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A Recent Tear in Subducting Plate Explains Seismicity
and Upper Mantle Structure of Southern Costa Rica

J. Bourke' ©, V. Levin' @, L. Linkimer® @, and 1. Arroyo®

1Department of Earth and Planetary Sciences, Rutgers University, Piscataway, NJ, USA, Escuela Centroamericana de
Geologia y Red Sismoldgica Nacional (RSN: UCR-ICE) Apdo, San Pedro, San José, Costa Rica

Abstract Ppast studies of southern Costa Rica have generated a multitude of tectonic scenarios to
account for different data sets. Flat slabs, detached slabs, and slab windows have been proposed to address
the uplift of the Cordillera de Talamanca (CT), cessation of volcanism, and absence of deep seismicity
beneath southern Costa Rica. In this study, we investigate the crust and the upper mantle along the
southwest flank of the CT using the receiver function methodology. We observe two regional positive
P-to-S converted pulses at delay times of ~2-4 s and ~5-8 s. The first likely represents a gradational crust-
mantle boundary of the upper plate. The second represents a similar impedance increase ~50-60 km deep
that extends from central Costa Rica to Panama. Compared to well-located seismicity, this boundary is
offset to the NE from the Cocos plate Benioff zone beneath northern CT, and remains observable through
a gap in seismicity farther to the southeast. This offset makes it difficult to interpret this feature as related
to the presently subducting lithosphere. Instead, we propose that the 50-60 km deep boundary marks

the Moho of a lithospheric fragment left behind under the CT in the course of Panama Triple Junction
migration through Costa Rica over the last 10 Ma. Our interpretation accounts for the geophysical,
geochemical, structural, and geomorphic observations in the literature explaining the complex
geodynamic scenario observed in southern Costa Rica.

Plain Language Summary Subduction of oceanic plates is typically associated with both
intense seismic activity and volcanism. A segment of the subduction zone in southern Costa Rica and
Panama lacks both of these attributes at present. The area has an unusual tectonic environment that is
changing relatively rapidly (on the time scale of 1-3 million years) due to geometry and motion directions
of three plates, Cocos, Nazca, and Caribbean, that are joined here forming a triple junction. Alternate
scenarios proposed to account for the recent rise of very high mountains, the cessation in volcanism, and
the absence of seismicity in the area include subduction gaps, flat subduction, and subducted lithosphere
lost just recently (geologically speaking). We develop new seismological constraints on Earth internal
layering in the upper 100 km beneath southern Costa Rica. We find an unexpected near-horizontal
boundary 50-60 km beneath this region. It is well below the crust mantle boundary of the Caribbean
plate, and it is not aligned with well-located seismicity of the currently subducting Cocos plate. We
interpret this feature as a fragment of previously subducted oceanic lithosphere stranded due to the rapid
rearrangement of plate configuration in Costa Rica-Panama border region.

1. Introduction

The recycling of Earth materials through subduction is the driving force of plate tectonics. The downgoing
oceanic lithosphere can be of diverse nature with regimes of over-thickened crust along ridges, seamounts,
and transform boundaries that alter composition, thickness, and relief of the plate (Stern, 2002). These fea-
tures impact the dynamics of the subduction process and have significant influences on the Earth's surface
expression (e.g., Morell et al., 2016). A particularly complex tectonic environment can be observed in south-
ern Costa Rica where the nature of subducted materials dramatically changes over a distance of ~500 km
from the typical oceanic crust produced at the East Pacific Rise to seamounts and the ~20-km-thick Cocos
Ridge derived from the Galapagos Hot Spot track, and the Panama Fracture Zone (PFZ) transform boundary
(Figure 1).

The surficial expression of changes in the nature of the downgoing slab can be noticed from northern to
southern Costa Rica. Near-orthogonal subduction of typical oceanic lithosphere from the East Pacific Rise
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Figure 1. (a) Regional map of plate boundaries, Caribbean plate (shaded red), Cocos plate (shaded yellow), and Nazca plate (shaded green). Red triangles
represent active volcanoes, white dots are 4.0+ magnitude earthquakes deeper than 40 km (ISC). Topographic data from GMRT data set (Ryan et al., 2009).
PTJ between the Caribbean, Cocos, and Nazca plates. (b) Tectonic reconstruction of southern Costa Rica adapted from Morell (2015). Black line represents
the southeastern migration of the PTJ over the last 3 Ma. Burgundy line is approximate position of the northwestern boundary of the Cocos Ridge over the
last 3 Ma and numbers mark ages in millions of years. ISC, International seismological center; PFZ, Panama Fracture Zone; CT, Cordillera de Talamanca; PTJ,

Panama Triple Junction.

occurs in the north, with subduction signatures of upper-plate volcanism, a clearly defined Wadati-Benioff
zone, and a deep offshore trench (Liicke & Arroyo, 2015; Protti et al., 1995). To the south where the Cocos
Ridge and PFZ converge with the Costa Rican land mass, the nature of subduction and its typical geochem-
ical signatures change (e.g., Gazel et al., 2019). Arc-typical volcanism is absent and seismicity is reduced,
with no magnitude 4.0+ earthquakes deeper than 70 km observed from south Costa Rica to Colombia (Fig-
ure 1). The lack of subduction signatures is spatially coincident with the very extreme (3 km) and recent
uplift of the Cordillera de Talamanca (CT) (Gréfe et al., 2002; MacMillan et al., 2004; Morell et al., 2019;
Zeumann & Hampel, 2017).

