogonal polarizations, producing what is called a “split” shear wave.  The wave component that is 
polarized parallel to the fast direction of the anisotropic medium will arrive at the station before the 
component that is polarized in an orthogonal direction.  The two components will accumulate a delay time 
that can be measured along with the orientation of the axis of fast polarization (modulo 180°).  A catalog of 
measurements for a set of stations can be used to interpret Earth structure. 

 

observed shear wave split to characterize that region [Savage, 1999; Silver, 1996].  The 

arrival time difference of the two shear waves is known as the delay, or lag, time and 

indicates the size of the anisotropic region or magnitude of anisotropy, in the sense of the 

difference between velocities in the fast and slow directions expressed as a percentage.  

Orientation of the fast shear wave's polarization direction characterizes the symmetry of 

the medium.  Delay time and polarization are the two measureable shear wave splitting 

parameters and are therefore used to determine lithospheric deformation and its causes.  
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Seismic, theoretical and petrographic studies have demonstrated a correlation between 

mantle flow and seismic anisotropy [Savage, 1999; Silver, 1996], but have not shown 

mantle flow to be a unique cause of seismically observable anisotropy. 

 Previous studies of Caribbean seismic anisotropy have argued that eastward drift 

of the CAR plate with respect to the NA plate suggests eastward flow in the mantle 

[Alvarez, 2001; Negredo et al., 2004; Russo et al., 1996; Russo and Silver, 1994].  Russo 

and Silver [1994] proposed a model in which eastward-directed flow in the Pacific 

mantle is redirected northward and southward by a deep keel beneath the continent of 

South America, ultimately sweeping around its northern end, beneath Central America 

and through the Caribbean, as well as its southern end, around Tierra del Fuego and 

beneath the Southern Ocean.  Splitting measurements made since Russo and Silver’s 

[1994] proposal for stations in Ecuador, Colombia, Venezuela, and Trinidad largely 

conform to their model.  However, recent studies of SKS splitting found several areas of 

trench-parallel anisotropic polarizations [Abt et al., 2010; Growdon et al., 2009; Masy et 

al., 2011; Piñero-Feliciangeli and Kendall, 2008; Russo and Silver, 1994].  This suggests, 

among other possibilities, that mantle flow is influenced sufficiently by subducted slabs 

to redirect it nearly 90° or that SKS splitting is caused by a different mechanism entirely, 

such as the orientation of hydrated faults in the subducting oceanic plate [Faccenda et al., 

2008]. 

 Other studies used local events, in addition to teleseismic SKS observations, to 

investigate crustal sources of anisotropy, which they determined to be minimal in regions 

dominated by oceanic lithosphere [Abt et al., 2010; Kneller and van Keken, 2007; 

Piñero-Feliciangeli and Kendall, 2008; Pozgay et al., 2007].  Several different 
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mechanisms must occur in this region to accommodate all the styles of plate interaction.  

Slab rollback related to the retreating Antilles trench forces mantle to flow around the 

subducting slab, generating three-dimensional flow patterns, which is shown in both field 

observations and laboratory experiments [Buttles and Olson, 1998; Civello and 

Margheriti, 2004; Kincaid and Griffiths, 2003; Kneller and van Keken, 2007].  Transform 

margins generate a vertical shear zone, which correlates to strong seismic anisotropy with 

fast directions parallel to the boundary [Russo et al., 1996; Tikoff et al., 2004].  It has 

been suggested that slab edge effects can be generated along plate boundaries, where 

mantle flows around the disrupted edge [Peyton et al., 2001; Smith et al., 2001]. 

 Due to the geographical distribution and limited number of stations available for 

previous studies, mantle deformation geometry is still not well understood at the NE 

corner of the Caribbean plate, which is also the location of the proposed shear zone or 

tear in the NA slab.  In the last few years, additional broadband, three-component stations 

have been installed around the Caribbean and have now recorded a sufficient number of 

events that are suitable for SKS splitting analysis.  We therefore conduct a new 

investigation of SKS splitting at stations for which splitting parameters had not been 

measured previously. 

 
Data and Analysis 

 We gathered three-component, teleseismic SKS and SKKS waveform data of the 

past ten years (2001 � 2011), recorded by 28 broadband seismic stations across the 

northern, northeastern and eastern Caribbean regions.  Nearly half of the stations are run 

by the Puerto Rico Seismic Network (13), several stations are run by the USGS 

Caribbean Network (7), the Netherlands Antilles Seismic Network (3), the Eastern 
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Caribbean Seismograph Network (3) and GEOSCOPE (1).  One additional station is 

operated by the Instituto Sismología Universitario of the Universidad Autónoma de Santo 

Domingo, Dominican Republic (ISU-UASD) and one additional station is operated 

jointly by ISU-UASD, the University of Texas at Austin’s Institute for Geophysics 

(UTIG), and the Pontificia Universidad Católica Madre y Maestra (PUCMM), in 

Santiago de los Caballeros, Dominican Republic.   We visually examined ~1000 

teleseismic SKS/SKKS event waveforms recorded at these stations with distances of 90° 

to 140° from earthquake hypocenters of magnitude 6 or greater.  We measured splitting 

parameters for all clear SKS arrivals and a large subset of SKKS arrivals, generally when 

SKS measurements were either unsatisfactory or the SKKS arrivals were especially 

strong. 

 SplitLab, a shear-wave splitting environment based in Matlab®, was used to 

generate our splitting measurements [Wüstefeld et al., 2008].  This program provides a 

set of graphical user interfaces that streamline three SKS-splitting techniques for side-by-

side comparison.  It has three general main steps:  database configuration, shear wave 

splitting, results output/analysis.  First, it prepares the database by associating data files, 

in Seismic Analysis Code (SAC) format, to events in the Global CMT catalog 

(www.globalcmt.org).  Each set of three-component seismograms is then rotated and 

displayed for visual inspection and analysis by the user.  It is in this viewing environment 

where filters, rotations, particle motions, and spectrograms are applied.  The user 

manually chooses the time window for which to perform three splitting measurement 

techniques for each set of seismograms.  These three techniques are the rotation-

correlation (RC) method [Bowman and Ando, 1987], the minimum energy (SC) method 

http://www.globalcmt.org/�
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[Silver and Chan, 1991] and the eigenvalue (EV) method [Silver and Chan, 1991].  Each 

method performs a grid search for the optimal splitting parameters:  fast polarization 

direction (φ) and delay time (δt).  These results are displayed for immediate evaluation 

and quality assignment by the user.  Error bounds are based on the minimum and 

maximum range of the 95% confidence region for each measurement [Wüstefeld et al., 

2008]. 

 A band-pass filter, with corner frequencies adjusted individually for each event, 

was applied before measuring the splitting parameters.  We used a set of criteria 

recommended by Growdon et al., [2009] to ensure consistent and reliable measurements.  

These five criteria include:  (1) elliptical particle motion for SKS (or SKKS) before 

correction and rectilinear motion after correction, (2) grid search results show a well-

defined and minimal confidence region, (3) the fast axis is not parallel or perpendicular to 

the event back azimuth, (4) the time window is at least 10 s and measurements do not 

vary significantly with window position [Wolfe and Silver, 1998], and (5) the SC and RC 

solutions are in general agreement.  These criteria help cull unreliable split measurements 

due to, for example, high levels of background noise, although they likely remove 

measurements that sample complex slab geometries as well [Growdon et al., 2009].  

Figure 2.2 shows an example of the splitting measurement process on a teleseismic SKS 

arrival at station ANWB.  In this view, SplitLab displays both the waveform and particle 

motion before and after correction, and a visual output of the splitting parameters. 
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Figure 2.2  Example of a good shear wave splitting measurement for station ANWB from the diagnostic 
viewer within SplitLab®.  The text panel at the top of the figure displays the splitting parameter results 
from all three techniques (RC, SC, and EV).  Each method provides the optimal estimate of polarization 
direction (φ) and delay time (δt) with associated minimum and maximum error bounds of the confidence 
region, derived from 2σ.  The RC (middle row:  b-e) and SC (bottom row:  f-i) corrections are displayed 
visually, whereas the EV solution is only shown numerically (at top):  (a) Extended section of the fast 
(solid line) and slow (dashed line) shear wave components before the corrections are applied to the 
manually selected SKS arrival window (shaded); (b,f) RC (b) and SC (f) delay corrections applied to the 
fast (solid line) and slow (dashed line); (c,g) RC (c) and SC (g) corrections applied to the radial (Q, solid 
line) and transverse (dashed line) components; (d, h) particle motion of wave arrival before (dashed line) 
and after (solid line) the RC (d) and SC (h) corrections; (e,i) RC (e) map of correlation coefficients, with 
fast polarization directions (degrees) on the y-axis and delay time (seconds) on the x-axis, SC (i) map of 
minimum energy values measured on the transverse component, with fast polarization directions (degrees) 
on the y-axis and delay time (seconds) on the x-axis.  Details of how these methods are combined and 
analyzed in SplitLab® can be found in the program documentation [Wüstefeld et al., 2008]. 
 
 
 Of the initial ~1000 SKS and SKKS event-station pairs identified, about 10% 

displayed SKS or SKKS waveforms that satisfied our qualifying criteria.  The majority of 

these events were from the Mediterranean and the western Pacific regions; the resulting 

distribution of backazimuths clustered between 240°-260°, 320°-340° and 40°-50°.  
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Limited distribution of backazimuths reduced our ability to resolve multiple layers of 

anisotropy; we will therefore focus on the geographical, rather than azimuthal, 

distribution of splitting measurements and their implications for regional structure and 

mantle flow. 

The stations we use in this study are located on islands, where oceanic wave-

related seismic noise and higher attenuation generally degrade the quality of the recorded 

SKS and SKKS phase arrivals.  High noise levels result in poor signal to noise ratios for 

phase arrivals, which produces poor quality splitting measurements.  Station ABVI is an 

example of a noisy island station; only a single event with high-quality results was found 

for this station (Fig. 2.3).  To minimize the effects of background noise, a band-pass filter 

of 0.04-0.2 Hz was applied to the waveforms from all stations.  This range was adjusted 

slightly for each station due to varying ocean-wave effects on the different islands.  

Deviations in splitting parameters are likely caused by this source of noise, rather than 

variations in anisotropic properties within the Earth [Wolfe and Silver, 1998; Monteiller 

and Chevrot, 2010].   

