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Plain Language Summary The Trans-Mexican Volcanic Beit (TMVB) is a prominent and enigmatic
feature of the subduction system in Mexico. Its volcanic style diversity and oblique orientation to the trench
are explained by the large along-strike variations in the subduction parameters of the Rivera and Cocos
plates. However, the abrupt termination of the TMVB on its eastern end with the Pico de Orizaba volcano is
puzzling as the current slab model suggests that the transition of the Cocos flat-slab geometry to normal
subduction is smooth through this region. There is evidence that suggests that a tear in the slab might be
developing, but it is unclear how this feature can support the unusually large topographic gradient that
connects the volcanic high peaks with the Veracruz basin just south of the volcanic front. To provide further
insight into the transition anatomy of this portion of the subducted slab and its relation with surface
topography, we present a detailed and unified model of the velocity structure of the crust and uppermost
mantie of central Mexico.

L
1. Introduction

The Trans-Mexican Volcanic Belt (TMVB) is one of the largest volcanic arcs on the North America plate., This
Neogene continental arc grows over the central Mexican margin of the North American Plate, as a result of
the subduction of the Rivera and Cocos plates along the Middle America Trench (MAT) and is composed of
nearly 8,000 igneous structures that extend from the coast of Jalisco to the Gulf of Mexico in Veracruz (Demant,
1978; Figure 1). The remarkable compositional variability of the TMVB and its unusual lack of parallelism to the
trench are unique aspects of the Central America tectonics that have been extensively debated over the years.
Today, however, geophysical evidence indicates that the Rivera and Cocos oceanic plates are being subducted
with highly variable dip angles that explain the obliquity of the volcanic arc (Gdmez-Tuena et al,, 2006).

In the present-day configuration, the westemn sector of the TMVB overrides the Rivera microplate, whereas the
central and eastern sectors are underlain by the Cocos plate. Slab contours determined by precise hypocentral
locafization show that the Rivera plate dips at a steep and constant angle of ~50° beneath the Jalisco block
and that earthquakes extend to a depth of ~120 km (Pardo & Suarez, 1995). Conversely, in central Meaxico, the
Cocos plate exhibits marked changes in its geometry and seismicity does not exceed ~80-km depth (Suérez
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Figure 1. Tectonic setting of central and southern Mexico. The brown box indicates the main focus area of this study. The black contour fines depict the depth of
the subducted slab compiled using the results of receiver functions, tomography studies, and hypocentral refocalization (from Fesrari et al, 2012). The dashed
part of these contour lines indicates the transition between the flat and normal dipping portion of the South Cocos plate. The inverted white triangles show the
location of the broadband seismic stations that have operated within this region. Regional seismicity at different depths, as reported by the Servicio Sismolégico
Nacionai (SSN) since 1998, is shown as color-coded dirdes. The volcanic provinces: the Trans-Mexican Volcanic Belt (TMVB), the Anegada High (AH), the Los
Tuxtlas Volcanic Field (LTVF), and the Modem Chiapanecan Volcanic Arc (MCVA) are delimited by the orange areas, and the location of the main stratovolcanoes
and calderas are marked by the red triangles and red cirdes, respectively. The light purple region delimits the Veracruz Basin (VB), and the light magenta region
delimits the Jafisco Block. The green dashed line denotes the Rivera-Cocos plate boundary, and the purple dashed line denotes the projected path of the Orozco
Fracture Zone (OFZ) beneath North America (Dougherty et al, 2012). The blue dashed line indicates the location where the slab exhibits a significant change in
dip and where Dougherty and Clayton (2014) propose the existence of a trench-perpendicular tear. The ages of the plates (Ma) and the convergence rates
(cmvyear) along the Middle America Trench (MAT) are shown in blue and red numbers, respectively. The inset map shows this work study area and the
distribution of every station used in this study.

& Sénchez, 1996). Beneath the Michoacsn area (from 103° to 102°W), the Cocos plate displays a shallow slab
dip that gradually decreases eastward under Guerrero (from 102° to 98°W), where the slab is subhorizontal
for about 250 km (Pardo & Suarez, 1995). From 98°W, the slab dip increases eastward until reaching a uni-
form angle of ~50-60° in central America (90°W) beneath Guatemala, El Salvador, Nicaragua, and Costa Rica
(Arroyo et al,, 2009; Husen et al,, 2003; Syracuse et al., 2008).

More recent studies have refined the morphology of the Rivera and Cocos plates beneath the continent and
investigated their refation with the particular space distribution of volcanoes along the convergent regime.
Waveform modeling of moderate-size intraslab earthquakes recorded by the MARS (Mapping the Rivera Sub-
duction Zone) experiment (Dougherty et al,, 2012) and seismic anisotropy measurements (Stubailo et al,
2012) suggest that the Cocos slab could be currently fragmenting along the landward projection of the Orozco
Fracture Zone (OFZ) by a similar process to that which ocaurred when the Rivera plate separated from the
proto-Cocos plate (Bandy et al., 2000). This tear is proposed to indicate the ongoing fragmentation of the
Cocos slab into North Cocos and South Cocos plates and would explain the observed offset of the volcanic
arcin the Michoacén area (Dougherty et al, 2012). East of this region, receiver functions, and seismic velocity
tomography along the MASE (MesoAmerican Subduction Experiment) line confirmed that the Cocos plate is
subhorizontal in the Guerrero region and showed that the slab then plunges steeply into the mantle at a dip
of ~75° where it is finally truncated at 500 km (Husker & Davis, 2009; Kim et al,, 2010; Pérez-Campos et al.,
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Figure 2. Elevation map of the eastern section of the Trans-Mexican Volcanic Belt showing the abrupt termination of
the volcanic arc. Note how altitude drops more than 5,000 m from Pico de Orizaba to the coastal Veracruz basin over a
horizontal distance of 120 km. Thés region comresponds to the one encompassed by the brown box in Figure 1.