Presently, three primary hypotheses have been published to explain the change in the southern Central
American subduction zone, all focusing on the geometry and history of the Cocos plate beneath southern
Costa Rica. These hypotheses range from a steeply dipping aseismic slab (Dzierma et al., 2011; Liicke & Ar-
royo, 2015), to a nearly or completely flat slab (Fisher et al., 2004; Gardner et al., 1992; Morell et al., 2016),
to a slab window being present (Gazel et al., 2011, 2019; Johnston & Thorkelson, 1997). Each model predicts
possible impedance structures and can be directly tested. In a typical subduction zone, we expect to see a
Moho associated with the overriding plate, and a deeper Moho for the subducting slab. This is observed in
northern Costa Rica by Linkimer et al. (2010); where they introduce a nomenclature that will be followed
in this paper: The deeper Moho within the subducting plate is called M1, and the shallower Moho of the
overriding plate is called M2. For a flat slab scenario, we expect to see only the M1 boundary with an in-
crease in impedance because the upper plate and subducting plate are coupled and the impedance of the
lower crust should be similar to the impedance of the oceanic subducting crust. This boundary should be
at a depth corresponding to the combined crustal thickness of both the upper and the subducting plates. If
the impedances were not similar or the upper crust and the slab were not coupled, then we should expect
to see both the M1 and the M2 boundaries. For the slab window (i.e., plate not reaching the area we study),
and the broken slab (i.e., slab detaching and descending), we should expect to see a single relatively shallow
boundary M2.
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This study seeks to place constraints on the tectonic structure beneath southern Costa Rica. We utilize the
receiver function (RF) methodology to detect and characterize impedance boundaries in the crust and the
upper mantle beneath the southwestern flank of the CT. We compare our receiver function results to earth-
quake hypocenter data from the National Seismological Network (RSN) of the University of Costa Rica.
Our results show that the pattern of impedance contrasts is consistent with two distinct near-horizontal
boundaries underlying the CT. We interpret a boundary at ~20-30 km depth as the Moho of the overriding
Caribbean plate, and we associate the boundary at 50-60 km depth with the Moho of an underthrust por-
tion of the lithosphere. Placing these boundaries in the context of regional seismic activity associated with
the presently subducting Cocos plate, we propose a scenario that involves a geologically recent break in the
continuity of the lithosphere underthrust beneath Central America.

2. Geological Background

The Costa Rican land mass is located on the Caribbean plate overlying the subducting Cocos plate. In
southern Costa Rica the migrating PFZ marks a triple junction between the Cocos, Nazca, and Caribbean
plates (Figure 1). The Cocos plate subducts obliquely beneath the Caribbean plate with variable rates of
convergence between northern (~80 mm/y) and southern (~90 mm/y) Costa Rica (DeMets, 2001; Kobayas-
hi et al., 2014). The overriding Caribbean plate is a part of the Caribbean large igneous province that was
likely formed ~94-89 Ma by the hot spot presently beneath the Galapagos Islands (Kerr et al., 1997). In the
north, the Cocos plate was formed ~17 Ma ago at the East Pacific Rise (Ranero et al., 2003), whereas the
oceanic crust converging with southern Costa Rica formed at the Cocos-Nazca Spreading Center and was
overprinted by the Galapagos Hot Spot ~13-14.5 Ma ago (Barckhausen et al., 2001; Werner et al., 1999).
The Galapagos Hot Spot influence on the Cocos plate is revealed by bathymetric and seismic studies that
describe the presence of seamounts (Barckhausen et al., 2001; Hoernle et al., 2002) and the 20-km-thick,
200-km-wide Cocos Ridge offshore southern Costa Rica (Walther et al., 2003).

The timing of the Cocos Ridge convergence with the Central American landmass is debated, with estimates
from 0.5 Ma (Gardner et al., 1992) to 8 Ma (Abratis & Worner, 2001). More recent estimates from plate
motion reconstructions, ocean drilling, and active source seismic imaging converge at 1-3 Ma (MacMillan
et al., 2004; Morell et al., 2008, 2012, 2019; Vannucchi et al., 2013). Interestingly, the location of the subduct-
ing Cocos Ridge coincides with an interruption of subduction-related volcanism in southern Costa Rica.
The exact time of arc volcanism cessation varies in the literature, with more recent studies (e.g., Gazel et al.,
2011) favoring a date of ~6.5 million year.

Subduction geometry in Costa Rica is also variable from north to south. In the north, the slab is well im-
aged and can be observed dipping ~84° to a depth of ~200 km (Protti et al., 1995), in central Costa Rica the
dip is ~15° at 25-30 km changing to ~65° at ~125 km depth based upon concentrated seismicity (Husen
et al., 2003). In central to southern Costa Rica, the slab is estimated to be steeply dipping on the basis of seis-
mic imaging (Dzierma et al., 2011) and by gravitational modeling coupled with local earthquake locations
(Liicke & Arroyo, 2015); however, earthquakes deeper than 70 km are not observed under the CT.

The seismological constraints on the crustal thickness throughout Costa Rica range ~27-42 km in northern
Costa Rica (Deshon et al., 2006; Linkimer et al., 2010; MacKenzie et al., 2008; Protti et al., 1996). In central
to southern Costa Rica the depth to the upper plate Moho has been imaged by receiver function analysis
(Dzierma et al., 2011) to be 30-40 km, whereas tomographic models place it at ~30 km (Dinc et al., 2010),
and active source imaging shows it to be 40 km beneath the volcanic front (Hayes et al., 2013).

The tectonic setting of southern Costa Rica has changed dramatically over the past ~10 Ma. Plate recon-
structions of the region suggest an incredibly complex plate motion and realignment (Morell, 2015), result-
ing in significant changes in the upper plate deformation and where the plates subducted. These changes
are mostly governed by the development of the Panama Triple Junction (PTJ) between the Cocos, Nazca,
and Caribbean plates ~8.5 Ma ago, the introduction and subduction of rougher oceanic crust ~3-4 Ma ago,
and the collision of the Cocos Ridge most likely ~1-3 Ma. As the triple junction reached the convergent
margin with the Caribbean plate, it migrated southward along the margin (Figure 1b), altering where the
Cocos and Nazca plates subducted beneath the Caribbean plate.
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Figure 2. Map of southern Costa Rica. White lines are seismicity transects shown in Figures 4, 5 and 6. Blue circles are
seismic stations used in this study, black triangle lines are convergent margins, small red circles are precisely re-located
earthquakes (Liicke & Arroyo, 2015), and small black circles are +3.0 magnitude earthquakes between years 2007 and
2019 (Linkimer et al., 2018). Magenta line is the political border between Costa Rica and Panama. Topographic data
from GMRT data set (Ryan et al., 2009).

