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Abstract We constructed the first Pn velocity and anisotropy model of the uppermost mantle in Central
America and northwestern South America using the Pn tomography method and new ISC-EHB data.
Significantly low Pn velocities and arc-parallel anisotropic structures are observed beneath the volcanic arc in
Central America. The separate, low Pn velocity beneath the back-arc volcano in Nicaragua shows that the hot
material upwelling in the uppermost mantle beneath this volcano is likely separated from the main volcanic arc.
The stable Caribbean Plate is characterized by high Pn velocities. The southward subduction and dehydration
of the Caribbean Plate seem to be potential causes of the low Pn velocities in eastern Panama. Based on our
Pn velocity, anisotropy and previous geological observations, we suggest a dynamic model of the Colombia-
Ecuador region including mantle flow and magmatic gap: there is arc-parallel anisotropy in the uppermost
mantle beneath the Colombia-Ecuador volcanic arc, arc-perpendicular mantle flow in the deeper mantle
beneath the subducted plate, and a magmatic gap near the Caldas Tear.

Plain Language Summary The multiplate collision system in Central America and northwestern
South America produced the complex tectonic structure of this region. We obtained the seismic velocity

and anisotropy models of the uppermost mantle in this region with a reliable tomography method and new
seismic data. The results reveal significantly low Pn velocities and arc-parallel anisotropic structures beneath
the volcanic arc in Central America and the Colombia-Ecuador area. The separate, low Pn velocity beneath

the back-arc volcano in Nicaragua shows that the hot upwelling in the uppermost mantle beneath this volcano
may be separate from the main volcanic arc. Low velocities are also observed beneath the Colombia-Ecuador
volcanic arc, and the Pn velocity and anisotropy pattern are discontinuous on the two sides of the Caldas Tear.
The new Pn velocity and anisotropy models provide additional seismic information about the plate convergence
process and establish new constraints on the plate subduction and upwelling of hot mantle material.

1. Introduction

Central America and northwestern South America are areas where the Nazca and Cocos plates converge and
collide with the South American and Caribbean plates. These areas have complex plate tectonics, frequent
volcanic earthquakes, and are important for investigating the plate dynamic processes (Hey, 1977; Lonsdale, 2005;
Pennington, 1981; Taboada et al., 2000; van Benthem et al., 2013; Figure 1). By means of tomography and other
methods, previous studies have observed the subduction of the Cocos Plate under the North American Plate and
the Caribbean Plate on a large scale, and plate dehydration caused the zonal volcanic distribution in Central
America (Amaru, 2007; Bijwaard et al., 1998; Harmon et al., 2013; Li et al., 2008). The subduction of the Nazca
Plate beneath the South American Plate and the upwelling of mantle thermal material associated with plate dehy-
dration have also been observed (van Benthem et al., 2013; Vargas and Mann, 2013). In Panama, predecessors
used seismicity to outline the subducting segment of the Caribbean Plate (Camacho et al., 2010). In northern
South America, the ancient Caribbean Plate, with high seismic velocity and subducting southward, and the Faral-
lon Plate have been observed in the mantle (Bezada et al., 2010; Bijwaard et al., 1998; Harris et al., 2018; Miller
et al., 2009; van Benthem et al., 2013; van der Hilst et al., 1997). The westward movement of mantle thermal
material flow from the eastern Lesser Antilles subduction zone is thought to have affected the uppermost mantle
in northern South America (Masy et al., 2011; Miller et al., 2009). However, due to data or method limitations,
the imaging resolution of previous studies was insufficient to accurately answer some remaining questions. For
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Figure 1. Map of areas in Central America and northwestern South America. The triangles represent Quaternary volcanoes.
The gray lines denote major tectonic boundaries. AZ, Azul Volcano; CR, Costa Rica; MB, Maracaibo Block; NAB, North
Andes Block; NPDB, North Panama Deformed Belt.

example, what is the relationship between the Panamanian volcanic gap, the eastward subduction of the Cocos
Plate and the southward subduction of the Caribbean plate? What is the structure of the upper mantle beneath
the back-arc volcano in Nicaragua? Do the velocity and anisotropic structures differ between the north and south
sides of the Caldas Tear zone? These scientific problems need to be further addressed by more detailed imaging
results.

