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Abstract A tear in the subducting Nazca slab is located between the end of the Pampean ﬂat slab and
normally subducting oceanic lithosphere. Tomographic studies suggest mantle material ﬂows through
this opening. The best way to probe this hypothesis is through observations of seismic anisotropy, such as
shear wave splitting. We examine patterns of shear wave splitting using data from two seismic deployments
in Argentina that lay updip of the slab tear. We observe a simple pattern of plate-motion-parallel fast
splitting directions, indicative of plate-motion-parallel mantle ﬂow, beneath the majority of the stations.
Our observed splitting contrasts previous observations to the north and south of the ﬂat slab region. Since
plate-motion-parallel splitting occurs only coincidentally with the slab tear, we propose mantle material
ﬂows through the opening resulting in Nazca plate-motion-parallel ﬂow in both the subslab mantle and
mantle wedge.
1. Introduction
Subduction zones represent one of the most geodynamically complex regions in the Earth. There has been a
great deal of interest in understanding the interaction between subducting slabs and the surrounding mantle
owing to their importance as drivers of mantle convection and mantle mixing (see reviews by Long and
Becker [2010] and Faccenna et al. [2014]). Studies of the slab-mantle relationship are often broad in scope, utilizing coarse global tomography models to discuss mantle-scale processes [e.g., Zhao, 2004; Li et al., 2008;
Faccenna et al., 2014]. While these studies are informative about the role subducting slabs play in mantle
dynamics, they often overlook smaller-scale features, such as slab tears, that can also play inﬂuential roles
on patterns of mantle ﬂow [e.g., Faccenna and Becker, 2010]. Relatively little work has been done connecting
slab tears [e.g., MacDougall et al., 2014], a prominent feature in seismic imaging of subduction zones worldwide [e.g., Lin et al., 2007; Miller et al., 2009; Jolivet et al., 2015], to mantle dynamics.
The South American subduction zone is one of the geographically longest continuous regions of active subduction and is characterized by lateral variations in slab dip angle [e.g., Kay and Coira, 2009; Scire et al., 2016;
Portner et al., 2017]. In particular, two prominent regions of ﬂat slab subduction are observed beneath Peru
and beneath central Chile and Argentina. Both of these ﬂat slab segments are spatially correlated with the subduction of hot spot-generated oceanic ridges [Cahill and Isacks, 1992]. In Chile, the Juan Fernández Ridge enters
the Chile trench updip of the Pampean ﬂat slab. Subduction of the Juan Fernández Ridge likely contributes to
the positive buoyancy of the ﬂat Pampean slab due to the subduction of thickened oceanic crust, although
many other factors likely play a role [e.g., Gutscher et al., 2000; Ramos and Folguera, 2009; Manea et al., 2017].
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In a recent teleseismic P wave tomography study, Portner et al. [2017] show that the buoyant Pampean ﬂat
slab contributes to a tearing of the otherwise continuous Nazca slab. Fast seismic velocities associated with
the subducting Nazca slab are interrupted by a slow-velocity anomaly that connects from the subslab mantle
into the mantle wedge. Portner et al. [2017] suggest that this slow-velocity anomaly represents the ascension
of buoyant subslab material through a hole at the end of the Pampean ﬂat slab caused by the tearing of the
Nazca plate (for further discussion of the support for a slab tear see Portner et al. [2017]). They interpret the
slow-velocity anomaly as buoyant mantle material derived from the Juan Fernández hot spot. The authors
propose that subslab material is entrained with the motion of the Nazca plate into the subduction zone
where the slab tear allows the buoyant material to rise into the mantle wedge. A critical assumption of this
model is that mantle material is advected in conjunction with the motion of the Nazca plate through the
opening in the subducting slab.
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Figure 1. Station map of our study area including those where previous splitting measurements were made (PUNA [Heit et al., 2007; Sandvol and Brown,
2007] by Calixto et al. [2014] and CHARGE [Beck et al., 2000] by Anderson et al.