2.1. Data

We use publicly available data from continuously recording seismic instruments along the southwest-
ern flank of the CT (Figure 2) belonging to RSN (TC network), OVSICORI-UNA (OV network), and
ChiriNet (PA network). We used data from ~2014 to 2018 for OV network stations CDM, PEZE, SRBA,
and POTG, ~2014 to 2020 for ChiriNet station BRU2, and from the end of 2018 through 2020 from
recently installed TC network stations ALCO and SAJE. All data are archived at the Incorporated Re-
search Institutions for Seismology (IRIS) data management center. We focused on three component
records of the first arriving compressional wave (P) from teleseismic earthquakes, at frequencies of
0.02-1 Hz. We inspected 8790 P, Pdiffracted, and PKP phases from events with magnitudes of 5.5+ at
epicentral distances (EPI) of 20°-180°. These records were visually inspected for the presence of coher-
ent earthquake signals, integrity and continuity of records on all three components, and the absence of
excessive noise. A total of 1,163 records were selected for analysis, with individual sites having 35-329
records (Table 1).

Seismicity data used in this study are a product of the RSN and were described in detail in Linkimer
et al. (2018). Events used in this study occurred between 2007 and 2019. We also include a subset of seismic-
ity that was relocated in the course of computing a slab depth model for Costa Rica (Liicke & Arroyo, 2015).

3. Methods

For this study, we use the receiver function methodology (Ammon, 1991; Langston, 1977, 1979) to
image the crust and the upper mantle beneath the stations. When a P wave encounters a change in
impedance (velocity X density) across an interface some of the P phase energy is converted into sec-
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Table 1
List of Seismic Stations Used in This Study With Relevant Information for Locations, Elevation, Number of Receiver
Functions Produced, Number of Raw Earthquake (EQs) Data, and Time/Depth Estimates for the M1 and M2 Pulses

Beam Beam Beam

Lat. Long. Elevation No.of No.of pulse M1 pulse M2 Beampulse pulse
Network Station (°) ©) (m) EQs RFs (s) (s) M1 (km) M2 (km)
ov CDM 9.55 —83.76 3,494 1,382 329 5.8 3.25 54.9 27.7
oV PEZE 9.38 —83.68 807 1,373 121 5.3 2.2 50.2 18.7
TC SAJE 9.34 —83.51 1,351 483 65 6.25 3.4 59.2 28.9
ov SRBA 9.23 —83.36 974 1,124 226 5.75 N/A 54.5 N/A
ov POTG 9.05 -—83.12 674 1,164 209 6.2 2.7 58.7 23
TC ALCO 893 —82.83 1,504 167 35 6.4 3.7 60.6 31.5
PA BRU2 8.79 —82.69 1,320 3,097 178 6.4 2.4 60.6 20.4

Abbreviation: RFs, receiver functions.

ondary shear waves (Ps) which are recorded seconds after the initial P wave (Phinney, 1964). These
Ps phases originate close to the receiver which allows investigations of the crust and upper mantle
beneath the receiver. If the material interface happens to be inclined, the converted Ps phases from
different back-azimuths are generated at varying depths which alters the time in which the Ps phases
reach the receiver. This change in time results in a systematic directionally dependent P-Ps move-out
that is governed by the strike and the dip of the interface (Cassidy, 1992; Levin & Park, 1997; Sav-
age, 1998; Shiomi & Park, 2008). Further interpretation of these phases is based upon the polarity of
the pulse after interacting with an impedance boundary. Positive polarity in receiver function time
series implies an increase in impedance with depth, whereas negative polarity implies a decrease in
impedance (Figure S1). We utilize the Multitaper spectral correlation (MTC) RF technique (Park &
Levin, 2000), which makes the use of higher frequency data (e.g., PKP phases) feasible and incorpo-
rates frequency domain move-out corrections discussed in Park and Levin (2016). Prior to analysis, we
rotate three-component records of teleseismic P waves into the LQT coordinate system, with L aligned
along the raypath, Q in the same vertical plane with L, and T orthogonal to it. This coordinate system
effectively separates compressional (P) waves (on the L component) from shear (Ps) waves (on Q and T
components). Deviations in local Vp or Vs from those chosen to compute the rotation angles may result
in some P wave energy remaining, especially at longer periods that sense both the crust and shallow
upper mantle. This study focuses on the Q component of Ps waves that reflects changes in impedance
with depth.

For each station, we generate RF gathers for events binned by back-azimuth or EPI (Figure 3), and use
them to identify likely impedance contrasts beneath southern Costa Rica. We use 10° bins in either
back-azimuth or distance, with 50% overlap so an earthquake at backazimuth 145° would be included in
both the 140° and 150° bins. Each bin shown has a minimum of two earthquakes. To preserve the ampli-
tudes of the Ps phases, the RFs are normalized in the frequency domain with a factor of 2fy/f. where the
Nyquist frequency fy = 1/(21), and f, and 7 are the cutoff frequency and the sampling interval, respectively
(see Park & Levin, 2000). All records shown are corrected for move-out using compressional velocity (Vp)
values of 6.3 km/s and 8.0 km/s in the crust and the mantle, respectively, and Vp/Vs ratio of 1.74, adapted
from the local velocity model used to locate earthquakes in Linkimer et al. (2018). After the move-out
correction Ps phases formed at horizontal interfaces should arrive at the same time from all directions
and all distances.