2008). This atypical subduction geometry suggests that the slab is rolling back and forcing the volcanic arc to
retreat (Pérez-Campos et al, 2008), as confirmed by the age progression of volcanism migrating trenchward
(Ferrari, 2004). Further to the south, detailed analysis of receiver functions along the VEOX (Veracruz-Oaxaca)
line indicates that the Cocos plate dips at a constant angle of ~26° to a depth of 150 km, where it appears to
be truncated by an anomalous southwest dipping slab that extends to a depth of 250 km (Kim et al,, 2011;
Melgar & Pérez-Campos, 2011).

In between the MASE and VEOX experiments, near the transition from shallow to normal subduction, the
TMVB ends abruptly with Pico de Orizaba. This stratovolcano is the highest point in Mexico and sits at the
front of an active volcano chain that is oriented almost perpendicular to the trench. Coupled with this feature
is an extremely sharp topographic gradient that connects the volcanic arc high peaks with the Veracruz basin
(ahitude drops ~5,000 m over a horizontal distance of just 120 km; Figure 2). Crustal thickness measurements
derived from gravity data (Molina-Garza & Urrutia-Fucugauchi, 1993; Urrutia-Fucugauchi & Flores-Ruiz, 1996)
and receiver functions (Espindola et al, 2017) indicate that a simple isostasy compensation model is insuffi-
cient to explain the thickness difference between these two regions. Furthermore, the presence of the nearby
late Miocene Anegada High submarine volcanic complex (Ferrari et al., 2005) and the active Los Tuxtlas Vol-
canic Field (LTVF) (Nelson et al,, 1995) marks an interruption of arc volcanism that is thought to be associated
with the steepening and rollback motion of the slab. However, the mechanisms of their origin remain unclear.

Altogethey, these features indicate that the transition from shallow to normal subduction in central Mexico is
more complicated than it was originelly suggested in the Pardo and Suarez (1995) plate model. To account
for the abrupt end of the TMVB, and the discontinuity of arc volcanism in central southem Mexico, Dougherty
and Clayton (2014) propose the existence of a possible tear located within the downdip portion of the South
Cocos plate. Conversely, patterns of local seismicity, tectonic tremor, and slow-slip events support the idea
that a sharp flexure of the slab in both the downdip and along-strike directions accommodates the transition
from flat to steeper subduction (Fasola et al, 2016). In this study, we determine the shear wave velocity struc-
ture and radial anisotropy of the upper crust and lithosphere in central Mexico by inverting Rayleigh and Love
dispersion curves. In addition, we quantify the azimuthal anisotropy present beneath each seismic station
using an arvay analysis to resolve variations in the direction of mantle flow in the region. The combined under-
standing of the velodity distribution and seismic anisotropy allows us to place constraints on the transition
structure of the subducted slab and its relation with the abrupt end of the TMVB at its eastern limit.

2. Data and Method

The data used in this study consist of surface wave signals obtained from the three-component cross corre-
lation of background noise recorded at over 2,000 broadband stations. This data set results from combining
every available seismic network that operated within Mexico and its surroundings (from 5° to 40°N and —125°
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to —60°E) from January 2006 to December 2016. For a detailed description of the stations involved in this
study refer to Table S1 in the supporting information. The reader is also referred to Pérez-Campos et al. (2018)
and Cérdoba-Montiel et al. (2018) for a summary of the permanent stations in this area.

2.1. Ambient Noise Cross Correlations

Both theoretical and experimental studies have demonstrated that by aross correlating the ambient noise
recorded at two stations over a sufficiently long period of time, the Green's function between the two stations
can be retrieved (e.g., Campillo & Paul, 2003; Lobkis & Weaver, 2001; Sager et al,, 2018; Shapiro & Campillo,
2004; Snieder, 2004). Here we use a technique very similar to the one described by Bensen et al. (2007) to
compute the three-component cross correlations of continuous recordings between all synchronous station
pairs. The single-station data preparation consists of () downsampling the records of all three components
to one sample per second and dividing them into 1-day time windows, (ii) removing the mean and trend
value in each time window, (iii) band-pass filtering between the 3- and 100-s period band, (iv) whitening the
spectra, and (v) normalizing in the time domain. Once the preprocessing is complete, each time window is
cross-cormvelated, normalized to unit peak amplitude, and averaged over time. The cross-correlation traces are
then rotated from the east-north-vertical frame into the radial-transverse-vertical frame between all station
pairs. To simultaneously determine all nine components of the Green's tensor, we follow Muir and Tsai (2017)
and build the rotation matrix as M= M, ® M,, where M, , are the three-component rotation matrices from the
east-north-vertical to the radial-transverse-vertical frame for the individual stations, and ® is the Kronecker
product. Finally, to enhance the signal-to-noise ratio (SNR), the causal and anticausal parts of the cross corre-
lations are stacked to obtain the so-called symmetric cross comelations. This process gave rise to more than
136,000 noise correlation functions for each of the nine calculated components. As evidence of the effective-
ness of the process described above, Figure 3 shows the ZZ, RR, ZR, and TT cross correlations as a function of
interstation distance for the period band of 5- 100 s. Prominent surface wave signals and various body wave
amivals are visible in all four component combinations.

2.2. Dispersion Measurements

For the 3- to 70-s period band, we apply an automated image transformation technique (Yao et al., 2006) to
retrieve the Rayleigh and Love wave phase and group velocity dispersions from the ZZ, RR, ZR, and TT cross
correlations. Three selection criteria are imposed before accepting a measurement at a certain petiod, First,
the minimum interstation spacing is set to one wavelength (e.g., Luo et al,, 2015). Second, the maximum phase
and group velocity measurement deviation from the average dispersion curve is limited to 0.5 km/s. Third, the
SNR threshold is empirically set to 5. Here we define the SNR by the ratio of the peak amplitude within a win-
dow containing the surface wave signal to the mean of the noise trailing the direct arrival window. Generally,
the SNR decreases with interstation distance due to scattering and attenuation; however, the relaxed restric-
tion of one wavelength for the shortest path still allows sufficient coverage to extend our measurements up
to 70s. Finally, to increase the robustness of our measurements and ensure a larger period coverage, we stack
the ZZ, RR, and ZR dispersion curves for identical paths (e.g., Spica et al,, 2017). For this last step, we introduce
an additional selection criterion that requires that the standard deviation at every common period be smaller
than 0.1 km/s.