[2004] and MacDougall et al. [2012]). The motion of the Nazca plate in the
MORVEL No-Net-Rotation (NNR [DeMets et al., 2010]) and HS3 Nuvel-1A
hot spot (HS3 [Gripp and Gordon, 2002]) reference frames are shown by the
black and red arrows, respectively. Slab contours [Hayes et al., 2012] are
plotted at 20 km intervals. The location of the trench and the 100 km contour
are shown by the thick gray and black dashed lines, respectively.

10.1002/2017GL074312

One useful way to interrogate patterns of mantle dynamics, such as
the advection of mantle material,
is through observations of seismic
anisotropy [e.g., Mohiuddin et al.,
2015]. Seismic anisotropy develops
from the deformation-induced
alignment of the seismically fast
axis of olivine in the upper mantle
[Karato et al., 2008]. In the upper
mantle beneath subducting slabs,
several olivine fabric types can
exist (A-type, C-type, and E-type),
depending on hydration state and
stress conditions, that predict different shear wave splitting patterns for an identical deformation
geometry [Karato et al., 2008;
Lynner and Long, 2014; Lynner
et al., 2017]. For the XKS (PKS, SKS,
and SKKS) phases used in this
study, however, all of the likely
olivine fabrics (A-type, C-type, and
E-type) predict fast shear wave
splitting directions that generally
align with the orientation of
maximum extensional strain—and
therefore the orientation of ﬂow
(see discussions in Karato et al.
[2008] and Lynner et al. [2017]).

Measurements of shear wave splitting offer direct observational constraints on patterns of seismic anisotropy in the mantle (see review by Long and Silver [2009]). When XKS phases encounter the anisotropic mantle, they split into fast and slow propagating waves. The polarization of the fast traveling wave, referred to as
the fast splitting direction, reﬂects the orientation of seismic anisotropy in the mantle, and the delay time
between the fast and slow traveling waves provides constraints on the strength of anisotropy and/or the
thickness of the anisotropic layer [e.g., Long and Silver, 2009; Liu and Gao, 2013; Walpole et al., 2014; Long
and Lynner, 2015].
Previous shear wave splitting observations in the area surrounding the Pampean ﬂat slab have provided
insights into the regional patterns of mantle ﬂow. South of the ﬂat slab, Anderson et al. [2004] and
MacDougall et al. [2012] observe trench-parallel fast splitting orientations. Anderson et al. [2004] also observe
splitting oriented parallel to the motion of Nazca plate at stations above the ﬂat slab, suggesting that this pattern reﬂects the local slab geometry. MacDougall et al. [2012] examine patterns of anisotropy in both the
mantle wedge and the subslab mantle south of the Pampean ﬂat slab and conclude that their observations
are not consistent with entrained subslab mantle ﬂow. They instead suggest that trench-parallel to subparallel ﬂow dominates beneath the subducting Nazca slab. A similar conclusion is made by Calixto et al.
[2014] in the southern Puna region directly to the north of the ﬂat slab. While they observe highly variable
shear wave splitting throughout the southern Puna, they are able to combine detailed analyses of shear wave
splitting and shear-wave splitting tomography to conclude that trench-parallel subslab anisotropy dominates
directly to the north of the ﬂat slab, at least west of 68°W where there is less mantle wedge material.
Here we present shear wave splitting observations from two temporary seismic deployments, SIEMBRA [Beck
and Zandt, 2007] and ESP [Gilbert, 2008], located above the Pampean ﬂat slab (Figure 1). Both deployments
sample updip of the slab tear observed in the tomography model of Portner et al. [2017]. We ﬁnd that ESP and
SIEMBRA stations exhibit fast shear wave splitting directions that align closely with the motion of the
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downgoing Nazca plate. We propose that the plate-motion-parallel
fast splitting orientations originate
from ﬂow of mantle material
through the slab tear. Our results
show consistent splitting on both
sides of the slab, suggesting that
dynamics in the subslab mantle
and the mantle wedge are connected and are driven by subduction of the Nazca slab.