To further minimize effects of the noise, we stack the misfit surfaces that result 

from each splitting measurement at a given station, then the final stack measurements of 

polarization (φ) and delay time (δt) are determined by grid search [Monteiller and 

Chevrot, 2010].  The corresponding 95% confidence region of φ and δt is estimated from  
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Figure 2.3  The good shear wave splitting measurement for station ABVI from the diagnostic viewer within 
SplitLab®.  The text panel at the top of the figure displays the splitting parameter results from all three 
techniques (RC, SC, and EV).  Each method provides the optimal estimate of polarization direction (φ) and 
delay time (δt) with associated minimum and maximum error bounds of the confidence region, derived 
from 2σ.  The RC (middle row:  b-e) and SC (bottom row:  f-i) corrections are displayed visually, whereas 
the EV solution is only shown numerically (at top):  (a) Extended section of the fast (solid line) and slow 
(dashed line) shear wave components before the corrections are applied to the manually selected SKS 
arrival window (shaded); (b,f) RC (b) and SC (f) delay corrections applied to the fast (solid line) and slow 
(dashed line); (c,g) RC (c) and SC (g) corrections applied to the radial (Q, solid line) and transverse 
(dashed line) components; (d, h) particle motion of wave arrival before (dashed line) and after (solid line) 
the RC (d) and SC (h) corrections; (e,i) RC (e) map of correlation coefficients, with fast polarization 
directions (degrees) on the y-axis and delay time (seconds) on the x-axis, SC (i) map of minimum energy 
values measured on the transverse component, with fast polarization directions (degrees) on the y-axis and 
delay time (seconds) on the x-axis.  Details of how these methods are combined and analyzed in SplitLab® 
can be found in the program documentation [Wüstefeld et al., 2008]. 

 
 

the error calculation of 2σ [Silver and Chan, 1991].  The 2σ confidence levels of the SC 

technique were calculated following Silver and Chan [1991], while the Fisher 

transformation approach was used to obtain errors for the RC technique [Fisher, 1925].  

Conservative error bounds are determined by the minimum and maximum extent of this 
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confidence region [Wüstefeld et al., 2008].  Station CDVI is another example where 

seismic noise limited the number of high-quality splitting measurements, providing only 

two splitting measurements for the stacking process.  Both pre-stack results of the RC 

method are shown in Figure 2.4. 

 

 
 
Figure 2.4  Two good shear wave splitting measurements for station CDVI from the diagnostic viewer 
within SplitLab®.  The RC corrections are displayed visually for the first event (b - e) and second event (b' 
- e'):  (a, a') Extended section of the fast (solid line) and slow (dashed line) shear wave components before 
the corrections are applied to the manually selected SKS arrival window (shaded); (b, b') delay corrections 
applied to the fast (solid line) and slow (dashed line); (c, c') corrections applied to the radial (Q, solid line) 
and transverse (dashed line) components; (d, d') particle motion of wave arrival before (dashed line) and 
after (solid line) the corrections; (e,e') map of correlation coefficients, with fast polarization directions 
(degrees) on the y-axis and delay time (seconds) on the x-axis.  Details of how these methods are combined 
and analyzed in SplitLab® can be found in the program documentation [Wüstefeld et al., 2008]. 
 
 

This stacking strategy achieves a similar purpose to, but differs in its details from, 

the procedure described by Wolfe and Silver [1998] for obtaining reliable splitting 

measurements for island stations.  Stacking the error surfaces assumes a single layer of 

anisotropy.  Synthetic tests demonstrate that this technique is indeed robust, especially in 

regions where background noise tends to be high [Monteiller and Chevrot, 2010].  

Stacking the error surfaces produced during individual measurements, in conjunction 
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with the qualifying criteria described above, allow us to have high confidence in the 

accuracy of our splitting measurements.   

 
Results and Discussion 

 Throughout our study area, variations in anisotropy parameters (φ and δt) depend 

strongly upon location along the Caribbean plate boundaries.  The 28 stations provide fast 

anisotropy directions that are generally oriented parallel to the strike of plate boundaries 

and trenches with delay times ranging from 0.5-2.9 s (Table 2.1; Fig. 2.5).  Our final 

stacked splitting measurements (φ and δt) from each station are shown in Table 2.1 with 

their corresponding errors. 

The northern segment of our study area, from 80°W to 64°W, is where the CAR-

NA margin is dominated by left-lateral strike-slip to the west and transitions eastward 

into oblique subduction.  Previous studies in this region present splitting data from station 

SJG, in central Puerto Rico, with an E-W fast polarization direction and approximately 

1.3 s delay time (fig. 2.5) [Piñero-Feliciangeli and Kendall, 2008; Russo et al., 1996].  

These previous estimates of splitting parameters for SJG agree with the current results of 

this study.  Our measurements within this segment came from 17 broadband stations, 8 of 

which are located on or near the island of Puerto Rico (fig. 2.5).  The anisotropy 

parameters we measured here are generally characterized by E-W fast polarizations, 

which roughly parallel the northern plate boundary strike.  Delay times range between 0.5 

- 2.9 s, with larger times measured at stations located closer to the strike-slip plate 

boundary. 
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Table 2.1  Station Locations, Number of Stacked Events, Stacked Splitting Parameters 
 

Station Lon. Lat. Stacked 
Events 

Stacked Stacked 
(°) (°) φ(°) ± Δφ δt(s) ± Δδt 

ABVI -64.333 18.73 1 8.3  ± 26.0 0.75 ± 0.45 
AGPR -67.111 18.467 2 -63.7  ± 11.8 1.1 ± 0.45 
ANWB -61.786 17.669 5 -47.5  ± 12.3 1.4 ± 0.37 
AOPR -66.754 18.347 3 -75.8  ± 17.2 1.55 ± 0.62 
BBGH -59.559 13.143 2 5.1  ± 14.0 0.9 ± 0.35 
CBYP -65.857 18.272 3 -85  ± 22.8 0.7 ± 0.83 
CDVI -64.715 17.732 2 37.5  ± 27.5 0.75 ± 0.53 
DLPL -61.247 15.333 2 3.5  ± 26.3 1.8 ± 0.53 
FDF -61.146 14.735 3 -39.4  ± 9.2 1 ± 0.48 
GRGR -61.654 12.132 2 41.5  ± 16.3 2.6 ± 0.53 
GRTK -71.133 21.511 2 -94  ± 16.5 0.9 ± 0.35 
GTBY -75.111 19.927 3 -91  ± 17.5 1.1 ± 0.43 
HUMP -65.849 18.142 3 83.9  ± 4.7 2.85 ± 0.25 
MGP -67.089 18.008 2 -64.9  ± 17.8 0.8 ± 0.25 
MPR -67.14 18.212 4 -65.7  ± 10.0 1.3 ± 0.39 
MTDJ -77.535 18.226 5 -81.9  ± 13.9 1.55 ± 0.40 
MTP -65.553 18.097 2 -83.9  ± 6.5 2.1 ± 0.43 
OBIP -66.606 18.043 3 -64.9  ± 18.2 0.5 ± 0.30 
PCDR -68.381 18.514 2 -49.8  ± 13.5 2.1 ± 0.38 
PUCM -70.681 19.44 3 -77.9  ± 18.7 1.36 ± 0.35 
SABA -63.243 17.621 5 -77.9  ± 20.2 0.9 ± 0.38 
SDD -69.917 18.463 2 -71.9  ± 26.8 0.95 ± 0.45 
SDDR -71.288 18.982 5 -70.9  ± 22.1 1.3 ± 0.62 
SEUS -62.981 17.493 2 -60.8  ± 21.3 0.9 ± 0.33 
SMN1 -69.273 19.188 2 -55.6  ± 11.0 1.85 ± 0.65 
SMRT -63.075 18.051 3 -78.9  ± 21.7 1 ± 0.47 
STVI -64.962 18.353 3 -81.9  ± 5.0 2.35 ± 0.28 
SVB -61.252 13.272 2 23.6  ± 17.5 1.2 ± 0.63 

 
 

Measured delay times from some of our stations are greater than what is 

considered to be the global norm for oceanic lithosphere: 0.5 - 1.5 s, which equates to 

0.5% - 2.0% anisotropy [Savage, 1999].  However, not all subduction zones produce this 

range [Savage, 1999; Silver, 1996].  Following the convention of Savage [1999, p.91], in 

which percent anisotropy is calculated with respect to the average of the fast and slow 
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shear wave speeds, a 100 km thick anisotropic slab and an average shear-wave velocity 

of 4.5 km/s were assumed for this region.  The percent anisotropy range required to 

explain our largest delays of 2.1 - 2.9 s reached 9.9% - 14.0%.  It is more likely that the 

majority of this splitting accumulated subslab, rather than in the oceanic lithosphere 

alone, as also suggested by Piñero-Feliciangeli and Kendall [2008] and Russo et al. 

[1996]. 

 

 
 
Figure 2.5  SKS splitting measurements are plotted as vectors on top of a bathymetric/topographic map.   
Stations for which splitting measurements were made in this study are plotted as black dots.  Solid black 
lines indicate plate boundaries, with triangle symbols along the subduction zone and thin black arrows 
indicating strike-slip motion on the transform boundaries.  The stations in the northern and eastern 
Caribbean for which we (and previous studies) report results, have been labeled.  Results are plotted as 
vectors oriented parallel to the fast polarization direction and the length of the vector is proportional to the 
amount of delay time accumulated (see delay time legend in bottom left corner).  The black arrow indicates 
approximate NA plate motion relative to the Caribbean (CAR) plate.  Splitting measurements from this 
study are plotted with black vectors, vectors in red are from Piñero-Feliciangeli and Kendall [2008], vectors 
in magenta are from Masy et al. [2011] and vectors in yellow are from Russo et al. [1996].  Eastward 
mantle flow produces a strongly anisotropic shear zone in the upper mantle at the northern transform CAR-
NA plate boundary, which is observed in our data as large delay times with E-W fast polarization 
directions.  North-South mantle flow is oriented arc-parallel along the Lesser Antilles subduction zone, 
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which is also observed in our data as arc-parallel vector orientations.  In the NE corner of the plate 
boundary, two stations observed arc-normal fast polarizations of seismic anisotropy, inferring mantle flow 
perpendicular to the plate boundary, in the region of a previously proposed slab tear [ten Brink, 2005]. 
 