2.3. Tomographic Inversion

The Rayleigh and Love interstation dispersion measurements are used to invert for phase and group veloc-
ity maps using the method of Barmin et al. (2001). But before formulating the tomographic problem, it
is necessary to consider that the elongated shape of our study region limits the number of long-period
trench-perpendicular raypaths to the MASE and VEOX lines only. To mitigate the uneven ray coverage at long
periods, we choose to include distant stations into the inversion and project all crossing seismic rays to a rela-
tively wide rectangular area (from 14° to 23°N and —107° to —90°E) 50 as to provide an appropriate azimuthal
coverage. A fundamental disadvantage of this approach, however, is the assumption that all velocity anoma-
lies are contained within the study region. To that end, all measurements are downweighted throughout the
inversion according to the percentage of the ray that lies outside the target area. The size and extension of
this area is chasen by trial and emror until the inverted models show the minimal amount of smearing while
preserving all first-order features when compared to velocity maps that are produced with wider boxes and
coarser grids (Figure S1). To carry out the actual inversion, homogeneous maps are constructed on a 0.4° x
0.4° regular grid across the study region and are defined relative to the average slowness observed at each
period of interest. The optimal grid size is chosen empirically based on a resolvability test for the periods
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Figure 3. ZZ, RR, ZR, and TT cross correlations as a function of interstation distance for the period band of 5-100 s. The
traces are stacked by bins of 2 km and 0.5 s. As expected, the extracted Green's functions show clear Rayleigh waves in
the ZZ, RR, and ZR components and dear Love waves in the TT component; although several body wave arrivals emerge
as well. Note the presence of the anomalous ¢S-cP core phase in the ZZ and ZR cross comrelations (Pham et al,, 2018).

with the lowest path density using Voronoi diagrams (Debayle & Sambridge, 2004). We then perform two full
tomographic inversions. In the first inversion, no additional weights are added to the data and we apply heavy
damping, which results in a highly smoothed model. Synthetic traveltimes are then computed and used to
identify and discard highly anomalous measurements in the observations. A 3¢ residual threshold is set for
this criterion (e.g., Spica et al,, 2016). For the second inversion, the remaining data are further downweighted
according to their misfits in the first inversion and the optimum smoothing factor is determined from the
misfit and model smoothness trade-off curve. The resulting slowness maps are then converted to phase and
group velocity maps.

To assess the capability of the different raypath geometries to resolve for contrasting slowness distributions,
we follow Ma and Clayton (2014) and use the resolution matrix R = (’C~'G + 0)'G'C~'G (where Gis the
generalized inverse or forward operator on the slowness model, C is the data covariance matrix, and Qis the
regularization matrix) from the tomographic inversion to generate standard checkerboard resolution maps.
For this test, we set up input models containing 11-km/s perturbations and evaluate how accurately the
tomography is able to retrieve the anomaly distribution. To characterize the error of the model, we use the
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diagonal elements of the model covariance matrix C,., = ((’C~'G + Q)~'; which reflects the variance of the
model subject to the variance of the data (Ma & Clayton, 2014).

Asanexample, Figure 4 shows the velocity maps, checkerboard resolution maps, and model error maps at 34-s
period for bath Rayleigh and Love surface waves. Perhaps the most important feature of these maps is that
the velocity distribution varies for all four velocity types even though the measurements are taken at the same
period. This can be explained by their differences in depth sensitivity and is the main reason why their joint
analysis provides better constraints on the radial structure of the crust and lithosphere (e.g., Spica et al., 2017).
Nonetheless, all models exhibit a similar pattem and reveal low velocities beneath the TMVB (Figure 5). Based
on the resolution maps, we find that the checkerboard structure is satisfactorily reproduced in all inversions
except in the southeast sector of the study area. As expected, error along the coast is high, but it decreases to
values smaller than 0.1 km/s as we approach central Mexico, where the path coverage in denser.

24. Inversion for Shear Wave Velocity and Radial Anisotropy
Once the velocity maps are constructed for each frequency, we extract the velocity dispersion curves at each
(x,y}-point in the grid and use a linearized inversion algorithm (Ammon et al,, 2004) to simultaneously map
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the phase and group velocities as a function of period to shear wave velocity as a function of depth. This
process is done independently for Rayleigh and Love waves to obtain a V, and a Vg, model, respectively.

For each inversion, we use a linearly increasing 1-D mode! discretized into 2-km layers at the top 50 km,
then 5-km layers to 100 km, and finally 10-km layers to 140-km depth, as a starting model to solve for a
smooth structure without a Moho discontinuity. The implications of not imposing a Moho in the inversion
are addressed in Ma and Clayton (2014). We then assume a constant V,./ Y ratio of 1.73 for the whole struc-
ture and determine the density from the compressional wave velocity (Gardner et al, 1974). Throughout the
inversion, both the V,,/V; ratio and density remain fixed and only the shear wave velocity is perturbed. The
damping factor is chosen from the misfit and model smoothness trade-off curve. We also tested the case of
reducing the damping factor with depth to account for the large heterogeneity of the uppermost crust but
found no significant differences in the results. The final model is obtained by iteratively perturbing the initial
model until a good fit to the two dispersion curves is achieved. Finally, we use regional average structures (1°
X 1°) as initial models and perform one last inversion on a finer grid. For this step, each part of the disper-
sion curves is weighted inversely proportional to the model error in the tomographic inversions. The final 1-D
velocity profiles are then combined to form two orthogonally polarized three-dimensional Vs models of the
whole study region.