2. Data and Methods
The SIEMBRA seismic experiment
ran from 2007 to 2009 and
included 40 broadband seismic
stations located across the western
Sierras Pampeanas (Figures 1 and
S1 in the supporting information).
The ESP seismic experiment ran
Figure 2. Individual shear wave splitting measurements made at ESP and
SIEMBRA stations plotted atop the P wave teleseismic tomography model
from 2008 to 2010 and included
of Portner et al. [2017] at a depth of 320 km. Stations are colored by average
12 broadband stations located in
station delay time. The length and orientation of the black bars denote the
the eastern Sierras Pampeanas
delay time and fast splitting direction for each measurement, respectively.
(Figures 1 and S1). We perform
The slab tear is highlighted by the dashed black arrow.
shear wave splitting measurements on all SKS, SKKS, and PKS
phases recorded at SIEMBRA and ESP seismic stations. We selected earthquakes of Mw ≥ 5.8 at epicentral distances of 85° to 140° from the study region for analysis (Figure S2). Before any shear wave splitting measurements were made, all seismic data were de-meaned, de-trended, and band-pass ﬁltered between 1 and 50 s.
Shear wave splitting measurements were made using the Splitlab software package [Wüstefeld et al., 2008].
We employ both the rotation-correlation [e.g., Levin et al., 1999] and transverse-component energy minimization [e.g., Silver and Chan, 1991] methods; the latter being used for ﬁnal reporting of splitting measurements. The use of multiple shear wave splitting techniques has been shown to yield high-quality
reproducible splitting results [e.g., Liu and Gao, 2013; Lynner and Long, 2015]. Each waveform was visually
inspected to retain only those with good signal-to-noise ratios (deﬁned by the amplitude of the XKS peak
relative to the surrounding noise levels). All accepted splitting measurements minimized energy on the
transverse component without ﬁtting noise, presented a clear match of fast and slow waveforms, and exhibited linear corrected particle motions. Null splitting observations were based on the linearity of uncorrected
particle motions following Wüstefeld and Bokelmann [2007]. We present examples of individual splitting
observations in Figure S3.

3. Results
In total, 396 split (Figures 2, 3, and S4) and 216 null (Figure S5) measurements were recorded at SIEMBRA and
ESP stations. Individual splitting observations have maximum 2σ errors in fast direction less than 25° and
maximum delay time errors of less than 0.8 s. Across the entire data set, average 2σ errors in fast direction
and delay time are 10° and 0.3 s, respectively. All measurements had agreement between both methods
of <20° for fast direction and <0.5 s for delay time (Figure S6). Individual splitting measurements with
associated 2σ errors can be found in Table S1 in the supporting information.
The shear wave splitting seen throughout the majority of our study region is remarkably consistent with an
average fast direction of ~79° (with the middle quartiles between ~70° and ~86°) and an average delay time
of ~1.0 s (with the middle quartiles between 0.8 s and 1.2 s) (Figure 3). This closely parallels the motion of the
Nazca plate (~73° in No-Net-Rotation [DeMets et al., 2010] and ~77° in hot spot [Gripp and Gordon, 2002,
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Figure 3. (a) Station averaged shear wave splitting at ESP and SIEMBRA stations (black bars) as well as splitting observations from previous studies (red bars) [Calixto et al., 2014; Anderson et al., 2004; MacDougall et al., 2012] plotted atop the
tomography model of Portner et al. [2017] at a depth of 320 km. Stations are colored by average delay time, and the
orientations of the bars denote station averaged fast splitting direction. The northeasternmost ESP stations show an
average fast direction that is roughly plate-motion-parallel despite having variable splitting. (b) Rose diagrams of all individual splitting observations from (top) the study of Calixto et al. [2014], (middle) SIEMBRA and ESP stations, and (bottom)
the studies of Anderson et al. [2004] and MacDougall et al. [2012]. The radius of each rose diagram is shown. The highly
variable splitting seen by Calixto et al. [2014] is exempliﬁed by the lack of a trend in the rose diagram.