 

These previous studies propose that variations found in splitting parameters at 

station SJG (central Puerto Rico) indicate multi-layer anisotropy, with a lower layer 

dominated by E-W plate motion and an upper layer aligned with the CAR-NA transform 

plate boundary [Piñero-Feliciangeli and Kendall, 2008; Russo et al., 1996].  This two-

layer model requires only a small degree of coupling between them [van Benthem and 

Govers, 2010].  Mainprice and Silver [1993] have suggested that large delay times and 

boundary-parallel fast directions are likely due to a vertically oriented shear zone 

associated with transform margins.  Our shear wave splitting data and known plate 

geometries are also consistent with the notion of a vertical shear zone that parallels the 

northern CAR-NA strike-slip plate boundary.  This distribution of delay time is found not 

only within our dataset, but also within the South Sandwich region and along the SE 

Caribbean margins [Growdon et al., 2009; Masy et al., 2011; Müller et al., 2008; Russo 

et al., 1996; Tikoff et al., 2004]. 

 At the eastern plate boundary, the NA plate is subducting westward relative to the 

CAR plate and has produced the Antilles Arc and trench.  Previous studies found 

anisotropic fast directions at two stations (FDF and MVO) to be oriented sub-parallel to 

trench-strike (in Fig. 2.5) [Piñero-Feliciangeli and Kendall, 2008].  Our splitting 

measurements came from 9 stations (ANWB, BBGH, DLPL, FDF, GRGR, SABA, 

SMRT, SEUS and SVB) located on various islands throughout the arc (Fig. 2.5).  These 

fast directions were also generally trench-parallel with delay times less than 1.5 s, with 

the exception of 1.8 s delay time measured at DLPL and 2.6 s at GRGR.  The 
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combination of our measurements and previous ones (10 Antilles stations total) confirm 

that mantle flow is oriented parallel to the strike of the subducting NA lithosphere 

[Piñero-Feliciangeli and Kendall, 2008; Russo et al., 1996].  Piñero-Feliciangeli and 

Kendall [2008] attribute the majority of splitting in this region to the mantle, which they 

determine through a comparison of splitting estimates from both local and teleseismic 

events.  Local earthquakes constrain shallow anisotropy, while waves from teleseismic 

sources are sensitive to both deep (mantle) and shallow anisotropy [Piñero-Feliciangeli 

and Kendall, 2008].  Our observations are consistent with a model of slab rollback along 

the subducting NA plate.  Strain modeling of pressure gradients in curved subduction 

zones and laboratory experiments show that three-dimensional rollback forces flow 

around and beneath the sinking plate [Kincaid and Griffiths, 2003; Kneller and van 

Keken, 2007].  In general, subslab, fast polarization directions follow the curvature of the 

trench.  This pattern could be produced by mantle return flow that is induced by trench 

retreat (slab rollback) [Müller et al., 2008]. 

  The area of notable exception to the regional pattern of trench-parallel fast 

polarization is in the NE corner of the plate boundary, located proximal to the U.S. and 

British Virgin Islands and Anegada Pass.  The Anegada Pass is a bathymetric low 

connecting the Caribbean basin to the Atlantic and has been suggested to be the eastern 

extent of the Puerto Rico microplate [Byrne et al., 1985; Masson  and Scanlon, 1991; 

Jansma et al., 2000; Jansma and Mattioli, 2005], which began rotating counter clockwise 

11 m.y. [Reid et al., 1991].  Our results from this region do not illuminate the nature of 

the relationship with the Anegada Pass, however their co-location suggests that a 

connection between the two may exist.  
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Measurements at two stations, ABVI and CDVI, show fast directions that are 

roughly perpendicular (NNE-SSW) to trench strike and delay times of 0.8 s (Fig. 2.5).  

Despite having only a few observations at these two stations, the split results were of 

high-quality and can be seen in Figures 2.3 and 2.4.  We attribute these fast polarization 

orientations and delay times to trench-perpendicular mantle flow, possibly through a tear 

or gap in the subducting NA slab, as suggested previously (based on  other evidence) by 

ten Brink [2005].  Trench-normal observations with delay times less than 0.25 s have also 

been observed at the slab edge of the Kamchatka-Aleutian corner, where asthenospheric 

mantle has been inferred to flow around the disrupted slab’s edge [Peyton et al., 2001].  

In addition, a delay time of this magnitude has been attributed to mantle flow through a 

slab tear in northern Venezuela [Clark et al., 2008; Growdon et al., 2009; Molnar and 

Sykes, 1969].  Smith et al. [2001] suggest that flow through slab gaps may be driven by 

pressure gradients due to lateral heterogeneities. 

 The SKS splitting observed at ABVI and CDVI could be attributed to slab fabric, 

since oceanic lithosphere has been shown to be anisotropic by surface wave studies.  

However, previous studies present evidence that the bulk of the anisotropic medium is 

situated in the mantle, beneath the slab [Piñero-Feliciangeli and Kendall, 2008; Russo et 

al., 1996; Russo and Silver, 1994; Savage, 1999].  In other corner-subduction regions , 

trench-normal anisotropy indicates either asthenospheric shearing, displacement around 

the slab edge, or pass-through flow as a result of removing the slab edge from small-scale 

convection [Buttles and Olson, 1998; Davaille and Lees, 2004; Peyton et al., 2001].  

Lastly, the counterclockwise rotation of the Puerto Rico microplate, thought to have 

occurred over at least the last 10 Ma, could have focused mantle flow in this region by 
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forming a shear zone along the boundaries of the microblock.  Mantle flow effects from 

rotating microblocks have been observed in other regions, such as the East Izu shear zone 

of Central Japan [Mazzotti et al., 1999] and the rotation of Costa Rica at the downgoing 

Cocos plate [Abt et al., 2010].   

 From a mechanical perspective, a slab tear or gap can be expected in regions 

where subduction zones transition to strike-slip boundaries.  For example, locations 

where a tear or gap has been suggested include the Tonga trench [Millen and Hamburger, 

1998], Mariana Trench [Fryer et al., 2003], Cocos plate beneath Costa Rica [Abt et al., 

2010; Johnston and Thorkelson, 1997], Calabrian slab in Italy [Civello and Margheriti, 

2004], South Sandwich region [Müller et al., 2008], northern Tyrrhenian Sea [Gasparon 

et al., 2009] and northern Venezuela [Growdon et al., 2009; Taboada et al., 2000; Masy  

et al., 2011]. 

 Piñero-Feliciangeli and Kendall [2008] argue that the main contributions to 

observed shear wave splitting in the Caribbean originate beneath the slab, with a smaller 

contribution from above the slab.  Pozgay et al. [2007] argue that trench-parallel 

anisotropy is mainly accumulated in the subslab asthenosphere, which is likely a result of 

flow driven by pressure gradients.  However, other studies propose that fast anisotropic 

directions could be the result of hydrated faults in the subducting slab [Faccenda et al., 

2008; Healy et al., 2009].  The latter model proposes that trench-strike-parallel faults are 

created in slabs as a result of bending during subduction.  These cracks lead to the 

serpentinization of the mafic slab in the presence of water, a process that becomes self-

perpetuating as serpentinized material expands dramatically, and the formation of a 

seismically anisotropic fabric occurs.  Since all of the observations reported in this study 
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derive from SKS or SKKS splitting measurements, they integrate the effects of 

anisotropy throughout the mantle and crust.  Therefore, we cannot distinguish between 

effects that occurred in the mantle and effects that are confined to the slab.  This lack of 

depth resolution, while often a drawback of splitting measurements, does not negatively 

affect our conclusions.  The aim of this study is simply to infer the presence or absence of 

an intact slab at certain locations from splitting measurements.  Trench-parallel fast 

polarization indicates the presence of a slab, regardless of the mechanism by which 

seismic anisotropy is produced.  Trench-normal fast polarization suggests that the 

subducted slab is not intact beneath stations CDVI and ABVI, allowing mantle to flow 

through. 

 
Conclusions 

 The goals of this study were to constrain the pattern of seismic anisotropy of the 

NE Caribbean region through shear wave splitting measurements and to make inferences 

from those measurements regarding deformation in the mantle.  We obtained fast 

polarizations oriented parallel to the northern CAR-NA transform boundary, which we 

attributed to vertically-oriented shear zones, as in previous studies [Estey and Douglas, 

1986; Growdon et al., 2009; Russo et al., 1996], and arc-parallel to the eastern CAR-NA 

subduction zone.  Due to the increased number of three-component broadband seismic 

stations throughout the region, we also captured an unexpected change in the orientation 

of fast directions from shear wave splitting measurements.  This anomaly, located off the 

NE coast of Puerto Rico, indicates arc-normal flow (NNE-SSW) and features unusually 

small delay times, compared to delay times found elsewhere in the Caribbean. 
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 Observations of trench-parallel fast polarization directions are consistent with the 

presence of an intact subducted slab, regardless of whether the anisotropy is produced by 

rollback of the subducting NA plate, or hydrated cracks in a bending subducting slab, or a 

preferred orientation “frozen in” to subducting oceanic lithosphere, among other 

possibilities.  In the first case, the mantle has been diverted to flow parallel to the trench 

as the NA slab is acting as a barrier and the splitting signal is produced by mantle olivine 

crystals aligned by this flow (Fig. 2.6) [Pozgay et al., 2007].  In the latter two cases, the 

slab itself gives rise to split shear waves.  Both mechanisms posit the existence of an 

intact subducted slab, so a significant change in both fast polarization direction and delay 

time suggest that the mechanism at work elsewhere does not apply to the NE corner of 

the Caribbean, beneath the U.S. and British Virgin Islands. 

 

 
 
Figure 2.6  Cartoon model of regional mantle flow inferred from SKS splitting measurements.  This model 
illustrates the NA plate subducting beneath the Caribbean plate (NE Caribbean region) and the 
hypothesized slab gap located beneath the U.S. and British Virgin Islands, near the slab tear proposed by 
ten Brink [2005].  The large red arrows beneath the lithosphere indicate mantle flow as inferred from our 
SKS and SKKS splitting measurements.  A separate red arrow shows the suggested flow of mantle through 
the slab gap. 
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We propose that the splitting parameters measured at stations ABVI and CDVI 

indicate flow through a slab gap in the subducting NA slab at the NE corner of the plate 

boundary, as suggested previously [ten Brink, 2005; Civello and Margheriti, 2004; Smith 

et al., 2001].  The NNE-SSW orientation of the fast polarization direction and small 

delay times suggest that it may be residual signal of mantle flow deep beneath the 

Caribbean plate.  It may therefore be present at other Caribbean broadband stations, but is 

locally overwhelmed by the shallower flow that is re-directed by intact subducted 

lithosphere. 
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CHAPTER THREE
 

Seismic Evidence for a Slab Tear at the Puerto Rico Trench 
 

This chapter published as:  Meighan, H.E., J. Pulliam, U. ten Brink and A. Lopez-
Venegaz (2013), Seismic Evidence for a Slab Tear at the Puerto Rico Trench, Journal of 

Geophysical Research: Solid Earth,118, doi:10.1002/jgrb.50227. 
 