In addition, seismic anisotropy is an important constraint for studying the deep dynamic process of the earth and
can provide the strain characteristics retained by the present or the last major dynamic process in the interior of
the earth (Becker et al., 2012; Buehler & Shearer, 2017; Long & Becker, 2010; Menke, 2015; Sandvol et al., 1994;
Zhao et al., 2016). Previous anisotropy studies in this area are obtained dominantly from the shear wave splitting
analysis (Abt et al., 2010; Growdon et al., 2009; Idarraga-Garcia et al., 2016; Lynner & Long, 2014; Pifiero-Feli-
ciangeli & Kendall, 2008; Porritt et al., 2014; Russo & Silver, 1994). The fast direction of shear waves in Central
America is generally parallel to the plate collision boundary (Abt et al., 2010; Porritt et al., 2014). In northwest-
ern South America, the results of shear wave anisotropy also provide constraints for the deep structure of this
region (Idarraga-Garcia et al., 2016; Porritt et al., 2014; Russo & Silver, 1994). However, the shear wave splitting
method can obtain results only below the stations, and thus there is a lack of anisotropic results in regions with
limited or no stations. Moreover, this type of measurements reflects the integral of anisotropic structures over a
wide range of depths. Thus, anisotropic structures sensitive to specific depths, combined with velocity imaging,
are needed to help us further reveal the characteristics of deep structures and dynamic processes.
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Figure 2. (a) The Pn raypaths of the study area. The red stars represent
stations. The black crosses represent events. (b) Raypath numbers in each cell

275

Raypath Numbers (LgN)
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with size of 15" X 15'.

The Pn velocity and anisotropy tomography method can provide the lateral
velocity and anisotropic structure in the uppermost mantle (Hearn, 1996; Lii
et al., 2017). The Pn velocity variations reflect the variations in the temper-
ature, composition, and volatile content of the uppermost mantle; Pn aniso-
tropy is related to the preferred orientation of the minerals, reflecting the
stress state in the uppermost mantle and the mantle dynamic process (Buehler
& Shearer, 2010; Hearn, 1999; Karato & Jung, 1998). Since Pn waves prop-
agate transversely in the uppermost mantle, the ray density is high, and the
lateral inversion resolution is greater (Buehler & Shearer, 2010; Hearn &
Ni, 1994; Lei et al., 2014; Li & Song, 2018; Liang et al., 2004; Lii et al., 2017;
Pei et al., 2007, 2011). Recent studies have shown that Pn imaging results
can obtain finer structures, which provide new constraints for deep struc-
tures and dynamic processes (Lii et al., 2017, 2019). In this study, we collect
the ISC-EHB data in Central America and northwestern South America.
With the new data set, we are able to obtain high-resolution Pn velocity and
anisotropy imaging, which are sufficient to address finer uppermost mantle
structures, and provide new seismological constraints for the complex plate
dynamics of the study area.

2. Data and Method
2.1. Data

The study area is defined between 5°S and 15°N and between 270°E and
290°E (Figure 2a). The Pn data we used are from the latest ISC-EHB bulle-
tin (1964-2017) (Engdahl et al., 2020). The following standards were used
on the Pn data selection to ensure the inversion quality: epicenter distances
between 2° and 12°, every seismic event has picks associated to at least four
stations, and every station recorded at least four Pn data; traveltime residuals
were no more than 5 s. In total, 67,857 Pn data from 3290 events recorded by
1,484 stations between 15°S and 25°N and between 260°E and 300°E were
used.

2.2. Method

The anisotropic Pn tomography method was developed by Hearn (1996, 1999).
The layer of uppermost mantle is divided into two-dimensional cells in
which the velocity and anisotropy items are inverted. We used the cell size
of 15’ X 15’ with ray numbers in each cell that were more than 30 in most of
our discussed areas (Figure 2b). As pointed out by previous studies, the addi-
tion of anisotropy in Pn tomography not only provides the anisotropic struc-
ture, but also improves the velocity results (He & Lii, 2021; Hearn, 1999;

Lii et al., 2019). Therefore, we applied the anisotropic Pn tomography method and do not present the isotropic
inversion result in this study.

The equation of the anisotropic Pn traveltime residuals is described by:

Ty — ATy = ai+bj + ) dijc - (S + Ak cos 2¢iju + By sin 26hy) )

where Tij is the travel time residual for event j at station i; ATU is the Moho depth correction for ray ij; a, is
the static delay for station i; b; is the static delay for event j; d;, is the travel distance of ray jj in mantle cell
k; S, is the slowness perturbation for cell k; A, and B, are the anisotropy coefficients for cell k; ¢;j« is the

back azimuth angle of ray ij in cell k. The anisotropy magnitude is given by 4/ Ai + Bi, and the direction of
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Figure 3. (a) Trade-off between traveltime residuals and velocity perturbations with different damping values. The residual distribution (b) before and (c) after

inversion.

the fastest wave propagation is given by 90" + %arctani—:‘ The equations were solved by the LSQR method
(Paige & Saunders, 1982). Two same damping constants were used to the velocity and anisotropy items
(Hearn, 1999; Lii et al., 2017; Pei et al., 2007). The damping constants were chosen considering the trade-off
between traveltime residuals and velocity perturbations (Figure 3a). Two hundred inversion iterations were
performed with damping value of 500 for the velocity and anisotropy items. The station and event delays are
not damped. The root mean square of travel time residuals decreased from (Figure 3b) 2.0 s to (Figure 3c)
1.2 s after inversion.