In a simple isotropic medium, both the Vs and Vg, models would be identical, as shear waves travel at the
same speed regardless of their polarization. However, in presence of variable tectonic stresses, complicated
structures begin to emerge and reorient so that the shear wave velocity of the medium also depends on
direction of propagation and polarization. The velocity dependence of the latter is termed radial anisotropy
and is estimated here as

V-V
r= T. m
where Vs is theisotropic or effective shear wave velocity and is directly computed from the V, and Vy, models
via a Voigt's average:
V2 +V2

V= T" @

The velocity distribution derived from equation (2) is then used to construct our final velocity model since it
better reflects the apparent variations in elastic properties (Dziewonski & Anderson, 1981; Ekstrom & Dziewon-
ski, 1998). Figure 6 shows vertical cross sections of our derived Voigt-averaged V; and radial anisotropy model
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Figure 6. Vertical cross sections of the Voigt-averaged Vs (a and b) and radial anisctropy models (c and d) along the MASE and VEOX Eines (P and G-G’ in
Figutel,lespectively).Topographyisshownabmedlpwﬁie.ﬂnhypomm;ﬁwnﬂwSSN@ogwﬁhhﬂOkmmmjec&dwad\mmme
slab models from Pérez-Campos et al, 2008 (2008; for MASE) and Melgar & Pérez-Campos, 2011 (2011; for VEOX) ase plotted in black fines assuming a constant
plate thickness of 40 km. The thin black dashed fine in profiles (a), (b), and (d) represent the Mcho interface, defined by where the shear wave velocity first
exceeds 4.1 kmlsandthed\idtgremmdmddashedﬁnesinpmﬁes(c)and(d)lepmemreoiwuofdevatedposiﬁw(zVg‘)andneoaﬁvemdialmisotmpy
(> Vsy), respectively. Cross-sections (e) and (f) show the average misfit of the 1-D inversion along the same profiles.

along the MASE and VEOX seismic lines (FF and G-G’ in Figure 1, respectively) with their associated aver-
age misfits. An obvious feature in the V; profiles is that superficial slow velocities cormespond well with the
TMVB and even more so for the LTVF, where the recently active San Martin Tuxtia Volcano is located. The radial
anisotropy distribution, on the other hand, appears to be more contrasting and related to the subduction
geometry. The main mechanisms responsible for causing radial anisotropy in a subduction environment, and
how its presence can be interpreted, are addressed in section 3.

2.5. Inversion for Azimuthal Anisotropy

To characterize the azimuthal anisotropy, or the dependence of wave speed with azimuth of propagation,
we adopt a beamforming approach and fit the first three parameters in Smith and Dahlen (1973) anisotropy
model for Rayleigh waves:

(T, 0) = ap(T) + a1(T) cos (26) + a,(T) sin(26) + a3(T) cos (46) + ay(T) sin(46), 3

where vis the surface wave phase velocity, T the period, # the back azimuth, a, the isotropic velocity,and a,_,
the azimuthal coeffidents (Backus, 1970), to the ZZ cross correlations. Only the isotropic and 28 coefficients
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Figure 7. (a) Sensitivity kemels for the fundamental mode Rayleigh wave phase velodity calculated from the modified
Tectonic North America Model (Stubailo et al, 2012). Two-dimensional histograms over the backazimuth-phase velocity
space for the (b) 3- to 20-s period band, and the (c) 20- to 50-s period band. The orange bars on top of each panel
represent the number of cross comrelations beamformed in each backazimuth bin. The dashed red line indicates the best
fit of equation (3), and the gray diamonds mark the beam velocity in each bin (with size as a function of beam power).
The best fitting parameters are given at the bottom right of each panel.

are considered here because of the very small contribution that came from the rest of the parameters in our
initial inversion. After characterizing the wavefield's azimuthal dependence at every station, we calculate the
amplitude of the anisotropy, A, and its seismically fast direction, ¢, using

A= 012 + azz, (4)

= %arctan:—:. (5
In the traditional beamforming method, one inverts the phase information by finding the best fitting slowness
and back azimuth of a plane wave, thus providing a detailed characterization of the seismic wavefield at a
given location (e.g., Harmon et al,, 2008). Here we isolate stations one at a time, and use the remainder as
virtual sources to find the average phase velocity of Rayleigh waves traveling to the reference station from
all available azimuths. To ensure the robustness of our measurements, we only beamform cross correlations
with a broadband SNR higher than 10 and an interstation distance larger than one wavelength of the lowest
period of the band-pass filters. We also assume that the wavefield's full azimuthal dependance can only be
characterized if the azimuth range of 180° is sampled by at least three paths in a five-bin range (Debayle
& Sambridge, 2004). In the actual beamforming process, we search for the maximum coherent output over
velodities from 1 to 5 km/s and every 5° from 0 to 360° back azimuth with 70% overlap for the 3- to 20- and
20- to 50-s period bands. Such period bands are determined empirically based on the Rayleigh wave phase
velodity sensitivity to perturbations in V; in an effort to characterize the upper crust anisotropy and the lower
crust and upper mantle anisotropy independently (Figure 7a). The sensitivity kemels are computed using the
modified Tectonic North America Model (MTNA; Stubailo et al,, 2012),

A visual inspection of Figures 7b and 7c clearly shows that the surface wave phase velocity varies with back
azimuth differently over the two frequency bands. To find the best fitting coefficients to these variations, we
perform a grid search using a weighted L2 regularization in which each azimuth bin is weighted proportion-
ally to the amount of energy that was beamformed. The resulting best fits for two different frequency bands
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are shown in Figures 7b and 7c as dashed red lines with the best fitting parameters given at the bottom right.
A possible source of efror in our procedure may come from the inherent trade-off between seismic hetero-
geneity and azimuthal anisotropy. However, given the broad frequency bands we make our measurementsiin,
it is reasonable to assume that any effect caused by lateral heterogeneities will be minimal when compared
to the one introduced by large-scale tectonic processes. To validate this assumption, we compare a stacked
map of all the detrended Rayleigh wave phase velocity maps for the 20- to 50-s period band with the results
of our beamforming process in the same period band for a given station in central Mexico (Figure S2). The
comparison shows dear systematic velocity variation as a function of back azimuth with no direct correlation
with the isotropic velodity distribution. Lastly, to assess the uncertainty in our fit parameters as well as their
statistical significance, we estimate the 95% bootstrap confidence limits using 100 resamples. A table with the
retrieved anisotropy parameters, their confidence limits, and associated L2 misfits is presented in Table 52.