 

Abstract 
 

 The forearc region of the northeast Caribbean plate north of Puerto Rico and the 

Virgin Islands has been the site of numerous seismic swarms since at least 1976.  A six-

month deployment of five ocean-bottom seismographs recorded two such tightly-

clustered swarms, along with additional events.  Joint analyses of the OBS and land-

based seismic data reveal that the swarms are located at depths of 50-150 km.  Focal 

mechanism solutions, found by jointly fitting P-wave first-motion polarities and S/P 

amplitude ratios, indicate that the broadly-distributed events outside the swarm generally 

have strike- and dip-slip mechanisms at depths of 50-100 km, while events at depths of 

100-150 km have oblique mechanisms.  A stress inversion reveals two distinct stress 

regimes: The slab segment east of 65°W longitude is dominated by trench-normal tensile 

stresses at shallower depths (50-100 km) and by trench-parallel tensile stresses at deeper 

depths (100-150 km), whereas the slab segment west of 65°W longitude has tensile 

stresses that are consistently trench-normal throughout the depth range at which events 

were observed (50-100 km).  The simple stress pattern in the western segment implies 

relatively straightforward subduction of an unimpeded slab, while the stress pattern 

observed in the eastern segment, shallow trench-normal tension and deeper trench-normal 

compression, is consistent with flexure of the slab due to rollback.  These results support 
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the hypothesis that the subducting NOAM plate is tearing at or near these swarms.  The 

35-year record of seismic swarms at this location and the recent increase in seismicity 

suggests that the tear is still propagating. 
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Introduction 

The Northeast Caribbean displays a variety of complex tectonic interactions and a 

high rate of seismicity [Engdahl et al., 1998; Mann et al., 2002].  Earthquake swarms, 

clusters of seismic events that occur in a time span of hours or days without a distinct 

mainshock [Roland and McGuire, 2009], have been determined by analysts, based on 

recordings by land-based stations, to have occurred frequently off the northeastern coast 

of Puerto Rico during the last 35 years [Pulliam et al., 2007].  Accuracy of these event 

locations is related directly to the azimuthal distribution of recorded seismic observations.  

Permanent stations are located only on islands, which creates unavoidable bias in 

hypocenter locations due to limited azimuthal coverage and the lateral heterogeneity of 

the subduction zone in which the events typically occur.  This limitation can be overcome 

temporarily by deployments of ocean bottom seismographs (OBS) in locations seaward 

of the seismogenic zones; such deployments can be especially helpful if they capture one 

or more earthquake swarms.  This study reports on stress patterns in the Northeast 

Caribbean deduced from two swarms, plus additional events, that were recorded by a 

joint OBS and land-based seismic network. 

The tectonic setting in this region transitions from true dip-slip subduction of the 

North American (NOAM) plate beneath the Caribbean (CAR) plate along the Lesser 

Antilles volcanic arc, to a transform regime west of Puerto Rico (Figure 3.1).  Oblique 

subduction of the NOAM plate (recently determined to occur at 20 mm/yr at an azimuth 

of 254° by DeMets et al. [2010]) dominates in the vicinity of Puerto Rico and the U.S. 

and British Virgin Islands (VI).  In this location the plate margin is concave in shape, 

which creates geometric complications as the downgoing NOAM slab is forced around 
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the high-curvature margin [ten Brink, 2005; Mann et al., 2002].  This subduction 

geometry is likely accommodated by a shear zone or tear within the slab, of which the 

tearing process could produce earthquake swarms [ten Brink, 2005].  Slab tears have been 

identified in other tectonically similar regions as well [Bautista et al., 2001; Clark et al., 

2008; Govers and Wortel, 2005; Millen and Hamburger, 1998; Miller et al., 2006;  

Rosenbaum et al., 2008]. 

The Wadati-Benioff zone of the subducting NOAM slab has been observed by 

Fischer and McCann [1984], Engdahl et al. [1998] and more recently using events from 

the regional Puerto Rico Seismic Network earthquake database.  The maximum depth of 

the plate has been interpreted from relocated earthquake hypocenters to be 150 km [ten 

Brink, 2005].  The Wadati-Benioff zone has a 20° dip along the northern boundary of the 

Puerto Rico Trench, with a sudden 5° dip decrease off the NE coast of Puerto Rico, at 

approximately 64.5°W [ten Brink, 2005].  This is also the location of the recorded 

seismic swarms and where a slab tear has been proposed to be actively propagating, 

based on the bathymetry, gravity, seismicity, stress changes related to the subduction of a 

seamount, timing of the trench collapse, seismic anisotropy, and continuous GPS vector 

analyses [ten Brink and López-Venegas, 2012; ten Brink, 2005; Meighan and Pulliam, 

2013].  Clear understanding of the geometry and mechanisms within the subducting slab 

depends on the accuracy of the earthquake hypocenters.  Temporary deployments of OBS 

have been shown to resolve the location bias of land-based seismographic networks in 

submarine-dominated tectonic settings, such as the southern Tyrrhenian Sea, Taiwan, 

southern New Hebrides arc, central Aleutian subduction zone, South Shetland Islands, 

offshore Japan, northern Ecuador, and the East Pacific Rise [Barberi et al., 2006; 
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Begnaud et al., 2000; Chang et al., 2008; Coudert et al., 1981; Dahm, 2006; Frohlich et 

al., 1982; Maurice et al., 2003; Montagner et al., 1994; Nishizawa et al., 1992; Pontoise 

and Monfret, 2004; Pulliam et al., 2003; Shen et al., 1997; Webb, 1998]. 

This study focuses on the characterization of local tectonics by combining seismic 

observations from six-month, continuously-recording OBS and from land-based island 

stations.  From March to September of 2007, five OBS were positioned in and around the 

region of most frequent previous swarms (Figure 3.1).  The combined PRSN-OBS dataset 

captured approximately 600 events in addition to improving hypocenter constraints with 

the increased station distribution.  The focal mechanism solutions of these events and the 

stress field in which they occurred were examined in order to understand their 

relationship with the proposed shear zone or slab tear. splitting measurements. 

 
Data 

 Fifteen seismic stations operated by the Puerto Rico Seismic Network (PRSN) 

and five OBS from the Woods Hole Oceanographic Institution (WHOI) were used in this 

study (Table 3.1 and Figure 3.1).  Each short-period OBS contained a three-component 

Geospace GS-11D geophone (two horizontal and one vertical component), a hydrophone 

and a Quanterra 330 digitizer/recorder.  The OBS deployed the geophone in an external 

package by means of a fiberglass arm, but did not have a way to determine azimuthal 

orientation of the two horizontal components once it had reached the seafloor.  One 

option for determining the orientation of horizontal components is to shoot an air-gun in a 

pattern around the OBS and compute geophone orientation from the relative arrival times 

of subsequent water waves.  However, this was not done for this deployment, and as 

such, the orientation of horizontal components was not determined.  The Quanterra 330s 
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were programmed to record the geophones’ data streams at 100 samples/s; clock drifts 

were determined and corrected by WHOI OBSIP personnel.  The glass spheres used by 

these OBS have a depth rating of 6.5 km, so precise placement of the instruments was 

crucial in and around the Puerto Rico Trench, where depths reach 8.3 km.  Three of the 

OBS stations (D16, D29, and D35) were deployed along the northern edge of the Puerto 

Rico Trench, station D21 was deployed at the southern edge of the Puerto Rico Trench, 

and station D18 was dropped directly on the Main Ridge Seamount (MRS) within the 

trench (Figure 3.1). 

 Several factors were taken into account when jointly processing the land-based 

observations and those from the OBS.  The seafloor noise spectrum contains a higher 

level of background noise with frequencies less than 0.1 Hz than that of land stations 

[Pulliam et al., 2003].  Coupling between the OBS instrumentation and unconsolidated 

seafloor sediment can be weak at some OBS sites, which makes it difficult to identify 

seismic phases and can lead to “ringing” (fairly monochromatic signals).  Lastly, 

amplitudes are often attenuated at higher frequencies compared to land-based 

observations of the same signals, rendering P and S arrivals more emergent than 

impulsive, and therefore more difficult to pick accurately. 

The land- and seafloor-based seismic observations were compiled into an 

Antelope database for pre-processing, as described below (“Antelope” is a commercial 

seismic analysis package developed by Boulder Real Time Technologies).  Many of the 

phase arrivals recorded by PRSN stations within our dataset had already been picked and 

their associated events located by analysts at the PRSN, as part of routine monitoring (see 

also Clinton et al. [2006] for more information regarding the PRSN).  Nevertheless, every 
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arrival pick that was used in the analysis was examined and manually adjusted.  The 

picked phase arrivals were associated to corresponding events, P- and S-wave amplitudes 

were measured, first-motion P-wave polarities were detected, and preliminary hypocenter 

locations using the iasp91 1D velocity model were calculated [Kennett and Engdahl, 

1991].  All operations that were performed automatically were checked manually.  

Waveforms that exhibited high levels of seismic noise or abnormal damping were 

excluded from further location processing because arrivals were indistinguishable from 

the background noise.  

 
Seismic Analysis 

 Details of the event location procedure, including the application of relative 

relocation algorithms, is the subject of a companion paper [López-Venegas et al., in prep., 

2013]; only the characteristics of the absolute event locations that are relevant for this 

study of stress patterns will be summarized here.  Events recorded during the six month 

deployment (average magnitude of 2.9) were relocated using the NonLinLoc software 

package [Lomax et al., 2000].  This program uses non-linear, global-search algorithms for 

the probabilistic search of earthquakes within 3D earth models to find the minimum-

residual solution [Lomax et al., 2000].  NonLinLoc algorithms follow the methods of 

Tarantola and Valette's [1982] probabilistic inversion and the shortest path method of 

travel time computation in heterogeneous media [Moser et al.,1992; Wittlinger et al., 

1993]. 