reference frames]). Stations nearest the Paciﬁc coast deviate from what is seen at the rest of the SIEMBRA
stations with many more trench-parallel splitting orientations, and the northeasternmost ESP stations
show higher variability in both delay times and fast splitting directions (Figure 2). Null measurements
exhibit a greater degree of scatter than split observations (Figure S5), which is typical in shear wave
splitting studies [e.g., Walpole et al., 2014]. In general, null and nonnull observations agree with each other.
The broad consistency in the splitting measurements across our entire study region suggests that a single
dominant anisotropic feature is being resolved and provides conﬁdence that we are observing a real
anisotropic structure and not signal that has been contaminated by noise.

4. Discussion
Immediately apparent from our results is that fast shear wave splitting directions observed at SIEMBRA and
ESP stations align with the motion of the subducting Nazca plate (Figures 2 and 3). This is in direct contrast
to what is observed both to the north and south of our study region [Anderson et al., 2004; MacDougall et al.,
2012; Calixto et al., 2014] but is consistent with previous observations above the ﬂat slab [Anderson et al.,
2004] (Figure 3). The Nazca plate-motion-parallel splitting is thus likely the result of plate driven mantle ﬂow.
This signal persists far eastward through the ESP stations. This is strong supporting evidence for the assertion
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of Portner et al. [2017] that
mantle material is being advected
through the opening in the subducting slab. In order to develop
plate-motion-parallel shear wave
splitting, entrainment of asthenospheric material by the subducting
plate is needed. Without deformation associated with entrainment
of mantle material, there would
be no mechanism to reorient the
trench-parallel subslab anisotropy
observed on both sides of the
Pampean ﬂat slab [Anderson et al.,
2004; MacDougall et al., 2012;
Calixto et al., 2014]. Because the
Figure 4. Raypaths of all individual splitting measurements made at ESP and
SIEMBRA and ESP stations lay
SIEMBRA stations through a schematic of the subducting Nazca plate derived
updip of the slab tear (Figures 2
from a combination of the +0.5% contour from the Portner et al. [2017]
and 4), and trench-parallel anisomodel and Slab 1.0 [Hayes et al., 2012]. The exact boundaries of the slab tear
tropy is inferred both to the north
are therefore poorly constrained.
and south of the ﬂat slab, the presence of the opening in the subducting slab likely plays a controlling role in allowing plate driven ﬂow. We propose that the shear wave
splitting seen at SIEMBRA and ESP stations reﬂects the advection of mantle material along with the subducting Nazca plate through the slab tear resulting in plate-motion-parallel splitting across the entire area
(Figure 5). Plate-motion-parallel ﬂow may extend slightly beyond the conﬁnes of the slab tear (Figure 4), suggesting a focusing of plate-motion-parallel ﬂow through the tear, but given the limitations on the resolution
of the tomography model this assertion is tenuous. Our proposed model is a deviation from that of Anderson
et al. [2004] where the local ﬂat slab geometry alone drives plate-motion-parallel ﬂow beneath the Pampean
ﬂat slab.
The only signiﬁcant deviations from Nazca plate-motion-parallel shear wave splitting in our study region are
the stations closest to the trench in Chile and the northeasternmost ESP stations. For the stations closest
to the trench, only three stations show trench-parallel to trench-oblique orientations. These splitting
directions are similar to those
observed to the south of our study
area by Anderson et al. [2004] and
MacDougall et al. [2012]. They
may therefore reﬂect a component
of trench-parallel ﬂow that persists
at a distance from the slab tear. The
variable northeasternmost ESP
stations do not lie directly updip
from the slab tear. They instead lie
over the subducting slab near the
edge of the slab tear (Figure 2). As
such, they exhibit both platemotion-parallel and trench-parallel
fast splitting directions with a
slight backazimuthal dependence
(Figure S7). This variable splitting
may reﬂect sampling of both anisotropy arising from mantle ﬂow
Figure 5. Schematic of our proposed model. Flow through the slab tear
through the slab tear and anisoorganizes dynamics in both the subslab mantle and mantle wedge in a
tropy in the subducting slab itself,
Nazca plate-motion-parallel orientation.