3. Results and Discussion

3.1. Shear Wave Velocity and Radial Anisotropy

The shear wave velocity structure in central and southem Mexico has been discussed in a number of seis-
mic imaging studies (e.g, Cérdoba Montiel et al, 2014; Gaite et al,, 2012; Spica et al, 2016). However, the
enhanced ray coverage that is now provided by the GECO, OXNET, Veracruz, and expanded SSN networks
allows us to resolve new features of the continental crust and uppermost mantle that were averaged out due
to insufficient resolution, particularly at the eastern sector of the TMVB. Figures 8 and 9 show the results of
our three-dimensional Vs model near the coastal Veraauz basin. Among the most striking features observed
in the profiles of Figure 8 is the dramatic variation in crustal thickness that occurs in the transition of the
TMVB and the LTVF, and how the crust thins out toward the Gulf of Mexico. Taking a 4.1 kmy/s limit in V
as the crust and mantle transition zone (e.g., An et al, 2015), our results indicate that the Moho reaches a
depth of about 45 km beneath the eastern TMVB and rises sharply to 20 km beneath the Veracruz basin just
beforeloweﬁngoncemotetoanaveragedepd\ofwkmbeneaﬁd\eLTVF.Interesﬁnegenough.thisabrupt
change in the Moho depth occurs just above where Dougherty and Clayton (2014) propose the existence of
a plate tear and it encompasses the same ~50- to 75-km-wide zone where they observe a sharp decrease in
intraslab seismidity (Figure 9). The crustal thickness measurements inferred from this study are, in general,
consistent with previous experiments in the area (Espindola et al, 2017; Molina-Garza & Urrutia-Fucugauchi,
1993; Urrutia-Fucugauchi & Flores-Ruiz, 1996). However, using a fixed velocity contour to define the Moho can
be problematic if other physical processes that are altering the crust’s chemistry are present.

In the shallow crust, radial anisotropy is thought to result from shape-preferred orientationr in the form of fine
layering, metamorphic foliations, and multiscale fractures in the arystalline rocks exposed to regional stresses
(e.g, Fouch & Rondenay, 2006; Walker et al., 2004). Crystallographic-preferred orientation (CPO) of intrinsi-
cally anisotropic minerals can also cause strong anisotropy at shallow depths, but this mechanism seems to
only be dominant in the upper mantle, where olivine and orthopyroxene aggregates are deformed during
oriented geodynamic processes (Nicolas & Christensen, 1987). Anisotropy in the lower part of the continen-
tal crust generally does not have a strong seismic signature (Babuska & Cara, 1991). However, in subduction
zone environments, significant radial anisotropy can be found in the overall crust and uppermost mantle aris-
ing from melt-filled cracks, lenses of partial melts, and other large-scale intrusive bodies such as dykes and sill
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Figure 9. Vertical cross sections of the Voigt-averaged Vs model in the Veracruz basin (from the A-A’ to the E-E lines in
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complexes (eg, Jaxybulatov et al, 2014; Spica et al, 2017). The analysis of the strength and spatial extent of
radial anisotropy can therefore be used to identify heterogeneous compositions in a wide range of depths.
However, due to the potential biases in the background V;y, and Vg, velocities that arise from the difference
in the regularizations imposed in the tomographic inversions, we limit the interpretation of our results to the
changes in the sign of the radial anisotropy rather than the amplitude. An additional source of error in our
radial anisotropy measurements may come from the leakage of Rayleigh wave energy in the TT components,
which can be particularly strong at long periods and large interstation distances (Haney et al,, 2012).

As previously stated, Figure 6c shows a complicated radial anisotropy pattern along the MASE line. A clear
plume-ike structure with negative radial anisotropy is present in the mantle wedge, where the Vs model
predicts low velocities and the subducted plate starts diving into the continental mantle at a steep angle
(Pérez-Campos et al, 2008). This feature is most likely related to the presence of partial melts and fluid
upwelling since SV waves are traveling faster than SH waves in this zone. The ascent of this material appears
to be confined to the base of the continental crust, at the point in our model where there is a sharp transi-
tion from negative to positive radial anisotropy. Considering that SV waves are being slowed in this part of
the crust, we believe that this anisotropy contrast is due to the existence of molten material piled horizon-
tally such as a large sill complex fed by the partial melts just beneath it. It is also worth noting a secondary
positive radial anisotropic anomaly rooting-up from the flat portion of the Cocos plate. Although the cause
of this anomaly is unclear, its location is coincident with where J5dicke et al. (2006) revealed a low resistivity
zone that is related to the dehydration of the subducted slab. The slab itself, on the other hand, has a pre-
dominantly negative radial anisotropy that might reflect vertically oriented faults or fluid-filled cracks that
are functioning as the primary conduit for slab dehydration. Interestingly enough, the zones with the highest
negative anisotropy within the slab are dose to the two patches in which tremors appear to occur regularly
(the so-called sweet spot and transient zone (Cruz-Atienza et al, 2015; Husker et al., 2012)). This last obser-
vation is in agreement with previous receiver function results that revealed elevated shear wave splitting in
these portions of the subducted oceanic crust along the MASE line (Castellanos et al, 2017).

Our radial anisotropy model along the VEOX line shows a marked negative anomaly beneath the LTVF
(Figure 6d). This feature is commonly observed in volcanic environments and is probably related to the pres-
ence of a set of vertically oriented conduits or dikes that is storing the magma beneath the stratovolcanoes,
such as the one Spica et al. (2017) imaged beneath the Colima volcano in Jalisco, southwestern Mexico. The
source of the fluids and melts feeding the magma storage are unknown since the projected Cocos slab is far
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Figure 10. Vertical cross sections of the radial anisotropy model in the Veracruz basin (same profiles as in Figure 9).

too deep at this point to have an immediate effect on the overriding plate. We also do not find any evidence
in the surface wave images of the anomalous south dipping structure seen in Kim et al. (2011) receiver func-
tion image. However, the isolated large positive radial anisotropy present in the 30- to 40-km-depth range
beneath the LTVF indicates the possibility that melts are migrating laterally rather than being generated
directly beneath the volcanoes. This observation is more intriguing in view of the fact that a magnetotel-
luric profile collected at approximately 100 km west of the LTVF revealed an unresolved low-resistivity zone
beneath the Veracruz basin (3dicke et al, 2006). The radial anisotropy distribution along the VEOX line is a
key element for establishing a relationship between the transition structure of the Cocos slab and the Central
America volcanism and is discussed with more detail in section 3.3 of the paper.