The recorded dataset has approximately 600 events, spanning depths from 0 to 

200 km and with local magnitudes < 4.  Depth constraints are discussed further in the 

previously mentioned companion paper [López-Venegas et al., in prep., 2013].  Two 
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seismic swarms occurred during the March-September 2007 OBS deployment.  The first 

was from April 16 - 18 (approximately 40 events) and the second occurred from June 24 - 

26 (approximately 180 events), with local magnitudes ranging from 1.7 to 3.7 (derived 

using the 'dbml' Antelope tool).  Both of these swarms were located offshore in an area 

that was surrounded by the OBS, providing good azimuthal constraints for the location, 

however, the hypocenters do not define a clear Wadati-Benioff zone.  In addition, the 

large swarm on June 24 - 26 was centered at approximately 19.2°N 64.5°W (swarm 

location denoted by star in Figure 3.1) and spanned depths of approximately 50 - 90 km.  

 
Focal Mechanisms 

Accurate fault-plane solutions for small-magnitude earthquakes require a station 

distribution with small gaps in azimuth, a well-defined velocity model and P-wave first-

arrival polarities.  Where station distribution is poor, sampling of the focal sphere is 

incomplete; therefore, the addition of S/P amplitude ratios can supplement the first-

arrival information [Hardebeck and Shearer, 2002, 2003; Julian and Foulger, 1996; 

Kisslinger, 1980; Snoke et al., 1984].  Including these ratios in focal mechanism 

calculations has also proved successful in regions with limited data coverage and/or 

events of small magnitude, such as the Alpine Fault in New Zealand, offshore SW 

Taiwan, Atotsugawa Fault in central Japan, Southern California, São Miguel Island, and 

western Skagerrak [Boese et al., 2012; Chang et al., 2008; Imanishi et al., 2011; Kilb and 

Hardebeck, 2006; Silva et al., 2012; Sørensen et al., 2011; Yang et al., 2012]. 

Advantages of using S/P amplitude ratios include the following: 1) the 

observation location on the focal sphere is more accurately constrained; 2) the number of 

observations per event increases; and 3) the ratio values increase with increased 
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proximity to nodal planes [Hardebeck and Shearer, 2002, 2003; Julian and Foulger, 

1996; Kisslinger, 1980; Snoke et al., 1984; Yang et al., 2012].  At a given station there 

are several factors that contribute to the observed amplitude, however using the S/P ratio 

generally reduces the need for amplitude corrections [Hardebeck and Shearer, 2002].  In 

regions where a comprehensive sampling of azimuths with which to constrain the 

positions of nodal planes is not available, the incorporation of amplitude ratios is critical, 

as they reach their maxima along nodal planes. 

The HASH software package combines first-motion polarity picks with associated 

S/P amplitude ratios, accounts for errors in both hypocenter locations and seismic 

velocity models, and it returns the best-fit solution with associated errors [Kraft et al., 

2006; Silva et al., 2012].  HASH generates a set of mechanisms for each event by 

incorporating the S/P observation uncertainty into the inversion, the average of the set is 

the preferred mechanism as long as it meets requirements proscribed by the user and the 

program [Hardebeck and Shearer, 2002, 2003].  Imposing this requirement removed 9% 

of the events from this dataset, which generated a total of 545 focal mechanism solutions.  

Solution uncertainties are estimated from the span of acceptable solutions and a quality 

flag (A-D) is assigned.  “Quality” of mechanisms is determined using the parameters 

suggested in a recent study by Yang et al. [2012], in which ~200,000 focal mechanisms 

were recorded by a dense seismic network in Southern California to determine the 

relationships between fault plane uncertainties and 12 other parameters. 

Solution quality was based upon the azimuthal gap between two neighboring 

stations on the focal sphere, fault plane uncertainties (FPU:  the root mean square angular 

difference in acceptable solutions), probability that acceptable solutions are close to the 
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preferred solution (PROB), and how well the stations sample the focal sphere.  The 

minimum azimuthal gap requirement for A-quality mechanisms was loosened to < 170°, 

equivalent to the B-C quality rating from Yang et al. [2012], because the set of 

seismographic stations (including OBS) do not provide a comprehensive sampling of 

azimuths from offshore events in the NE Caribbean.  Solutions of A-quality have a FPU 

< 25° and PROB > 90%, B-quality have a FPU range within 25° - 35° and PROB > 80%, 

C-quality have a FPU range within 35° - 45° and PROB > 60%, and D-quality have a 

FPU range within 45° - 75° and PROB > 40%.  Cumulatively, 22% of the focal 

mechanism solutions fall into the A, B, and C categories.  From those, the dataset was 

limited to events located within the area of concern and whose PROB was greater than 

70%.  The best-constrained events were located within the OBS network where arrival 

observations included the P-wave first-motion polarity and S/P amplitude ratio.  Figure 

3.2 shows an event (ML1.7) plotted on a focal sphere with the first-motion polarities, S/P 

amplitude ratios, distribution of acceptable HASH-derived focal mechanism solutions, 

along with the A-quality preferred solution (an average of the acceptable solutions). 

To explore both lateral and depth dependence, the events were divided into 25 km 

depth intervals.  Shallow events (0-10 km) generally had poorly constrained (D-quality) 

focal mechanism solutions, which likely resulted from hypocenters that were mislocated 

in depth; many had been located at the physically unrealistic 0 km focal depth.  As shown 

by Hardebeck and Shearer [2002], depth errors will cause significant changes in 

computed take-off angles for shallow events (< 7 km).  Only very few events were 

observed from 10 - 50 km and, of those, only D-quality solutions were produced.  After 

removing D-quality events, the focii of the remaining events fell between 50 - 150 km 
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depth.  The remaining 76 fault-plane solutions (Table 3.2 of the supplemental material) 

were predominantly strike-slip and oblique with several normal, reverse and vertical 

mechanisms scattered through the study area. 

The primary region of interest, NE of Puerto Rico and centered between the five 

OBS instruments, was generally dominated by strike slip focal mechanism solutions.  The 

events are clustered in two different regions, one focused proximal to the islands and the 

other near 19.2°N -64.5°W, which was also the location of the June swarm (Figure 3.1).  

Generally, the depth range 50-75 km showed the greatest concentration of strike-slip 

events in the region of the swarm, while the area near the islands contained both strike-

slip and dip-slip events (Figure 3.3a).  Events found within depths of 75-100 km also 

include a variety of strike- and dip-slip mechanisms, approximately half of which show a 

slight oblique combination of both (Figure 3.3b).  Depths of 100-150 km showed an 

emergence of mechanisms dominated by oblique tension, which are discussed below 

(Figures 3.3c-d).   

The tensional axes of these focal mechanism solutions show a clear pattern, 

laterally and with depth (Figures 3.3a-d).  The majority of events located closer to the 

islands have tension axes oriented roughly N-S, perpendicular to the trench (Figures 3.3a-

d).  Events farther to the northeast (near or within the June swarm region) have tension 

axes that are dominantly oriented NE-SW, with only a few exceptions (Figure 3.3a).  

This pattern of NE-SW tension continues at depths greater than 125 km, however the 

number of these NE axes decreases with increasing depth.  Within the depth interval of 

100 - 125 km, the events have a mixed distribution of NE and NW oriented tension axes 

(Figure 3.3c).  Then from 125 - 150 km, the tension axes offshore are primarily oriented 
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NW (Figure 3.3d).  The compression axes of the great majority of events in this segment 

at deeper depths (100-150 km) are oriented in the NE-SW direction, normal to the tension 

axes.  

 
Stress Inversion 

In order to reveal spatial variations of the stress interactions and tectonic loading 

in the region, the stress field for our combined OBS-PRSN dataset was computed using 

the damped inversion method of Hardebeck and Michael [2006].  To minimize the 

effects of errors associated with individual focal mechanisms, several inversion methods 

have been developed [Abers and Gephart, 2001; Angelier, 1984; Gephart and Forsyth, 

1984; Hardebeck and Michael, 2006; Horiuchi et al., 1995; Michael, 1984, 1987, 1991].  

Of these, the inversion method proposed by Michael [1984] is commonly used to 

determine the direction of the principal stress axes from focal mechanisms (e.g. [Imanishi 

et al., 2011; Matsumoto et al., 2012; Pasquale et al., 2009; Silva et al., 2012; Steffen et 

al., 2012]).  

Damped inversion methods aim to choose the best-fit and least complex model 

from multiple permissible ones.  Such a method was proposed by Hardebeck and 

Michael [2006], referred to as SATSI, which is an adaptive smoothing inversion that 

identifies variations required by the calculated focal mechanisms.  The damping feature 

of SATSI finds a model by minimizing, in the least squares sense, the weighted sum of 

data misfit and model length.  SATSI calculates the stress tensor that best fits a set of 

fault plane solutions using the standard linear inversion method of Michael [1984, 1987].  

This results in the “least complex” stress tensor inversion model that fits the input focal 

mechanisms to within a user-specified acceptable level.  Recent studies have shown that 
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SATSI produces reliable stress tensors consistent with known structures and geology 

[Steffen et al., 2012; Yoshida et al., 2012].   

 The region was gridded into equal 25 km x 25 km x 25 km sub-areas and each 

focal mechanism solution was assigned to its closest grid node.  Following the methods 

of Hardebeck and Michael [2006], a spatial damping parameter of e = 0.50 was applied, 

as it minimized both the data variance and model length.  The stress tensor results from 

all grid nodes were analyzed; tensile forces are summarized in Figure 3.4. 

Within the area of study, off the NE coast of Puerto Rico, the inversion was 

focused at depths of 50-150 km as this was range with the largest number of well-

constrained focal mechanism solutions.  The inversion results have been grouped into 

two main stress regimes, SR1 and SR2; only the averaged vectors are shown in Figure 

3.4.  Through all four depth bins, the orientation of the tensile axes of SR1 were oriented 

roughly N-S (Figure 3.4).  The results from SR2 show a more complex interaction of 

tensile stress axes within the different depth slices.  From 50-100 km, the majority of 

tensile axes of SR2 were oriented NE-SW (Figure 3.4).  From 100-125 km, SR2 shows a 

combination of NE and NW trending tensile forces as determined from the stress 

inversion.  The deepest bin, 125-150 km, shows inversion results dominated by NW-SE 

oriented tension axes (Figure 3.4).  