The majority of earthquake data comes from between 150° - 170° and 260° - 300° back-azimuth from the
stations (Figure S2). We construct narrow beams of receiver functions from earthquakes between 150°-170°
back-azimuth and 30°-50° degrees of EPI and use the resulting time-series to measure delay time values of
peaks we chose for interpretation (Figure 4). By using a narrow beam instead of a stack of the entire data
set we hope to avoid pulse shape distortions from local velocity heterogeneity beneath the station. Figure S3
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Figure 3. A back-azimuthal and two epicentral receiver function gathers shown for each site. All plots are rotated to LQT coordinates. Epicentral plots are
focused on two directions where the majority of the data are concentrated. Plots with green circles are ~150°-170°, and plots with pink circles are ~260° - 300°.
Black arrows indicate our interpreted M2 pulse, whereas orange arrows represent the M1 pulse.

shows the pierce points of all rays used to compute RFs; the beam we have chosen samples the foothills of

the CT.

The delay time of a Ps phase is used to estimate the depth to the impedance interface (Cassidy, 1992; Gurrola

& Bernard Minster, 1998), by using the equation:
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Figure 4. (a) Topography along the A-A’ transect from GMRT data base (Ryan et al., 2009). (b) Beam formed receiver
functions along the western flank of the Cordillera de Talamanca (see Figure 2 for transect location). Black and gold
lines in middle panel show times chosen for computing the depths of boundaries beneath each site. (c) Seismicity along
the transect A-A’, we use earthquakes 20 km toward the southwest and 5 km to the northeast from the transect and +3.0
magnitude, open circles are events deeper than 30 km from the catalog of Linkimer et al. (2018) and red circles are re-
located earthquakes from Liicke and Arroyo (2015). Green and orange lines show traces of the slab surfaces from Slab2
(Hayes, 2018) and Liicke and Arroyo (2015), respectively. Black and gold circles show depths of boundaries. Black lines
above and below the black and gold circles are +4 km uncertainty estimates for our time to depth conversion.

t

R R B S (1)
Uvﬁ i JV; "]

where t is the delay time of the peak of the phase’s amplitude, V, and V; are P and S waves velocities, and p is
the ray parameter, which can be taken as zero because of the move-out correction. We adopt the 1D P-wave
velocity model used by RSN for measuring earthquake locations to estimate depths from our receiver func-
tion delay times (Table S1).

b=
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Uncertainty of our time to depth conversion is mainly based upon the time we input. The V,, V;, and V,/
V; ratio values also account for uncertainty in our time to depth estimates. We choose to use the 1D ve-
locity model that was used for the earthquake location, as well as for relocation of events in Liicke and
Arroyo (2015), and Linkimer et al. (2018) which has a V,,/V; ratio of 1.74. By altering the V,,/V; ratio by 5%
we produce uncertainties of +4 km. The timing of the peak of the pulse will change in back-azimuth as the
structure of the upper mantle and the crust vary with direction, and by the frequency; increasing frequency
will make a “sharper” peak. Due to the broadness of our peaks we estimate +0.25 s of uncertainty which
results in +£2 km in our depth conversion estimates.

A feature of the MTC methodology (Park & Levin, 2000, 2016) is to produce arrivals prior to the 0 time in
the receiver function; these reflect the noise level in the data that were combined to form a single binned RF
time series. On the other hand, phases seen close to, but after the 0 time, reflect shallow (first kilometers in
depth) structure near the receiver. These phases are hidden by the P wave projection in the radial and trans-
verse coordinate frame. Their polarity reflects very shallow structure, which is not a target of this study.

To provide calibration for our methodology, we generated receiver functions for a long-running seismic
site, JTS, in northern Costa Rica (Figure S4). This site was investigated in Linkimer et al. (2010) where the
authors identified phases from the crust-mantle boundaries within both the overriding and the subducting
plates. We observe the same phases with respect to time and back-azimuth, giving confidence that our pro-
cedures yield results consistent with previous work.

4. Results

We present our results as groups of RFs plotted by back-azimuth (BAZ) and EPI in Figure 3, and beam-
formed pulses with a transect of seismicity and topography (Figure 4). Stations SAJE and ALCO lack robust
back azimuthal and EPI sweeps primarily due to the limited recording time. Below we provide brief sum-
maries of observations at each site.

4.1. Receiver Functions and Phases Chosen for Interpretation

CDM: Between backazimuths 150°-340° a positive pulse (M1) is present between 6 and 7 s, while between
backazimuths 0°-120° positive pulses appear earlier and later (5-7 s, in narrow ranges). SE epicentral gath-
er shows a clear positive phase at 6-7 s. While its move out is not consistent with a purely horizontal inter-
face we do not think this is a multiple due to the absence of a clear “primary” phase at 2-3 s delay. From the
NW a broad positive pulse is present between 7 and 8 s delays. Between 3 and 4 s a positive pulse (M2) is
present from almost all directions, and is observable in epicentral gathers from the SE and the NW.

PEZE: Pulse (M1) between 5 and 6 s visible from all directions and clearly observed in both epicentral gath-
ers. A clear phase between 2 and 3 s (M2) on the SE epicentral gather and in short-distance RFs from the
NW. Backazimuth expression of this phase is less clear. A strong positive-negative phase in the first 1.5-2 s
likely interferes with it.

SAJE: The M1 phase is clearly observed in both epicentral gathers, with SE arrivals being earlier (~6 s) than
the NW ones (~7 s). Backazimuth gather is incomplete due to short duration of data recording at this site.
M2 phase is visible from the most directions samples, except for backazimuths 230°-250°. The M2 phase
is not obvious in the backazimuth gather and the NW epicentral gather. A likely candidate for it is a weak
pulse between 3 and 4 s on the SE epicentral gathers.

SRBA: The M1 phase at backazimuths 240°-360°, and in the corresponding NW epicentral gather, the clear
positive pulse is seen between 7 and 8 s. Between backazimuths 120°-230° a positive pulse arrives between
6 and 7 s. The corresponding SE gather shows two discontinuous positive arrivals in this time window. A
broad positive phase between 4 and 7 s in backazimuth range 0°-100° likely combines the M1 and an earlier
pulse that reverses its polarity between backazimuths 120°-300°. The M2 pulse between 2 and 3 s is clearly
observed from all directions, and in the NW epicentral gather. In the SE epicentral gather it is broadened in
RFs from short distances.