Figure 10 shows the radial anisotropy along the same profiles as the ones presented in Figure 9. Although
the anisotropy distribution appears to be smoother than the one observed along the MASE and VEOX exper-
iments (where slab material is present at much shallower depths), there is a sharp positive radial anisotropy
anomaly that delimits most of the crust-mantle transition zone. This observation is not too surprising since
anisotropy in the uppermast mantle is generally governed by the systematic flow alignment of olivine crystals
under dislocation creep, thus allowing SH waves to travel faster on average than SV waves (Anderson, 1965;
Nicolas & Christensen, 1987). What is intriguing, however, is a subtle discontinuity in the anisotropic pattem
at again, just above where Dougherty and Clayton (2014) propose the existence of a plate tear. This interrup-
tion in what appears to be the horizontal creeping flow of the mantle is indicative of a sharp structural change
and may be related to some vertical flow component (e.g, West et al,, 2009). Note that the lack of stations in
and near the Gulf of Mexico may limit the resolution of these images.

3.2, Azimuthal Anisotropy

The slab rollback that has built the TMVB has proceeded a distance of 150 km over the past 20 Myr (Ferrari
et al, 2001). This process requires a substantial movement of mantle material from the back to the front of the
slab that can only be achieved by mantle flow beneath or around the subducted slab. Regardless of its path
and orientation, this ductile flow is likely to produce a strong olivine CPO and lead to a bulk seismic anisotropy
that should be observable at various scales. Under dry mantle conditions, the seismically fast olivine a axis
generally aligns with the shear direction (Blackman & Kendall, 2002; Mainprice & lidefonse, 2009). However,
recent experimental work has shown that the presence of water in the medium can change the olivine g axis
orientations to perpendicular to the mantle flow direction (Jung & Karato, 2001). This configuration is referred
to as olivine type-B, whereas the relationship of dry olivine is type-A. In typical subduction zones, the mantle
wedge tip meets the conditions for the existence of type-B olivine whereas type-A olivine is found throughout
the mantle wedge core (Kneller et al,, 2005). However, due to the young age (~14 Ma) of the Cocos plate and
its high temperature (900 °C), we can expect that most of the azimuthal anisotropy in the mantle wedge in
central and southern Mexico is dominated by type-A olivine CPO (Bernal-Lépez et al,, 2016; Castellanos et al,,
2017; Husker & Davis, 2009; Manea et al., 2005; Pardo & Suarez, 1995).
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the length of the lines is proportional to the amplitude of the anisotropy, A. The thick green arrows depict the possible trajectories of mantle flows inferred from
our measurements. The red oval detimits the eastern TMVB volcanic chain.

Consistent with a previous anisotropy study of the region (Stubailo et al., 2012), our measurements show a
preferential trench-parallel alignment of the seismically fast direction beneath the subducted slab in most of
the forearc (Figure 11). However, our anisotropy map displays, for the first time, a well-defined flow pattern
that supports the hypothesis of a slab tear in South Cocos. In the case of a slab tear or gap, mantle material
could flow through the slab window and create the mantle fabric depicted by our anisotropic parameters. The
variations in slab dip and rollback rate of the plate along the MAT would also induce a 3-D flow field, in which
mantle materials move from beneath the slab to the mantle wedge undemeath Veracruz. A similar type of
flow in the Rivera-Cocos plate boundary has been proposed to control the asthenospheric anisotropy that is
observed beneath the MARS and NARS seismic arrays (Soto et al., 2009; Yang et al,, 2009), which would explain
the subtle north-northeast rotation in our fast axes in the Rivera segment of the MAT. Our results cannot pro-
vide definite evidence for the slab tear that has been proposed to exist along the projection of the OFZ in
western Mexico (Dougherty et al,, 2012) as the seismic coverage around this area is sparse. Anisotropy in the
backarc of central Mexico (i.e, the northern section of the MASE array), on the other hand, appears to be pri-
marily controlled by a trench-perpendicular 2-D corer flow that is induced by the abrupt downdip motion
of the slab (BemalL6pez et al, 2016). Moreover, although outside the scope of this paper, the azimuthal
anisotropy measurements for the upper crust display a consistent trench-parallel orientation regardless of the
distance from the MAT, suggesting that anisotropy at this depth may be dominated by fractures subject to
lateral compression (Figure S3).

3.3. The Eastern End of the TMVB

There has been significant progress in understanding the TMVB and the Central American subduction system.
However, the nature of the pronounced change in arc volcanism in central and southem Mexico has remained
ambiguous. On the basis of structural arguments, our study indicates that a tear in the South Cocos slab can
explain mostof the enigmatic features that characterize this segment of the MAT (Figure 12), Forthe remainder
of this paper, we will refer to the northern part of South Cocos as Central Cocos whereas the slab segment
that is south of the possible tear will remain as South Cocos.