 
Discussion 

Two major stress regimes are generated by flexural bending of a subducting slab 

as it enters a trench: 1) a shallow regime where the slab is undergoing extension parallel 

to the subduction direction, generating shallow trench-normal tensional stress axes, and 

2) a deep regime where the slab is being compressed as it bends down-dip, generating 



42 
 

deep trench-normal compressive stresses [Bautista et al., 2001].  This combination of 

depth-dependant compressional and tensional stresses caused by flexural bending can 

occur with the subduction phenomenon of slab rollback, caused by trench-parallel mantle 

flow [Buttles and Olson, 1998; Civello and Margheriti, 2004; Kincaid and Griffiths, 

2003; Kneller and van Keken, 2007].   

The oblique subduction along the curved convergent margin produced a variety of 

earthquake mechanism types, which transition from primarily pure dip- and strike-slip to 

more oblique with an increase in depth (Figure 3.3).  Regardless of faulting style, the 

majority of our study area is characterized by NE-SW oriented stress inversion tensile 

axes, which are consistent with oblique convergence of the NOAM and CAR plates along 

the Puerto Rico Trench [Calais et al., 2002; DeMets et al., 2010; Jansma et al., 2000; 

Mann et al., 2002].  Shallow depths along the Puerto Rico Trench are where 

compressional axes of the Wadati-Benioff zone are oriented parallel to the trench 

(perpendicular to the trench-normal tension, see Figure 3.3).  This is a pattern 

documented in other regions, such as Sumatra and Java [Slancova et al., 2000], and is 

likely due to subduction zone curvature and subsequent lateral stresses. 

The N-S oriented tensile stress field in SR1 coincides with an extensional regime 

dominated by flexural bending of the NOAM lithosphere.  This region west of 65°W, 

demonstrates a single uniform stress direction with only limited depth coverage.  In 

contrast, the tensile stress field of SR2 (east of 65°W), has a combination of both trench-

normal extension (at shallow depths) with trench-normal compression (at greater depths), 

indicative of flexural bending of down-going lithosphere at the point of entry into the 

subduction trench and is likely controlled by slab rollback, trench-parallel mantle flow, 
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and, perhaps, trench-normal mantle flow.  Figure 3.5 shows a schematic of the local 

tectonics with associated stress fields and mantle flow directions. 

Mantle flow generally parallels the plate boundaries of the Caribbean and slab 

rollback is the mechanism commonly attributed to this pattern [Meighan and Pulliam, 

2013; Piñero-Feliciangeli and Kendall, 2008; Russo et al., 1996; Russo and Silver, 

1994].  Shear wave splitting measurements of seismic anisotropy indicate this trench-

parallel mantle flow direction.  However, a recent study of seismic anisotropy in the NE 

Caribbean suggests that the mantle also flows through a gap in the NOAM slab, at 

approximately 65°W, where the direction of fast polarization was found to be oriented 

perpendicular to the trench (see mantle flow arrows in Figure 3.5) [Meighan and Pulliam, 

2013].  The explanation proposed here is also consistent with recent evidence that 

supports the existence of a slab tear from ten Brink and López-Venegas [2012], in which 

these authors interpret NW motion, as determined by continuous GPS observations, as a 

result of a tear. 

The data suggest that the proposed tear is located between the two distinct stress 

regimes, SR1 and SR2, creating two segments of the NOAM slab at approximately 

longitude 65°W.  It is here where a significant shift in trench morphology was observed 

and determined to be caused by the collapse of the Puerto Rico Trench at 3.3 Ma [ten 

Brink, 2005].  Seafloor morphology features west of 65°W include a wider trench that is 

deeper and plunges more steeply into the mantle than that of the trench segment east of 

65°W [ten Brink, 2005].  This is also the location at which the Puerto Rico Trench curves 

most sharply and is thus subjected to increased lateral strain [Toda and Stein, 2002; ten 

Brink, 2005]. 
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The results of this study, as well as the studies cited above, are consistent with a 

scenario in which the Main Ridge Seamount serves as an impediment to NOAM 

subduction.  Main Ridge is a 50 km long, 2 km  high aseismic volcanic ridge being 

subducted at the Puerto Rico Trench, as interpreted by  ten Brink [2005] and McCann and 

Sykes [1984] (Figure 3.4).  Sandbox models of seamount subduction [Dominguez et al., 

2000] predict the formation of strike-slip faults where the seamount has entered the 

trench.  A northeast-trending strike-slip fault has since been observed and mapped off the 

eastern edge of the seamount by ten Brink [2005].  In this scenario, westward motion of 

the NOAM slab continues south of this fault, likely demarcated by the swarms and 

associated events recorded by the OBS deployment.  A seamount is expected to generate 

resistance to subduction [Gutscher et al., 1999] and stress modeling calculations have 

confirmed that large tensile stresses develop within the slab down-dip of a seamount 

[Toda and Stein, 2002; ten Brink, 2005].  ten Brink [2005] proposed that the onset of 

Main Ridge Seamount subduction was the proximate cause of the tear and the point of 

continued rupture propagation is represented by the locus of the swarms.  Stress field 

results support that interpretation indirectly, in that a significant change in the state of 

stress is revealed by earthquakes from west to east but this change cannot be attributed 

directly to tearing.  Rather, the stress regime in the eastern slab segment (SR2) suggests 

that the slab is undergoing rollback while the segment immediately to the west is not.  

These two regimes in such close proximity are incompatible in a single, intact slab.  A 

simpler interpretation is that the lithosphere that entered the subduction zone as a single 

slab has separated into two and that each of the two stress patterns represents the state of 

stress in a distinct portion of the former slab.  Whether the swarms recorded by OBS 
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represent the propagating tear is unclear; an explanation would have to be found that 

explains their occurrence over a depth range of 50-150 km and their separation into two 

distinct stress patterns that correspond to distinct focal depth ranges (50-100 km and 100-

150 km).  The more easily supportable and straightforward interpretation is that the two 

stress patterns (SR1 and SR2) represent separate slabs that are experiencing different 

stresses.  A preponderance of evidence accumulated by a variety of studies, including this 

one, supports the conclusion that a slab tear must exist between SR1 and SR2 in Figure 

3.5.  

 
Conclusions 

The nature of oblique, curved subduction zones is one that requires, at various 

locations along its strike, crustal shortening, extension and shearing in order to 

accommodate the subduction zone’s complex geometry [Bautista et al., 2001].  When 

evaluated in the context of previous studies, these results ultimately support the 

hypothesis that the subducting NOAM plate is tearing in the NE corner of the CAR plate 

boundary.  A tear would allow the NOAM slab to negotiate the sharp turn at the NE 

Caribbean plate boundary and accounts for the GPS, gravity, morphological, and seismic 

anisotropy observations reported by previous authors [ten Brink and López-Venegas, 

2012; ten Brink, 2005; Meighan and Pulliam, 2013], in addition to these focal mechanism 

solutions and stress inversion modeling.  The actively increasing rate of seismicity and 

location of swarms suggest that the tear is still propagating.  In this study, a tear in the 

NOAM slab is supported by the discovery of two distinct stress regimes: SR2 (east of the 

tear) is likely dominated by slab rollback and SR1 (west of the tear) has a consistent 

stress pattern that is coherent with down-dip extension.  Slab tearing is the likely 
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mechanism that isolate these stress regimes and allows the slab segments to respond quite 

differently over a short distance.  The small number of deep events located north of 

Puerto Rico, within SR1, further suggests the possibility of slab detachment in that 

region.  Additional observations are needed before the connection between the down-dip 

extensional stress regime, the extreme low gravity anomaly, seismicity in this region and 

their connection to the slab tear can be understood fully.  
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Figure 3.1 - (Caribbean inset map)  Major plate boundaries, major continents and islands are outlined and 
labeled by solid black lines, solid arrow is relative plate motion vector [DeMets et al., 2010], black box 
indicates area of zoomed in large bathymetric map.  (Bathymetric, station, and event map of the NE 
Caribbean) Filled triangles represent locations of seismograph stations used in this study with 
corresponding names (black are affiliated with regional seismic networks; white are from this OBS 
deployment), filled circles represent earthquake focii from our dataset (color-scaled by focal depth), June 
swarm location denoted by white star.  Five stations (D16, D18, D21, D29, and D35) located in and around 
the trench are from the six month ocean-bottom seismograph (OBS) array deployment, and increases 
azimuthal coverage of the land-based stations.  Events were located using the joint OBS-PRSN dataset, 
which provided better constraints due to the good azimuthal coverage of observations.  A Wadati-Benioff 
Zone is not clearly observed within this dataset.  Labels:  NOAM - North America Plate; CAR - Caribbean 
Plate; PR - Puerto Rico; HISP - Hispaniola; SA - South America. 
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Figure 3.2 - Focal mechanism solution from a ML 1.7 event, as derived from the HASH software.  (Top) 
Preferential solution of A-quality, found using both P-wave first-motion polarities and S/P amplitude ratios.  
Locations of stations are denoted by symbols projected onto the focal sphere with their respective polarity 
observations: + (up; compressive), o (down; dilatational; filled circle has no recorded ratio).  These 
symbols are scaled according to log10 S/P amplitude ratios, with larger symbols representing larger ratios.  
This event has a fault plane uncertainty of 23°, a 95% probability that the mechanism is close to the 
solution, nine polarity observations and seven of which included ratio measurements.  (Bottom) Preferential 
focal mechanism solution (black curves) is plotted on top of the acceptable solutions (grey curves). 
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Figure 3.3 - Bathymetric maps with focal mechanism solutions.  The far eastern corner of Puerto Rico is 
seen in the bottom left of each sub-figure.  The 'beachball' solutions are displayed in their corresponding 
~25 km depth bin that is used throughout the data analysis, with the depth label in the top left corner of 
each sub-figure.  Tensile stress axes are positioned on top of each beach-ball.  (A and B) Events near or 
within the June swarm region have tension axes dominantly oriented NE, with the southeast region of the 
map dominated by N-S tension.  (C) Events are mainly contained to the swarm region and now incorporate 
a secondary tensile stress oriented NW.  (D) The events at this depth mainly show tension oriented NW. 
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Figure 3.4 - Bathymetric map showing a summary of the stress inversion results.  Red boxes represent the 
study area and separate the two main stress fields.  Arrows within the red boxes represent the dominant 
tensile stress vector for that area grayscaled according to their depth bin (dark – shallow, light – deep).  The 
stress inversion results can be broken into two regions, SR1 and SR2.  SR1 is dominated by N oriented 
tension with all depths.  SR2 shows two main tensile stresses that span most depths.  Shallower depths are 
dominated by NE tension while deeper bins are dominated by NW tension, with mixed stress directions in 
between.  (Labels) NA - North America Plate; CAR - Caribbean Plate; PR - Puerto Rico; PRT - Puerto 
Rico Trench; MRS - Main Ridge Seamount. 
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Figure 3.5 - Curved subduction zone and stress field schematic.  This tectonic regime is one of oblique 
convergence at the corner of the plate boundary, with a proposed tear to accommodate such geometry that 
requires crustal shortening, extension and shearing.  The stress inversion summary vectors (black arrows) 
have been included on the model sketch to show the relative location of the tension axes within the slab, 
vertically and laterally.  SR1 is dominated by N-S tension, which is likely due to down-dip crustal 
extension of the NOAM slab west of the tear.  SR2 has two stress field components: the shallow tensile 
stress field is oriented parallel to plate motion, corresponding to lithospheric flexural extension of the 
downgoing slab; the deep tensile stress field oriented trench-parallel is related to lithospheric flexural 
compression that occurs at depth.  The red arrows represent likely mantle flow patterns as suggested by 
Meighan and Pulliam [2013] to flow behind the intact slab (trench-parallel) and through the slab gap 
created by a tear (trench-normal).  The dashed line at the base of the NOAM slab indicates a possible 
detached slab.  NOAM - North America Plate; PR - Puerto Rico; SR1 and 2 - Stress Regimes 1 and 2; 
black arrows - tensile stress direction; red arrows - mantle flow direction; blue object - Main Ridge 
Seamount. 
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Table 3.1 - Seismic station information 
 