The station and event delay items were used to absorb the traveltime delays due to the crustal model, event
location and event time errors. The station delays are mainly related to the differences between the initial
crustal model and the real crust. Positive station delays indicate a thicker crust or lower velocity of crust. The
event delays also reflect the event location and event time errors and are generally larger than the station items
(Figure 4b).

We applied the checkerboard tests to make clear the anomaly sizes that can be imaged reliably. The average ampli-
tudes (maxAv/ \/5) of the sinusoidal input velocity and anisotropy were 0.3 km/s. The checkerboard test results
showed that in the areas with high ray densities (Figure 2b), the resolution of velocity can reach 1.5° X 1.5° or
better and the resolution of anisotropy can reach 2.0° x 2.0° (Figure 5). The resolutions of the uppermost mantle
in most of our discussed areas are better than those of previous studies and are sufficient to present much finer
structures. The southwestern and southeastern parts of the study area have relatively low resolution, so we only
discuss the results of the areas with better resolution.

3. Results
3.1. Pn Velocity

A strong Pn low-velocity region has been observed in Central America in the northwestern part of the study area,
and the banded low-velocity region corresponds to the surface volcanic zone (Figure 6 and Table S1). There is
a small-scale independent Pn low-velocity structure near Azul Volcano in eastern Nicaragua. In Panama, the
Pn low-velocity zone ends in central Panama (~280°E), but a small-scale low-velocity anomaly has also been
observed in eastern Panama. In the Colombian-Ecuador region, a banded strong low-velocity zone corresponding
to the surface volcanic zone is observed, and this low-velocity zone is discontinuous at the Caldas Tear. Weak low
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Figure 4. (a) Station and (b) event delays in the study area. Sizes of the
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velocities have also been observed in northern and northeastern Colombia.
The Caribbean plate mainly presents high Pn velocities as well as in western
Venezuela.

3.2. Pn Anisotropy

Figure 7 shows the Pn anisotropic structure of the study area. We mainly
focus on the anisotropy results in the relatively dense regions of ray distri-
bution. The Pn anisotropy of the NW-SE fast wave direction parallel to the
plate collision boundary is observed under the volcanic arc in Central Amer-
ica (region A). In northern Colombia, the direction of Pn anisotropy is very
complex (region B). The NNE-SSW Pn anisotropy parallel to the plate colli-
sion boundary is also observed under the volcanic zone in the Colombia-Ec-
uador region (region C).

4. Discussion
4.1. Central America

In Central America in the northwestern part of the study area, the most
prominent feature of the Pn velocity structure is the strong low-velocity
structure corresponding to the distribution of the volcanoes. The lowest
anomalies are larger than 5%, which indicates the high temperature or
partial melting structure in the uppermost mantle caused by subduction
dehydration of the Cocos Plate. This low-velocity band has been observed
in various tomographic studies (Amaru, 2007; Harmon et al., 2013; Li
et al., 2008; van Benthem et al., 2013). However, beneath the back-arc
volcano (Azul Volcano; Brasse et al., 2015; Carr et al., 2003) in east-
ern Nicaragua, previous imaging results show large-scale low-velocity
structures in the upper mantle (~100 km depth) that are continuous with
low velocities under the volcanic arc (Amaru, 2007; Li et al., 2008; van
Benthem et al., 2013). Some tomography efforts using local seismicity
have not been able to reach this area (Syracuse et al., 2008; Van Avendonk
et al., 2011). Here, we have observed an independent small-scale low-ve-
locity zone of the uppermost mantle (<30 km beneath the Moho) beneath
the Azul Volcano area, which is not continuous with the low-velocity zone
under the volcanic arc. Due to the high resolution in the uppermost mantle,
this result is reliable. Furthermore, this methodology has been successfully
applied to reveal independent small-scale low-velocity structures under
intraplate volcanoes in northeastern China (Li et al., 2019), which have
been further verified by ambient noise tomography with dense stations
(Fan et al., 2021). The results of the low-velocity structure indicate that
temperatures beneath the Azul Volcano are still high in the uppermost

mantle, and the thermal anomaly caused by upwelling hot material are kept till now. Based on the tectonic

evolution of the study area, we argue that this mantle thermal material is likely derived from the dehydration

of the Cocos Plate at greater depths, and that the upwelling channel beneath the Azul Volcano is separated

in the uppermost mantle.