POTG: The M1 positive pulse is present between 6 and 7 s delay from almost all directions and in both
epicentral gathers. The SE gather shows two discontinuous positive arrivals in this time window. A broad
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positive phase between 4 and 7 s in backazimuth range 0°-100° likely combines the M1 and an earlier pulse
that reverses its polarity between backazimuths 120° and 180°. A relatively weak M2 positive pulse is seen
at ~3 s from NW and E directions (backazimuth range 330° through 0°-180°), while from the SW and W a
positive pulse arrives closer to 4 s.

ALCO: Positive converted phases are present at delay times 6-8 s from all directions where observations
are available. In the SE gather two discontinuous positive arrivals appear in this time window. The phase is
clear in the NW epicentral gather although the range of data is limited. Positive pulses are observed between
3 and 4 s from the SE and at ~3 s from NW.

BRUZ2: Positive pulses arrive 5-7 s from most directions except for the 250-310 range where a positive phase
arrives at ~8 s. The SE epicentral gather shows two positive arrivals between delays 6 and 8 s; these pulse
likely merge and yield one broad phase in corresponding RFs on the backazimuth gather. A clear positive
arrival is seen at ~3 s from 320° to 0° to 180° backazimuth range and in a SE epicentral gather. A very weak
arrival at ~5 s observed in the NW epicentral gather likely represents a different phase that displays a clear
polarity reversal at backazimuth 190°.

4.2. Impedance Boundaries and Seismicity Distribution

In Figure 4 we present the main results of our investigation, combining time series of beam-formed RFs
with a vertical projection of seismicity along the profile formed by our seismic stations. We also show com-
puted depths of interfaces for key phases we chose to interpret and compare them with published depths
to the Cocos plate under the profile. We use the same velocity model to estimate interface depths from Ps
phase delays and to locate earthquakes on the basis of P and S wave travel time picks, and thus their relative
depths should be reliable.

Our receiver functions yield similar results for all sites along the transect (Figure 4 and Table 1). We observe
a prominent positive pulse at ~5.3-8 s, corresponding to depths 50.2-60.6 km beneath the stations. We also
see another positive pulse in the interval of delays between 2.2 and 3.4 s, corresponding to depths 18.7-
31.5 km. Following the convention of Linkimer et al. (2010), we refer to the positive pulse between ~5.3
and 8 s as M1, and the pulse between 2.2 and 3.4 s as M2. Both phases signify increases in impedance with
depth. With the exception of site SRBA that has a poorly developed M2 phase, we observe both pulses from
broad ranges of directions at each site. After a move-out correction both phases are visible in EPI gathers
(Figure 3) and stacked RFs for a narrow range of directions (Figure 4b). Beamformed RFs in Figure 4 also
contain a negative phase at delay time 4-5 s, between M1 and M2. This phase appears to be associated with
a relatively narrow range of backazimuths (120°-180°) except at site CDM where it is seen from a broad
range of arrival directions.

A change in the pattern of seismicity takes place along the strike of the CT (Figure 4c). Moving from
the northwest to the southeast, seismicity decreases abruptly approximately beneath site SAJE (distance
—50 km along the profile, Figure 4c). Events deeper than ~70 km are not seen to the southeast, and the
number of events overall is smaller than under the northwestern flank of the CT. Shallow seismicity reap-
pears between sites POTG and ALCO (distances 25-50 along the profile, Figure 4c). Viewing the seismicity
in the direction of subduction contributes additional complexity to our RF results. A clear Wadati-Benioff
zone is observed below the northwestern stations CDM and PEZE (profiles B-B’ and C-C’ in Figure 5).
Beneath stations SAJE and SRBA (profiles D-D’ and E-E’, respectively), we observe virtually no seismicity.
Additionally, on the southeastern portion of the transect at stations POTG, ALCO, and BRU2 (profiles F-F’,
G-G’, and H-H’ respectively), seismicity deeper than ~30 km may resemble a Wadati-Benioff zone, but is
less clear than northern seismicity beneath stations CDM and PEZE. In map view (Figure 2) this seismicity
is localized at the on-land extension of the PFZ. While seismicity changes across the transects of seismic
stations, the M1 pulse is visible throughout.

5. Discussion

The results of our RF analysis show the presence of a positive impedance pulse (M2) with a 2-4 s delay time,
19-31 km depth, and a positive impedance pulse (M1) at 5-8 s, 50-60 km depth, along the northwestern
flank of the CT. These results are interesting, prior investigations of crustal thickness place the depth of the

BOURKE ET AL.

90f16



. X ¢ . .
NI Geochemistry, Geophysics, Geosystems 10.1029/2020GC009300
ADVANCING EARTH
AND SPACE SCIENCE
Station: CDM Station: PEZE , Station: POTG Station: ALCO ,
£ B B’ . C C . F FF. G G
= 3000 ] [ & 3000 [ & 3000] S [
S S S S
© 1500 I & 1500 ® 1500 F &
3 ] I 3 o /"\'/"\.V"\~ F- I ,.\/"\/v\"\__, 3 _/“"/-\”v\w\__
w L L L L L L L L L L L w 0 1 L L L L L L w 0 L L L L L I L L L L L w
1 0y o L 1
of ™% 20 g N ° o,
E °F £ E 401€ Qo 04 E
£ £ £ 60 I} £
a a a a ]
] a 8 80 <]
100 - + 100
120 +——T—1—T—r T T 120 +r——r—r"—r—r——r 120 -1 T 120 +r—r—r——r"T"T" 1T
—40-30-20-10 0 10 20 30 40 50 60 70 —40-30-20-10 0 10 20 30 40 50 60 70 —40-30-20-10 0 10 20 30 40 50 60 70 —40-30-20-10 0 10 20 30 40 50 60 70
Distance, km Distance, km Distance, km Distance, km
p Station: SAJE p g Station: SRBA > - Station: BRU2 -
€ £
N ] L - ] L 1
: ?222 J\,\_M : ?ggg _,\.\,../"J\N\\A'.h £ o] 7
5 1 o5 1 F S ] b
g ol L8 o . g 1 _//\‘\M
o J P T TSP TS S S 1 J T R R R S R ] 0 - e
20 ° 201 bl - 0 °
o 50 # o 090 o] o @
§ 401{% $° E 40{ w00 4 g w8y 8 oo oo
£ 60 £ 60 ) 3 = ¥Wo
o3 oy g 601 "o @ °
a 80 o 80 @
o 80
100 100 100
120 120 120