Station Network Latitude Longitude Elevation (km)

ABVI PR 18.7297 -64.3325 0.008
AGP PR 18.4675 -67.1112 0.119

AGPR PR 18.4675 -67.1112 0.119
CBYP PR 18.2717 -65.8566 0.606
CDVI PR 17.7518 -64.7661 0.031
CPD PR 18.0368 -65.9151 0.385
CRPR PR 18.0064 -67.1096 0.064
CULB PR 18.2756 -65.3007 0.161
D16 YI 20.3963 -65.3522 -5.531
D18 YI 19.4363 -65.3718 -5.150
D21 YI 19.2362 -63.7828 -5.008
D29 YI 20.2370 -64.3244 -5.300
D35 YI 20.1128 -63.5176 -5.178

HUMP PR 18.1421 -65.8488 0.079
ICM PR 17.8934 -66.5210 0.077
MPR PR 18.2117 -67.1398 0.022
MTP PR 18.0972 -65.5525 0.191
OBIP PR 18.0428 -66.6062 0.102
SABA NA 17.6300 -63.2400 0.000
SEUS NA 17.4928 -62.9814 0.046
SJG IU 18.1091 -66.1502 0.456

SMRT NA 18.0505 -63.0746 0.260
STVI PR 18.3524 -64.9566 0.383
TBVI PR 18.4150 -64.6186 0.035  
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Table 3.2 -  Focal mechanism solutions of A-B-C quality only 
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CHAPTER FOUR
 

Slab Tears and Intermediate-Depth Seismicity 
 

This chapter submitted as:  Meighan, H. E., U. ten Brink and J. Pulliam (in review), Slab 
Tears and Intermediate-Depth Seismicity, Geophysical Research Letters. 

 
 

Abstract 
 

Active tectonic regions where plate boundaries transition from subduction to 

strike-slip can take several forms, such as triple junctions, acute and obtuse corners.  

Well-documented slab tears that are associated with high rates of intermediate-depth 

seismicity are discussed here: Gibraltar arc, the southern and northern ends of the Lesser 

Antilles arc, and the northern end of Tonga trench. Seismicity at each of these locations 

occurs, at times, in the form of swarms or clusters and various authors have proposed that 

each marks an active point of tear propagation.  The swarms and clusters start at the top 

of the slab below the asthenospheric wedge and extend 30-60 km vertically downward 

within the slab.  We interpret these swarms and clusters to be generated by dehydration 

embrittlement of mantle rocks.  Focal mechanisms of these swarms generally fit the shear 

motion that is thought to be caused by the tearing process.  
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Introduction 

Subduction to strike-slip transitions are prevalent in active plate boundaries and 

can take several forms, such as triple junctions (Mendocino), acute corners (southeast 

Alaska), and obtuse corners (NE Caribbean) [Bilich et al., 2001].  Most obtuse corners 

form a continuous transition from subduction to strike-slip faulting, as in the Aleutian 

trench, likely due to plate stiffness [Mahadevan et al., 2010].  However, some obtuse 

corners develop a tear in the downgoing slab, referred to as a Subduction-Transform 

Edge Propagator (STEP) fault [Govers and Wortel, 2005].  This term refers to the 

propagation of the tear into the subducting lithosphere as the slab rolls back over time, 

akin to opening a can of sardines.  Slab retreat is facilitated by mantle-induced flow 

around the free edge of the slab [Dvorkin et al., 1993; Schellart, 2007].  Its speed may 

depend on the length of the subduction zone [Schellart, 2007] and perhaps on the strength 

of subducting lithosphere [Hale et al., 2010].  This tearing process has been associated 

with high levels of intermediate-depth seismicity in many regions, yet the mechanism 

that drives such tearing is not well understood.  However, dehydration embrittlement is 

often suggested as a mechanism for intermediate-depth earthquakes [Raleigh and 

Paterson, 1965].   

There are four well-documented slab tears that are associated with high levels of 

intermediate-depth seismicity that occur in the form of swarms or clusters:  Gibraltar 

[Buforn et al., 2004], the southern [Clark et al., 2008] and northern [Meighan et al., 

2013] ends of the Lesser Antilles arc in the Caribbean, and the northern end of Tonga 

trench [Millen and Hamburger, 1998].  The lengths of the subduction zones next to these 

tears vary widely, from 150 km (Gibraltar) to 1000 km (Lesser Antilles) to 2500 km 
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(Tonga) and trench migration velocities vary from 9 mm/y (Gibraltar) to 18 mm/y 

(Lesser Antilles) to 158 mm/y (Tonga) [Schellart, 2007].  A seismic swarm is defined as 

a large number of earthquakes that occur in a time span of hours or days, located within 

close proximity to one another, without a mainshock [Roland and McGuire, 2009].  

Clusters of earthquakes are similar to swarms except that a mainshock is evident within 

the sequence of events [Prieto et al., 2012]. 

Reported seismic observations from Gibraltar, the southern Lesser Antilles, and 

the northern Tonga trench regions show clearly defined downgoing slabs and evidence 

for active tearing.  The fourth region has been the focus of our recent studies in the 

Northeast Caribbean, where the eastern edge of the Puerto Rico trench meets the northern 

point of the Lesser Antilles trench at the subduction-to-transform plate boundary 

transition.  The lack of a well-defined Wadati-Benioff Zone in this region has hindered 

our understanding of the prevailing tectonics, especially the geometry of the slab.   

In this paper we take a closer look at intermediate-depth seismicity patterns and slab 

tearing beneath the NE Caribbean and attempt to place these observations in a broader 

context, including additional observations of seismic swarms associated with slab tears 

and a likely mechanism for slab tearing at depths of ~50-150 km.  When compared to the 

available data and interpretations of the other three slab-tear regions, these tectonic 

analogs aid in the characterization of the downgoing North American slab, in addition to 

improving upon the general understanding of how the tearing process triggers high rates 

of seismicity.  
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Tear Regions 
 

The Betic-Rif Cordillera is an arcuate mountain belt that is a result of Eurasian-

African oblique convergence, forming what is known as the Gibraltar arc (Figure 4.1a) 

[Gutscher et al., 2002; Lonergan and White, 1997].  Both ends of the arc are likely to be 

STEP faults, as originally suggested by Govers and Wortel [2005] and more recently by 

studies of regional P-wave tomography and seismicity summarized here.  Seismic 

velocity anomalies in the tomography show a dipping slab along the arcuate subduction 

zone, however a slab is not imaged along the northern STEP fault, suggesting a 

lithospheric tear along the northern side [Garcia-Castellanos and Villaseñor, 2011; 

Spakman and Wortel, 2004]. 

Event clusters or swarms are not reported in this region, however a concentration 

of events is observed at 4.5°W, 36°N and in the intermediate-depth range 60-100 km, and 

whose focal mechanism solutions are dominated by dip-slip motions, including normal, 

vertical, and a few reverse [Buforn et al., 2004; Ruiz-Constán et al., 2009].  Stress tensors 

computed from the focal mechanisms show extensional stress close to the slab surface 

with compressional stresses at depth, all of which are subparallel to plate motions [Buforn 

et al., 2004; Ruiz-Constán et al., 2009].  Vertical extension beneath the Gibraltar Arc, 

inferred from focal mechanisms, is interpreted to indicate a slab that is being stretched 

downward through processes driven by gravitational instability [Buforn et al., 2004]. 

The Pacific plate is being subducted along the Tonga trench and, at its northern 

corner, a STEP fault is tearing the downgoing slab (Figure 4.1b) [Govers and Wortel, 

2005].  Seismicity and focal mechanism solutions provide evidence for tearing of the 

Pacific slab and its subsequent downwarping [Millen and Hamburger, 1998].  
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Intermediate-depth seismic swarms within the Pacific plate (40-88 km depth) are 

dominated by strike-slip events along the corner transition, where the swarms abruptly 

terminate along the northern edge of the subduction zone [Millen and Hamburger, 1998].  

Furthermore, hinge-type faults with vertical dip-slip earthquakes are interpreted as 

intraplate tearing of the Pacific slab, suggesting that tearing occurs over the entire 

thickness of the elastic lithospheric [Millen and Hamburger, 1998].  The combination of 

the observed distribution of swarm events and the events’ focal mechanisms suggests 

active STEP fault propagation within the tearing Pacific plate as it enters the Tonga 

trench. 

The southern corner of the Lesser Antilles trench is where the South American 

plate subducts beneath the Caribbean plate (Figure 4.1c).  Seismicity patterns, 

tomography, and other seismological methods have improved the understanding of the 

local tectonics of northern Venezuela, especially regarding the position of the downgoing 

slab and tear propagation point [Clark et al., 2008]. 

Seismicity variations (hypocenters and focal mechanisms included) delineate a 

vertical STEP tear extending through the lithosphere [Clark et al., 2008].  These clustered 

events of intermediate depths, ranging from 51-108 km, are confined to a subvertical 

zone, 40 km in diameter, and are described as having a "finger-like" distribution [Clark et 

al., 2008].  Clustering of seismic events at the southern corner of the Lesser Antilles 

trench is known as the Paria Cluster, which Clark et al. [2008] identify as the point of 

active tear propagation. 