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or it may be due to complex splitting from layered anisotropy. Eakin et al. [2016] demonstrated that deformation along the edges of ﬂat slabs can induce strong slab-internal anisotropy with trench-parallel orientations.
The plate-motion-parallel orientations at the northeasternmost ESP stations potentially reﬂect mantle ﬂow
through the slab tear, while the trench-parallel directions derive from anisotropy in the subducting slab itself.
Alternatively, the variable splitting could result from layered anisotropy beneath the seismic stations (e.g.,
from differences in anisotropy between the subslab mantle, subducting slab, mantle wedge, and/or the overriding South American plate). Unfortunately, there is insufﬁcient backazimuthal coverage to distinguish
between these scenarios.
In the subslab mantle to both the north and south of the SIEMBRA and ESP deployments, Calixto et al. [2014]
and Anderson et al. [2004] and MacDougall et al. [2012] infer trench-parallel fast splitting directions. This is
again in direct contrast to the plate-motion-parallel splitting we observe beneath our study region and infer
for the subslab mantle beneath the Pampean ﬂat slab. In order to produce this change in mantle anisotropy, a
dramatic alteration in mantle dynamics surrounding the slab tear is needed. It necessitates a realignment of
olivine anisotropic fabric over a lateral distance of ~400–500 km, which requires large amounts of deformation (strains of ~3–5 [Boneh and Skemer, 2014]). This implies that there is sufﬁcient mantle ﬂow through the
slab tear to reorganize deformation and olivine fabrics in the mantle wedge and subslab regions. Otherwise,
we would expect to observe small (or negligible) delay times or an intermediate fast splitting direction [e.g.,
Boneh et al., 2015].
Flow through the slab tear and into the mantle wedge is further supported by the juxtaposition of our splitting measurements with those of Calixto et al. [2014] (Figures 3 and S8). While Calixto et al. [2014] are able to
deduce trench-parallel subslab anisotropy in the southernmost portion of their study region, the complex
splitting they observe suggests multiple layers of anisotropy beneath their stations. The most probable
sources of the anisotropic layers are the subslab mantle and the mantle wedge [e.g., Abt et al., 2009; Long
and Wirth, 2013; Calixto et al., 2014]. With the presence of a continuous slab, dynamics in the mantle wedge
and subslab mantle can operate separately, thereby developing distinct patterns of ﬂow and anisotropy leading to complex splitting orientations [e.g., Abt et al., 2010]. The consistent splitting pattern we observe at
SIEMBRA and ESP stations diverges from this trend even for raypaths that sample substantial amounts of
wedge material (Figure 4). We propose that the consistently oriented splits we observe result from mantle
ﬂow through the slab tear, which is responsible for connecting dynamics between the subslab mantle with
the mantle wedge (Figure 5). As mantle material moves through the slab tear, the resultant ﬂow is of
sufﬁcient volume to organize deformation in both the subslab mantle and mantle wedge in a Nazca platemotion-parallel orientation. In the Calixto et al. [2014] study region, no such cross-slab geodynamic mechanism exists leading to their observations of complex splitting.

5. Conclusion
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Shear wave splitting at SIEMBRA and ESP seismic stations exhibit Nazca plate-motion-parallel orientations
across our entire study region regardless of the amount of mantle wedge material sampled. We propose that
mantle material ﬂows through a tear at the end of the Pampean ﬂat slab connecting dynamics in the subslab
and mantle wedge in a Nazca plate-motion-parallel orientation. This allows for the laterally consistent
splitting that we observe across the SIEMBRA and ESP networks. Our results differ from previous shear wave
splitting studies to the north and south of the ﬂat slab region suggesting a change in mantle dynamics
beneath the subducting Nazca plate from trench-parallel ﬂow outside of the ﬂat slab region to platemotion-parallel ﬂow beneath the ﬂat slab.
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