Distance, km

—-40-30-20-10 0 10 20 30 40 50 60 70

—40-30-20-10 0 10 20 30 40 50 60 70
Distance, km

—40-30-20-10 0 10 20 30 40 50 60 70
Distance, km

Figure 5. Topographic and seismicity plots along the direction of subduction. Profiles can be observed in map view on Figure 2. The location of seismic sensor
(gray line) is marked at 0 km. We use >3.0 magnitude earthquakes (same as in Figure 4) +5 km from the transect lines. Green line is Slab2 subduction model
(Hayes, 2018), orange line is adapted from Liicke and Arroyo. (2015). Black (M2) and gold (M1) circles show depths of impedance boundaries. Black lines above
and below the black and gold circles are +4 km uncertainty measurements for our time to depth conversion.

upper plate Moho between 27 and 33 km in northern Costa Rica, and up to 42 km in the volcanic regions
(Linkimer et al., 2010; MacKenzie et al., 2008; Protti et al., 1996). Especially relevant, Dzierma et al. (2011)
interpreted the Moho to be at receiver function delay times ~3.1-3.6 s at sites close to station PEZE. Ad-
ditional tomographic studies in central Costa Rica also estimate the depth to the Costa Rican upper plate
Moho to be ~30 km (Arroyo et al., 2009; Dinc et al., 2010). Slightly north of our seismic sites a wide-angle
refraction and tomography survey estimated the depth of the Moho beneath the volcanic arc to be ~40 km
(Hayes et al., 2013).

Stations CDM, SAJE, and ALCO show M2 phase at 3.25-3.7 s. These stations are likely imaging the Moho
of the upper plate at ~28-31 km. However, the M2 pulse from stations PEZE, POTG, SRBA, and BRU2 is
significantly earlier (2.2-2.7 s), corresponding to a boundary that is shallower than in all previous studies,
with inferred depths ~19-23 km. The lack of a prominent Moho signal at these stations could be due to a
10 km thick crust-mantle transition zone imaged by Hayes et al. (2013) within the volcanic arc. This study
observed reflections in their shot gathers that they interpreted as likely intrusions, cumulates, relaminated
sediment diapirs, and restite. If the impedance contrast within this transition zone is not large enough to
produce an observable Ps phase, then it would explain the lack of expected Moho signal at these stations.

Located at depths between 50 and 60 km, the M1 boundary inferred from our data is intriguing. It varies in
time throughout the transect but remains present, and can be observed in back-azimuthal and epicentral
plots (Figure 3). Additionally, it is well below the expected 30-40 km crust-mantle boundary reported in the
previous studies discussed above. Typically, in a subduction zone environment the crust-mantle boundary
of the downgoing slab generates a predictable back-azimuthal sinusoidal pattern in delay time based on the
relative dip of the subducting oceanic plate. For instance, a steeply subducting slab would be expected to
have a more pronounced sinusoid, whereas a gently dipping slab would have a less pronounced sinusoid
(Nikulin et al., 2009; Nikulin et al., 2019; Park et al., 2002). Back-azimuthal plots of our receiver functions
do not present a pronounced sinusoid in either our pre- or post-moveout corrected receiver functions, im-
plying that we are not observing a steeply dipping impedance boundary.

We do not believe that the M1 pulse is a crustal multiple of the M2 pulse for the following reasons. First, the
delay time of the M1 pulse does not fit the expected delay time of a crustal multiple, for instance, at station
SRBA the M2 pulse is ~3 s, the expected multiple would then be found at ~10 s (Figure S5), whereas the
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Figure 6. Cartoon illustration of the proposed interpretation for the tectonic structure beneath southern Costa Rica.
Red circles are relocated hypocenters from Liicke and Arroyo (2015), white circles are +-30 km deep hypocenters from
Linkimer et al. (2018), black circles are estimated positions of the M2 pulse, gold circles are estimated positions of

the M1 pulse, lines above and below black and gold circles represent an uncertainty estimate of +4 km. A blue box
between 0 and 30 km represents the crust of the upper (Caribbean) plate. Blue boxes represent subducted oceanic crust,
shown 20 km thick for the downgoing Cocos plate and 10 km thick for the trapped Nazca plate fragment. Green shapes
represent downgoing (Cocos) and trapped (Nazca) lithosphere, shown as being 50-60 km thick on the basis of the likely
plate age. Purple lines (solid and dashed) represent the slab top extrapolated from Liicke andArroyo (2015). Dark-blue
dashed lines show extrapolated depth of the Cocos plate Moho assuming 20 km thick crust. (a) Interpreted cross section
of seismicity beneath station CDM. (b) Cross section of seismicity beneath station ALCO. (c) Same as A-A’ cross section
of seismicity along the Cordillera de Talamanca.

M1 pulse is found at 5-6 s. Second, it would be unusual for the amplitude of a crustal multiple to be larger
than the primary Ps phase, while the majority of the M1 phases are larger than those of M2 phases. Lastly,
a crustal multiple from a positive Ps converted phase is required to form a positive-negative doublet. We do
not see a coherent negative phase occurring after the M1 pulse in the BAZ or EPI plots.

The nature of seismicity changes drastically from one side of transect A-A’ to the other. In the northwest
(side A) seismicity is observed occurring down to ~70 km and ceases abruptly for ~75 km along the tran-
sect, then reappears near the on-land projection of the PFZ. The lateral similarity of the M1 pulse can be
seen across the aseismic region, and interestingly the peak amplitudes of the stations SAJE, SRBA, and
POTG are larger than their respective upper plate Moho pulses, M2, at 2.2-3.7 s. Increased amplitudes
point to larger impedance contrasts, or in the case of dipping interfaces, a smaller dip (Cassidy, 1992). The
lateral position of time and depth of these phases infers that they are likely related to the same geologic
feature at depth.