The anisotropy of the Pn wave in Central America shows strong NW-SE characteristics, which are parallel

to the direction of the plate collision boundary and consistent with the direction of most SKS fast wave in

this region. This feature has also been found in the Japanese island arc and the Lesser Antilles island arc
(L et al., 2019, 2021). We argue that subduction dehydration caused the olivine crystals in the uppermost
mantle to have a B-type structure, thus showing strong anisotropy parallel to the collision boundary (Katayama
et al., 2009; Kneller et al., 2005). Another possible explanation is that the parallel anisotropy of the trenches is
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Figure 5. Checkerboard test inversion results for the (a, ¢) velocity and (b)
anisotropy. The checkerboard sizes are (a) 2.0° X 2.0°, (b) 2.0° x 2.0°, and (c)
1.5° x 1.5°, respectively.

related to mantle flows (Abt et al., 2010; Hodges & Miller, 2015; Hoernle
et al., 2008). In summary, the remarkable Pn low-velocity structure and
trench-parallel anisotropy beneath the volcanic zone show the influence of
plate subduction dehydration in the uppermost mantle. We believe that the
strong anisotropy in the uppermost mantle dominates most SKS splitting
in this region, so the direction of these SKS fast directions is consistent
with that of Pn anisotropy. In addition, we observe that certain SKS meas-
urements west of the arc belt have a fast direction parallel to the subduc-
tion direction. We suggest that these SKS splitting are more affected by the
anisotropic structures at other depths, and a kind of arc-perpendicular aniso-
tropic structure might exist and contribute to the SKS observations west of
the arc belt.

4.2. Caribbean Sea-Panama-Northern Colombia

In the Caribbean region in the northern part of the study region, the upper-
most mantle has mainly high velocities, indicating that the uppermost mantle
in this area is stable and is less affected by the mantle thermal material caused
by the subduction of the Cocos Plate. In Panama, the strong low-velocity
zone in the uppermost mantle of Central America ends eastward in central
Panama (~280°E). This feature outlines the eastern edge of the subducted
Cocos Plate, indicating that the influence of the mantle thermal material
caused by subduction ends eastward in central Panama. Our results support
that eastern Panama is the plate window of the Farallon Plate (Hey, 1977;
van Benthem et al., 2013). To the north of this region, there is a Benioff zone
located in the northern part of the Panama microplate, indicating a southward
subduction of the Caribbean Plate (Camacho et al., 2010). Meanwhile, we
observed a small-scale low-velocity structure in eastern Panama: we suggest
that the southward subduction of the Caribbean Plate caused some dehydra-
tion and mantle hot material upwelling.

In the northeastern part of our study area, there is a high-velocity strip
beneath western Venezuela, which is consistent with the high-velocity
structure observed by previous three-dimensional imaging methods and is
likely the subducted ancient Caribbean Plate (Bezada et al., 2010). A weak
low-velocity anomaly has been observed near 286°E in the North Andes
Block, which we argue may be related to the eastward subduction of the
Nazca Plate. There may be upwelling of hot material beneath this area,
but it is relatively weak. The weak low-velocity structure observed near
288°E in the Maracaibo Block is connected with the low-velocity structure
underneath northern South America discovered by previous study (Miller
et al., 2009). This low-velocity structure may be caused by the westward
movement of hot mantle material in the Lesser Antilles subduction zone
(Masy et al., 2011; Miller et al., 2009). The anisotropic structure of the Pn
wave in this region lacks strong characteristics; it is messy and has a low
correlation with the SKS anisotropic structure. We believe that this illus-
trates the complex mantle structure of this area; that is, the Nazca, Farallon,
and Caribbean Plates are all subducted under the South American Plate,
resulting in complex seismic anisotropic structures in different regions and
at different depths; thus, SKS splitting measurements, affected by a wide
range of depths, have low correlation with the anisotropic structure of the
uppermost mantle.

LUET AL.

6of 11



V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB023643

_5° " N
270° 275° 280° 285° 290°

Figure 6. Pn velocity image of Central America and northwestern South America area. The colors represent the velocity
differences relative to 8.0 km/s: red represents low velocities, blue represents high velocities. Triangles represent Quaternary
volcanoes. Gray lines denote tectonic boundaries. AZ, Azul Volcano; CR, Costa Rica; MB, Maracaibo Block; NAB, North
Andes Block; NPDB, North Panama Deformed Belt.