The first piece of evidence for a possible slab tear separating Central and South Cocos comes from geomor-
phological features. The general extent of the NNE volcanic chain at the easternmost TMVB suggests that this
composite structure is linked to a source of magma and fluids that reached the surface in a linearly distributed
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Figure 12. Three-dimensional schematic illustration of the proposed tectonic setting and inferred mantie flow (green
arrows). Asthenospheric mantle materials are flowing almost trench-paraliel beneath the slab in the forearc region until
they are redirected to the mantie wedge through a tear that separates Central and South Cocos. The accelerated
rolback rate of South Cocos relative to Central Cocos introduces a suction force that further displaces the mantle
materials laterally toward the south of Mexico. The shear stress exerted by the toroidal flow around the slab tear may be
transporting the melts and fluids that are feeding the volcanoes in the LTVF from central Mexico, thus allowing their
existence without any slab material at an appropriate depth directly undemeath them. Some of the active volcanoes
composing the eastern TMVB volcanic chain, however, might still be fed by some stab edge meiting mechanism.
Anisotropy in the backarc of central Mexico (i.e., Central Cocos) is primarily controlled by a trench-perpendicutar 2-D
corner flow that is induced by the downdip motion of the slab. The flow of mantie materials through a slab tear, with
the accompanying slab edge melting, may explain the exceptional spatial distribution of stratovolcanoes in the eastern
sector of the TMVB, as well as the abrupt change in the source of meits observed in young rocks in this segment of the
MAT. The eye in Figure 1 marks the viewpoint of the observer.

order. This narrowly localized source of melts may have been associated with an upwelling of the isotherms
due to the asthenospheric mantle material flowing around the edge of the slab during tear propagation, a
mechanism similar to the one that formed the cross-back-arc volcanic trail in the Ryukyu subduction zone
in Japan (Lin et al, 2004). There is also a systematic southward progression in age along the volcanic chain
(Fesrari et al, 2012), which is characteristic of plate rollback and/or tear development (Dilek & Altunkaynak,
2009). However, Siebert and Carrasco-Niifiez (2002) report the presence of young basaltic rocks in the north-
em part of the chain. The chronological similarity between the activity at the current volcanic front and in the
back-arc region suggests that volcanism is controlled not only by regular subduction and roflback but also by
a mechanism, such as an elongated slab window, that could allow melts to reach the backarc at a relatively
contemporary time. Moreover, Gémez-Tuena et al. (2003) suggest that the dramatic change in the composi-
tion of volcanic rocks in the easternmost TMVB is associated to a gradual increase in the angle of subduction at
the end of the Miocene, which would allow the partial meiting of a relatively deeper mantle source. Nonethe-
less, the flow of mantle materials through a slab tear, with the accompanying slab edge melting, may also
explain the acute change in the source of melts and the adakitic signature observed in young rocks in the
eastem sector of the TMVB (e.g., Davies & von Blanckenburg, 1995; Guivel et al,, 2006; Ribeiro et al., 2016). We
suggest that the building of the volcanic chain in the eastern TMVB represents an early stage of the slab tear
development.

The abrupt termination of the TMVB at its eastemn end, and the resulting discontinuity of arc volcanism, intro-
duces complexity into the slab tear hypothesis but does not abate it. To explain the absence of surficial
volcanism directly in the coastal Veracruz basin, Dougherty and Clayton (2014) suggest that the tear is a less
developed or young feature located in the downdip portion of the slab, and that consequently any material
flowing through it is notrising to a sufficiently shallow depth to have an effect on the overriding plate. We pro-
pose a slightly different scenario. Rather than the tear being underdeveloped, we hypothesize that the rapid
rollback rate of South Cocos relative to Central Cocos, accelerated by the influx of less dense asthenosphere
material into the mantle wedge through the slab window (Schellart et al, 2007; Soto et al., 2009), introduces
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a suction force that increases the strength of the toroidal flow through the tear and drags the mantle mate-
rials under Central Cocos laterally toward the south of Mexico. As a result, any material flowing through the
tear is unable to reach the surface directly at the Veracruz basin. The main evidence for this scenario comes
from the azimuthal anisotropy results (Figure 11), where the asthenospheric mantle appears to be flowing
almost trench-parallel beneath the slab until it flows out into the mantle wedge through the possible tear and
heads toward southeastern Mexico. The subtle interruption in the radial anisotropy pattem at the eastemn end
of the TMVB (Figure 10) also suggests the dominance of a horizontal mantle flow in the presence of a weak
and localized vertical flow just where the tear is proposed to be. Furthermore, we suggest that some of the
active volcanoes of the eastern TMVB volcanic chain are stifl being fed by some slab edge melting mechanism,
and that the southeastern drag of mantle materials below the Veracruz area is responsible for the isolated
volcanic expressions that are present in central and southem Mexico. As described earlier, there is no deep
source of melts feeding the LTVF in the same way that we observe for the TMVB in central Mexico (Figure 6).
Instead, there is a strong positive radial anisotropy, indicative of accumulation of horizontal or subhorizontal
lava flows, that appears to be transporting the magma that is building the volcanoes at the LTVF. We suggest
that the shear stress exerted by the toroidal flow around the siab tear is responsible for orienting the magma
flow horizontally and that the melts are then able to reach the surface through a series of vertically oriented
conduits that are just below the LTVF. This scenario is similar to the process that created Mount Etna in Europe
(Gvirtzman & Nur, 1999) and would explain the younger age of LTVF magmas (7 Ma) relative to the overall
age of the TMVB (Nelson & Gonzélez-Caver, 1992). The horizontal transport of mantle material in the upper-
most mantle and lower crust underneath the Veracruz basin is further supported by geochemical data that
advocates that the LTVF source is likely to reside in the lithosphere rather than the asthenosphere, and would
also explain why the LTVF evolved magmas do not require a slab component in their genesis (Verma, 2006). A
similar scenario, in which the anomalous setting of the southern Mexico volcanism is related to a mantie flow
readjustment, was proposed by Manea et al. (2013). However, different from this study, Manea et al. (2013)
argues that materials in the mantle wedge are being pushed laterally out of central Mexico due to the ongo-
ing slab flattening process, and that the combination of this flow with a decrease in temperature around the
flat-slab area may be responsible for the discontinuity of arc volcanism.