Comparing our results to previous models of the subducting Cocos plate, Figures 4, 5, and 6 show an appar-
ent mismatch between their estimated depth to the slab surface and our results. We place the M1 pulse at
~50-60 km, and interpret it as the Moho of the subducting plate, which should be 5-15 km below the slab
top surface, depending on the crustal thickness. This makes it significantly different from the estimated M1
position expected from slab top depths of ~70-80 km proposed by Liicke and Arroyo (2015) and ~60-70 km
in the Slab2 model of Hayes et al. (2018).
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Uncertainties in the generation of the slab top surfaces could explain a portion of this offset, but not all.
For Hayes et al. (2018) model, the stated global average profile has an uncertainty of no more than 10 km.
Slab2 provides a smooth slab structure based on the global earthquake catalog, which in turn is built using
raytracing in 1D velocity models. In Costa Rica, only earthquakes constrain Slab2 and the reported global
uncertainty of 10 km may not reflect bias in absolute space in Costa Rica due to unmodeled slab velocity
structure. The Liicke and Arroyo (2015) slab model provides improved spatial resolution relative to Slab2
where earthquakes constrain the top of the slab but uncertainty in their model likely increases away from
the events. This study focuses on the CT where there is a clear lack of seismicity and where both Slab2 and
Liicke and Arroyo (2015) potentially have increased spatial uncertainty.

The origin of our M1 pulse is thus enigmatic. It is offset, both laterally and vertically, from the re-located
seismicity of the subducting Cocos plate (Figures 5 and 6). Dzierma et al. (2010) estimated the isostat-
ic compensation along the CT assuming Airy type isostasy, placing the Moho ~40-50 km beneath the
high peaks of the mountain range. This interpretation however, does not support regional gravitational
evidence that places the Moho between 32 and 36 km for the CT (Liicke, 2014; Liicke & Arroyo, 2015).
The study conducted by Liicke and Arroyo (2015) focused on two tectonic scenarios to try and match
observed gravitational data; the first had a slab steeply subducting to a depth of ~200 km beneath Costa
Rica, and the second had the slab extending to only ~70 km depth. They report a better fit using the
first model, while the second model had an apparent offset. The seismicity clearly terminates at ~70 km
beneath southern Costa Rica making this model difficult to envisage. However, their modeling exercise
also suggested that the density of the lower crust beneath the CT had to be smaller than in other parts of
Costa Rica.

Comparing our seismicity profiles to the estimated crustal thickness of the Cocos Ridge seems to confirm
that the ridge retains its thickness at depth. The Liicke & Arroyo (2015) relocated earthquakes are shown as
red circles in Figures 5 and 6, representing a thickness of roughly ~20 km. This thickness is also reported in
studies by Walther et al. (2003) and Sallares et al. (2003), by a wide-angle seismic survey study. This implies
that all of the seismicity associated with the subducting slab occurs within the over thickened crust of the
Cocos plate. This suggests that the upper portion of the seismicity resembling the slab is likely near the top
of the subducting crust.

The M1 feature does not seem to be related to the present-day subduction of the Cocos plate or the Moho of
the Costa Rican land mass and thus we explore a different explanation. A plausible interpretation (Figure 6)
could be that it represents a segment of formerly subducted lithosphere stranded beneath the CT as a result
of the migration of the PFZ and the PTJ over the last 10 million years. In this context it is interesting to note
the clear observation of a negative RF phase between M1 and M2 (Figures 3 and 4b). Signifying a decrease
in impedance with depth, and positioned 1-1.5 s earlier (thus 8-12 km above), the negative phase preceding
the M1 pulse may represent the top of the crust of the stranded fragment of the oceanic lithosphere. Direc-
tional dependence (anisotropy) of seismic properties within the crust of the stranded fragment can explain
directional variability of the impedance contrast with the overlying Caribbean plate, leading to preferential
detection of this feature from a narrow range of backazimuths.

Our preferred scenario is based on a plate tectonic reconstruction of the Cocos-Nazca-Caribbean triple
junction by Morell (2015). At and prior to ~10 Ma ago, only the Cocos plate is subducting beneath southern
Central America. This changes ~8-9 Ma ago when the PTJ reaches offshore northern Costa Rica, and the
Nazca plate is actively subducting where the CT is presently. As the PTJ migrated south over the next several
million years (see Figure 1b), it is possible that the Cocos plate interaction with the Nazca plate could have
produced deformation causing a break or tear of the Nazca plate. Differences in plate motion velocity be-
tween the Cocos and Nazca plates could be responsible for this event, where the Cocos is traveling approxi-
mately three times faster than the Nazca. If the Cocos plate were able to underthrust part of the Nazca plate
as the PTJ moved southeast this could have emplaced a portion of the Nazca crust and lithosphere beneath
present-day southern Costa Rica and also caused the cessation of volcanism ~6.5 Ma (Gazel et al., 2011).
The timing of the cessation of volcanism has been argued to be linked to the arrival of the buoyant, younger
Cocos Ridge (e.g., De Boer et al., 1995), but studies regarding the beginning of Cocos Ridge subduction place
itin a time frame of ~1-3 Ma (MacMillan et al., 2004; Morell et al., 2008, 2012, 2019; Vannucchi et al., 2013),
making it difficult to link Cocos Ridge subduction and the termination of volcanism.
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Additionally, studies have credited the Cocos Ridge for the recent uplift of the CT by means of flat slab
subduction (Fisher et al., 2004; Morell et al., 2016, 2019). These studies have shown that over the last 1-3
million years the CT have been uplifted ~2-3 km; however, this is problematic when looking at seismolog-
ical and gravitational models, (Dzierma et al., 2011; Liicke & Arroyo, 2015), which observe a clear steeply
subducting slab well below. A possible explanation for these observations is our interpreted lithospheric
feature. If prior to or after breaking, the subducting fragment was flatter, this could have been pushed
beneath the CT causing the well-documented uplift over the last ~3 Ma. Keeping this feature in place for
several million years is harder to explain since it is assumed that basalt within the oceanic crust will convert
into eclogite, and the lithospherewill sink into the mantle once subducted, however, some studies report
only partial eclogitization at depths of 100-250 km (Abers, 2000); which is well below the feature we detect.