4.3. Western Colombia-Ecuador

In western Colombia and Ecuador, we observed a strong (low anomalies larger than 5%) north-south banded
low-velocity structure in the uppermost mantle, which shows that the Nazca Plate subducted eastward below
the South American Plate. We suggest that the dehydration of the subducted plate caused the high temperature
or partial melting in the uppermost mantle and result to a banded distribution of volcanoes on the surface. The
volcanoes near 5°N, 285°E are located to the east of the low-velocity structure of the mantle, which we think
is due to the tilt and rise of thermal material from the mantle to the surface in this area. Similarly to the lower
part of the Central American volcanic belt, the anisotropic structure of Pn waves below this volcanic belt is
consistently parallel to the plate collision boundary, while the strength of Pn anisotropy are larger than 3%. In
this region, the existing shear wave splitting structures are very complex, including a complicated pattern of
SKS fast direction parallel to the plate boundary and other oblique directions (Idarraga-Garcia et al., 2016).
We believe that in addition to the strong anisotropy in the uppermost mantle, the anisotropy at other depths is
also strong and not parallel to the direction of the plate boundary, which makes the direction of SKS fast waves
in different depth sampling ranges different. We agree with the view proposed by Idarraga-Garcia et al. (2016)
that there is an anisotropic fast wave direction parallel to the subduction direction due to the mantle flow
beneath the subducted plate.
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Figure 7. Pn velocity and anisotropy images of Central America and northwestern South America area. Regions with
dense ray coverage and significant anisotropy patterns are outlined with black ovals. Short black bars represent the fastest
Pn direction. The lengths of black bars are proportional to the magnitude of Pn anisotropy. White bars with pink core
represent shear wave splitting measurements (Abt et al., 2010; Growdon et al., 2009; Idarraga-Garcia et al., 2016; Lynner &
Long, 2014; Pifiero-Feliciangeli & Kendall, 2008; Porritt et al., 2014; Russo & Silver, 1994).

In central Colombia, previous studies have revealed obvious differences in earthquake distribution between the
north and south of the Caldas Tear Zone (Engdahl et al., 2020; Idarraga-Garcia et al., 2016). Our imaging results
clearly show that there is an obvious discontinuity in the Pn velocity and anisotropic structure at the uppermost
mantle on both sides of the Caldas Tear. Idarraga-Garcia et al. (2016) also found obvious changes in the direction
of SKS fast waves on both sides of the tear band. These results reveal differences in the subduction direction,
distance and angle between the two sides of the tearing plate, which leads to structural dislocation on the north
and south sides. The Pn low-velocity discontinuity also indicates that there is less dehydration near the tear zone
and that there may be a magmatic gap (Figure 8).
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South America Plate

Cadas Tear Flat Subduction

Mantle Flow

Figure 8. Diagram of the structure around the Caldas Tear Zone. There are differences in the subduction direction, distance
and angle between both sides of the tearing plate. Trench-parallel anisotropy of uppermost mantle exists beneath the volcanic
arc, while arc-perpendicular anisotropy due to the mantle flow exists beneath the subducted plate.

5. Conclusions

We obtained the first comprehensive and high-resolution Pn velocity and anisotropy model of the uppermost
mantle in Central America and northwestern South America. Significantly low Pn velocities and arc-parallel
anisotropic structures are observed beneath the volcanic arc in Central America, indicating the serious effect of
Cocos Plate subduction. The separate, low Pn velocity beneath the back-arc volcano in Nicaragua shows that the
hot material upwelling in the uppermost mantle beneath this volcano is separated from the main volcanic arc.
High Pn velocities are observed beneath the stable Caribbean Plate. We argue that the low Pn velocity in eastern
Panama is attributed to the southward subduction and dehydration of the Caribbean Plate. The high Pn velocity
beneath western Venezuela is likely the subducted ancient Caribbean Plate. Low Pn velocities are also observed
beneath the Colombia-Ecuador volcanic arc. Combining the Pn anisotropic structure and previous SKS meas-
urements, we support the model that proposes strong arc-parallel anisotropy in the uppermost mantle beneath
the Colombia-Ecuador volcanic arc and possible arc-perpendicular anisotropy in the deeper mantle beneath the
subducted plate. The Pn velocity and anisotropic pattern are discontinuous on both sides of the Caldas Tear, and
a magmatic gap may exist near the tear zone.

Data Availability Statement

The seismic data are from the website of International Seismological Centre (http://www.isc.ac.uk/isc-ehb;
https://doi.org/10.31905/D808B830).
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