Even though the slab flattening in central Mexico can also provide a plausible explanation for the spatial vari-
ation of the volcanic arcs, the idea of a slab tear and a perturbed mantie wedge underneath the Veracruz basin
is more appealing for two main reasons. First, the influx of hot, less dense asthenospheric mantle material
flowing through the tear to the Veracruz area may explain how the contrasting topographic relief between
the eastern TMVB and coastal Veracruz basin is supported by the variations in the crustal thicknesses. Second,
the temperature change introduced by the hot mantie flow may significantly influence the thermomechani-
cal state of the subducting slab and explain the abrupt termination of the seismicity associated with the Cocos
plate at the southem end of the Veracruz basin (Figures S4 and S5). Among the many hypotheses put for-
ward to explain the occurrence of intermediate-depth earthquakes, dehydration embrittlement (Kirby et al.,
1996), which is the brittle failure associated with dehydration reactions of hydrous minerals in the slab and
upper mantle, is considered to be the leading mechanism (Wang et al, 2017). This hypothesis asserts that
intermediate-depth earthquakes occur in subducting slabs where dehydration is expected but are absent
from parts of the slab predicted to be anhydrous (Hacker et al, 2003). To this day, a direct link between litho-
spheric tearing and intermediate-depth seismicity has not been established. Meighan et al. (2013) report a
positive correlation between slab tears and intermediate-depth seismicity and suggest that most of the seis-
mic sequences that occur in these environments are associated with the fluid-related embrittlement of mantle
rocks. However, we argue that, in the case of the subduction system in Mexico, the elevated rate of shear heat-
ing due to strong lateral mantle materials flowing through the tear has deprived northern South Cocos of
most of the fluids stored in its crust. This, in tum, prevents intraplate earthquakes from occurring due to the
absence of dehydration embrittlement at the northem South Cocos’ intermediate depth. An altemate sce-
nario that may explain the absence of subduction-related seismicity in the Veracruz region is slab detachment,
which involves the detachment of a portion of the slab during ongoing subduction (Isacks & Molnar, 1969).
However, the lack of a strong topographic response directly in the Veracruz basin (i.e., uplift) or any sharp lat-
eral contrasts in the trench topography (Bottrill et al.,, 2012) suggests that an abrasive process such as slab
break-off might not be responsible for the absence for seismicity and surface volcanism in this area. The exis-

CASTELLANOS ET AL

7755



Iz

Journal of Geophysical Research: Solid Earth 10.1029/2018JB015783

tence of a horizontal separation of the two slab segments with a relatively large gap in between due to slab
bending (Obayashi et al,, 2009) may also explain the absence of intermediate-depth seismicity underneath
Veracruz. Yet focal mechanisms of regional intraslab earthquakes do not show a trench-parallel trending T
axis orientation along the sharp transition in slab dip (Dougherty & Clayton, 2014), suggesting that the tear, if
existent, is more likely to be propagating vertically rather than horizontally. Note that both the down-dropped
side of the slab (in the case of a vertically propagating tear) and a large horizontal gap between the slab seg-
ments could have created the topographic hole for the Veracruz basin, but only the vertically propagating
tear scenario would explain the existence of the LTVF without a deep source of melts directly undemeath the
stratovolcanoes.

Slab tearing has been observed in numerous subduction systems around the world and is generally believed
to be triggered by local collisional events (Sacks & Secor Jr, 1990) or by the variations in age, temperature,
geometry, and convergence rate of the subducting plate along the trench (e.g., Govers & Wortel, 2005, and
references therein). For the case of southern Mexico, Dougherty and Clayton (2014) suggest that the possible
tear separating South and Central Cocos may be related to the subduction of several parallel ridges or topo-
graphic heterogeneities off the coast of Oaxaca or, altematively, to the accommodation of strain due to the
sharp change in slab geometry (or some combination of the two). Together with the slab window along the
Rivera-Cocos plate boundary, and the tear in westem Mexico, a tear in southermn Mexico has important impli-
cations in the subduction dynamics of Central America. Aside from exerting strong influence on the surface
volcanism, the composite mantle flow formed by the movement of asthenospheric mantle materials from the
back to the front of the slab through the gap and tears may be allowing the separate segments of the Cocos
plate to roll back independently and further promote the large variations in dip that characterize the Mexico
subduction system (Dougherty & Clayton, 2014). Our proposed scenario wherein the hot, less dense astheno-
spheric mantle material is flowing through the tear to the Veracruz area is consistent with regional thermal
models that suggest the existence of an upper mantle with relatively low density and high temperatures in
southem Mexico (Goes & van der Lee, 2002). However, further heat flow measurements as well as geodynami-
cal modeling of the mantle flow in this setting are required in order to provide more quantitative insightsinto
the role of the slab tear in the Mexico subduction system.

4. Conclusions

We have used the discrepancy between Rayleigh and Love waves detived from ambient seismic noise cross
correlations to develop high-resolution anisotropic images for central Mexico and showed that the transi-
tion from flat to steeper subduction is more likely to be accommodated by a slab tear than a sharp flexure. A
2-D profile of the radial anisotropy model along the MASE line shows apparent melt migration pathways that
go from the steeply dipping portion of the subducted slab to a sill complex in the lower crust beneath the
TMVB. Moreover, the flat portion of the slab appears to be dominated by vertically oriented structures, such
as fluid-filed cracks, that may be functioning as the primary conduit for slab dehydration. Along the VEOX
line, our images suggest that volcanoes at the LTVF are fed by lava flows that are subhorizontally transported
in the lower crust. Our azimuthal anisotropy results indicate that mantle material flows trench-paralle! under-
neath the slab until it is redirected to the mantle wedge through a possible tear that separates Central and
South Cocos. The difference in the rollback rates of the plates introduces a suction force that further displaces
the asthenospheric mantle material toward southern Mexico. We hypothesize that the shear stress exerted by
this toroidal flow is transporting the lava flows from the slab window to the LTVF, and may also be responsible
for the few other isolated volcanoes present in southem Mexico. The lack of subduction-related earthquakes
undemeath the Veracruz basin may therefore be explained by two plausible scenarios: (a) The elevated rate
of shear heating due to the rapid influx of hot, less dense material flowing through the tear undemeath Ver-
acruz has depleted most of the fluids that were once stored in the slab’s oceanic crust. As a result, intraplate
earthquakes do not occur due to the absence of dehydration embrittiement at intermediate depths. (b) The
tear is accommodated by a lateral movement promoted by slab bending such that there exists a relatively
large gap in between the two slab segments undemeath the Veracruz basin. Given that a large lateral slab
gap beneath Veracruz would not explain the existence of the LTVF without a deep source of melts below the
stratovolcanoes and that there appears to be no obvious topographic response to this process, we favor the
first scenario over the second one.
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