The North American plate is obliquely subducting beneath the Caribbean plate 

along the obtuse northern corner of the Lesser Antilles arc, northeast of Puerto Rico and 
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the Virgin Islands (Figure 4.1d).  Subduction under an obtuse corner is expected to create 

geometric complications, and as some have suggested, segmentation of the slab [ten 

Brink and López-Venegas, 2012; ten Brink, 2005; Dillon et al., 1996; McCann and Sykes, 

1984; Meighan and Pulliam, 2013; Meighan et al., 2013].  An actively propagating slab 

tear is suggested to be the dominant mechanism affecting local tectonics, based on the 

trench’s bathymetry and negative gravity anomaly, stress changes related to seafloor 

asperities, timing of the trench collapse, seismic anisotropy, continuous GPS vector 

analyses, and seismic swarm activity [ten Brink and López-Venegas, 2012; ten Brink, 

2005; Meighan and Pulliam, 2013; Meighan et al., 2013]. 

These plate features are concentrated at 65°W and include a wider and deeper 

Puerto Rico trench to the west, where the North American plate subducts at a steeper 

angle into the mantle than at the trench segment east of 65°W [ten Brink, 2005].  This is 

also the sharpest point of the trench corner, where the slab is subjected to increased 

lateral strain [ten Brink, 2005].  Additionally, an aseismic volcanic ridge attached to the 

North American plate, known as Main Ridge seamount, is being subducted at the eastern 

portion of the Puerto Rico trench [ten Brink, 2005; McCann and Sykes, 1984].  Modeling 

studies have shown that subduction of seafloor asperities, such as seamounts, create 

crustal stress variations in the downgoing slab and form strike-slip faults upon trench 

entry [Dominguez et al., 2000].  These faults have been observed and mapped around the 

edges of the Main Ridge seamount by ten Brink [2005].  Furthermore, seamounts are 

resistant to subduction [Gutscher et al., 1999] and stress modeling has confirmed that 

large tensile stresses develop within the slab, down-dip of the seamount [ten Brink, 2005; 

Toda and Stein, 2002].  Mantle flow patterns determined by crustal seismic anisotropy 



68 
 

studies [Meighan and Pulliam, 2013; Piñero-Feliciangeli and Kendall, 2008; Russo et 

al., 1996; Russo and Silver, 1994], generally parallel the Caribbean plate boundaries, 

except for off the NE corner of Puerto Rico where it is trench-normal, indicating flow 

through a gap in the slab [Meighan and Pulliam, 2013].  Counterclockwise rotations 

inferred from GPS observations and the occurrence of historic and recent seismic swarms 

off the NE corner of Puerto Rico imply that the subducted portion of the North American 

plate is actively tearing at this location [ten Brink and López-Venegas, 2012; Meighan et 

al., 2013]. 

Intermediate-depth earthquakes (50-150 km depth) in this region are concentrated 

off the northeast corner of Puerto Rico (~ 65°W).  This area includes frequent seismic 

swarms that have been localized to depths of 50-80 km [Meighan et al., 2013].  The 

swarm events were dominated by strike-slip focal mechanisms, while the discrete events 

ranged from dip- (both normal and reverse) to strike-slip and becoming increasingly 

oblique-slip with increased depth [Meighan et al., 2013].  These events were used in 

crustal stress inversions, whose analysis suggested that the downgoing lithosphere is 

separated by a tear into two slabs at approximately longitude 65°W, and that two distinct 

stress patterns represent the state of stress in the two portions of the bifurcated slab 

[Meighan et al., 2013].  The locus of seismic swarms mark the point of continued tear 

propagation [ten Brink, 2005; Meighan et al., 2013].  The intermediate-depth hypocenters 

analyzed by Meighan et al. [2013] form a narrow subvertical 'column', spanning 50-150 

km depth, similar to the pattern of the Paria Cluster beneath Venezuela. 
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Discussion 
 

Seismicity in the four subduction zones where the downgoing slab is thought to 

tear, shows several characteristic features that are summarized in Figure 4.2.  Frequent 

swarm activity starts below the subduction interface at depths of 30-50 km.  The upper 

depth of the seismic activity is similar for both tears adjacent to continental crust (SE 

Caribbean) and to oceanic crust (NE Caribbean).  Therefore, the tear behavior is likely a 

function of the thermo-mechanical structure of the subducted slab.  At these depths, the 

slab is likely underlain by a mantle wedge and is not in a direct contact with the overlying 

arc crust.  Whether or not a stagnant serpentinized mantle wedge (e.g. Wada et al. 

[2008]) exists in the tear environment is unclear. Nevertheless, there appears to be a gap 

or a decrease in seismicity in the region just above the seismic swarms (e.g., Clark et al. 

[2008]; Meighan et al. [2013]), which is likely associated with a mantle wedge [van 

Keken, 2003].  Millen and Hamburger [1998] drew the tear starting below the 

seismogenic zone of the Tonga subduction interface.  It is unknown whether the 

seismogenic zone extends to deeper or shallower depths than the top of the swarm region 

for the other tears reviewed here. 

The tearing process is expected to displace the sinking slab vertically downward 

as well as horizontally backward relative to the reference slab or plate.  It can be thought 

of as Mode III fracture [Anderson, 2005], namely, out-of plane shear.  However, for the 

tear to propagate, it also needs to undergo a Mode II (in-plane) shear.  These mixed 

fracture modes should be expressed as vertical and strike-slip focal mechanisms, 

respectively, as is observed.  The majority of the Tonga, SE Caribbean and NE Caribbean 

swarms indeed have vertical and strike-slip focal mechanisms [Clark et al., 2008; 
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Meighan et al., 2013; Millen and Hamburger, 1998].  The area of concentrated seismicity 

at the edge of the Gibraltar arc shows mainly dip-slip focal mechanisms, with a few 

purely vertical motions  [Buforn et al., 2004; Ruiz-Constán et al., 2009].  

The swarms extend downward to depths of 30 to 60 km below the slab’s surface.  

At these depths, the slab’s temperature is likely >800°C [van Keken, 2003], which 

corresponds to depths below the seismogenic zone [Hyndman et al., 1997; Peacock, 

2001].  Dehydration embrittlement, in which rocks undergo sudden weakening and 

change from ductile to brittle behavior during their dehydration, is often suggested as a 

mechanism for intermediate-depth earthquakes [Raleigh and Paterson, 1965].  

Dehydration embrittlement requires the existence of hydrous minerals within the 

subducting slab.  Hacker et al. [2003] predicted the presence of rocks containing hydrous 

minerals within the top ~50 km of old slabs reaching 160 km into the mantle, and 

compared their predictions with the observed double Benioff zone seismicity in some 

subducting slabs.  They hypothesized that fluid recharge into the mantle lithosphere 

occurs in the upper rise prior to subduction, and perhaps by metamorphic dehydration 

reactions at greater depths.  The thickness of the hydrated slabs is predicted to increase 

with slab age, which is related to the thermal structure of the plate [Hacker et al., 2003].  

The plates entering the subduction zone in the four locations discussed here are of 

Cretaceous age or older, which explains the large depth range of seismicity associated 

with the tearing. 

Finally, two parallel seismicity belts that form a double Benioff Zone probably 

reflect the absence of vertical permeability paths across an intact slab [Hacker et al., 

2003].  However, the presence of a tear forms a vertical pathway for fluids to rise, 



71 
 

explaining the vertical distribution of intermediate-depth earthquakes at the four locations 

described here.  

 
Conclusions 

 
Vertically-distributed earthquake swarms detected in the NE Caribbean were 

compared to swarms at several other locations worldwide at which evidence for slab tears 

has been presented.  In all of these locations, the swarms and clusters start at the top of 

the slab below the asthenospheric wedge and extend 30-60 km downward within the slab.  

We propose that these swarms and clusters are generated by dehydration embrittlement of 

mantle rocks and that they point to the locus of tear propagation.  Focal mechanisms of 

these swarms generally fit the shear motion that is thought to be caused by tearing.  

Detailed studies of tear-related seismicity can help understand not only the process of 

lithospheric tearing, but also shed light on subduction zone earthquakes and 

metamorphism in general. 
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Figure 4.1 - Location maps and corresponding hypocenter depth cross-sections for four locations at which 
slab tears are associated with seismic swarms or clusters.  Location map symbols: Bold black lines are 
standard plate boundaries, "T" is the likely location of slab tear, "star" is the location of the seismic 
swarm/cluster/concentration. a) Gibraltar Arc: location of the concentration of intermediate-depth seismic 
activity [Buforn et al., 2004]. b) Tonga Trench: swarm activity and corresponding tectonic interpretations 
from Millen and Hamburger [1998]. c) SE Lesser Antilles Trench: hypocenters of the Paria Cluster events 
are located between 60-100 km [Clark et al., 2008]. d) NE Lesser Antilles Trench: swarm (50-80 km) and 
discrete hypocenters (<150 km) plotted from data presented by Meighan et al. [2013]. 
 
 

 
 
Figure 4.2 - Model of slab tear at a subduction zone illustrating the relationship between depth, rheology, 
the downgoing slab, seismicity, and motions determined from hypocenters and focal mechanism solutions.  
Black dots mark the location of tear-related seismic activity.  Side-by-side black arrows indicate vertical 
and strike-slip motions of the tear related earthquakes.   
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CHAPTER FIVE
 

Conclusions 
 
 

The nature of oblique, curved subduction zones is one that requires crustal 

shortening, extension and shearing in order to accommodate the subduction zone’s 

complex geometry.  When evaluated in the context of previous studies, these results 

ultimately support the hypothesis that the subducting NOAM plate is tearing in the NE 

corner of the CAR plate boundary.  A tear would allow the NOAM slab to negotiate the 

sharp turn at the NE Caribbean plate boundary and accounts for the GPS, gravity, and 

morphological observations reported by previous studies in addition to these focal 

mechanism solutions, stress inversion modeling and seismic anisotropy observations.  

Vertically-distributed earthquake swarms detected in the NE Caribbean was also a pattern 

common to swarms at several other locations worldwide at which evidence for slab tears 

has been presented.  The three studies published here show that detailed studies of tear-

related seismicity can help understand not only the process of lithospheric tearing, but 

also shed light on subduction zone earthquakes and metamorphism in general.
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