Key arguments against the steep slab hypothesis were the evidence for flat slab subduction (e.g., Fisher
et al., 2004; Morell et al., 2019) and the lack of seismicity. Here we show a much larger set of well-relocated
seismicity that makes the Wadati-Benioff Zone clearer and also propose a scenario that can reconcile evi-
dence for the alternative shapes of the slab. Potentially, the already subducted part of the Cocos plate is not
over thickened and is the force that is pulling the Cocos Ridge down so steeply. Matinod et al. (2013) posited
that it would take ~300 km of ridge subduction through the trench before an observed modification in the
slab dip would take place. This could potentially mean that the effect from the Cocos Ridge has not yet been
seen on the steeply dipping slab. Buoyancy likely plays an important role in keeping the fragment in place.
In plate reconstruction models of Morell (2015), note that ~6-8 Ma ago “rough crust” subducting beneath
present day southern Costa Rica would have been very young, likely no more than a few million years old
based on the reconstructions. If this crust was over thickened and very young and warm, this could account
for some buoyancy to keep the fragment in place. Additionally, as described in Antonijevic et al. (2015), if
the upper plate and the subducting fragment were coupled, a suction force could also be responsible for
holding the fragment in place. Our finding of a subhorizontal positive impedance contrast in the shallow
upper mantle beneath a recently uplifted mountain range is similar to the structure reported beneath the
Taurus mountains of southern Turkey (Abgarmi et al., 2017). The M2 boundary beneath CT appears more
laterally variable as we report point measurements of its depth and do not apply horizontal smoothing in-
herent in the multistation imaging method used by that study.

The timing of the proposed break in the past Nazca subducting lithosphere can be constrained using the
presently observable seismicity and current velocity of the subducting Cocos plate. For instance, the deepest
seismicity observed under station CDM is ~70 km and is located roughly 125 km from the trench, this re-
quires the slab to have traversed ~140 km from trench to the present-day seismicity. Using the rate of plate
motion of ~90 mm/yr (DeMets et al., 2001), this requires a time of ~1.5 million years, at the minimum, for
the Cocos slab to reach the location of the deepest observable seismicity. This estimate is the earliest point
where a Nazca break could occur and represents a rough constraint on when the Cocos plate began subduct-
ing beneath the present-day CT.

6. Summary

‘We propose a scenario for the recent oblique tear in the oceanic lithosphere subducting beneath southern
Costa Rica. It is developed following Morell (2015) and incorporates new constraints on upper mantle seis-
mic structure we have documented in this paper. The PTJ of Cocos, Nazca and Caribbean plates formed
~8 Ma approximately mid-way between present-day Nicoya and Osa peninsulas (Figure 1a, the latter did
not exist yet). To its north the Cocos plate continued “normal subduction,” while to its south Nazca plate
subducted at a highly oblique angle to the convergent margin, and likely descended at a very shallow angle
or was fully flat. The PFZ migrated to the south along the convergent margin and was just north of Osa
peninsula by 6 Ma ago. Given the rates of relative plate motion, in the intervening 2 Ma flat Nazca slab
likely went all the way beneath the CT, shutting down the volcanism within them. On-land projection of
the PFZ migrated through the CT starting at 3 Ma ago and is presently to the SE of the highest elevations
in them (Figure 1b). With 80 mm/yr convergence rate most of the CT should be underlain by the material
from the Cocos plate, and material from Nazca plate should have descended into the mantle beneath the
Caribbean.
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Three seismological results suggest that at least a part of it did not, and is instead trapped in the shallow
mantle beneath the CT. Our recent study of mantle flow indicators confirmed vigorous flow from the Pa-
cific to the Caribbean directly under the CT (Levin et al., 2020). This finding precludes an existence of a
deep-reaching slab there. Our present study identifies a subhorizontal impedance contrast under the CT,
most readily explained by a transition from the crust to the mantle lithosphere within a subducted oceanic
plate. However, the distribution of local seismicity requires there to be a short subducting slab, especially in
the northern part of CT, but does not require it to reach as far as the foothills of the CT where our stations
are located.

We propose that recently (between 3 Ma and 1 Ma ago) the lithosphere of the Cocos Plate separated from
the already subducted Nazca slab material and began subducting independently. The tear may have initi-
ated due to the increased resistance to subduction when the Cocos Ridge entered the convergent margin
~2.5 Ma ago. Presently the Cocos Plate is going under the stranded Nazca plate fragment in a scissor-like
manner. The tear is most likely oblique, with the depth to which Cocos plate material reaches larger in
northern CT (under site CDM, Figure 2) than in southern CT (site ALCO). An aseismic region beneath
central CT corresponds to the lateral extent of the Cocos Ridge crust that has subducted since 2 Ma ago (per
reconstructions in Morell(2015] and Figure 1b). Here the subduction may be nearly flat locally (as envisaged
by Antonijevic et al. [2015] in South America), although a short WBZ is seen again where the PFZ projects
onto land at present (sites ALCO and BRU2, Figures 3, 5, and 6).

The M1 feature reported in this study as being at ~50-60 km depth beneath the CT is curious. To fully un-
derstand this nascent interpretation of a broken Nazca slab remnant beneath the CT more investigation is
required to constrain its seismic velocities and character, that is, anisotropy, geometry, and lateral extent.
The results of this study point to a more complicated tectonic regime in southern Costa Rica than what has
been previously reported, and further develops the mystery as to what is beneath the CT.
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