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We investigate the anisotropic properties of the fore-arc region of the central Andean margin between
17-25°S by analyzing shear-wave splitting from teleseismic and local earthquakes from the Nazca slab.
With partly over ten years of recording time, the data set is uniquely suited to address the long-
standing debate about the mantle flow field at the South American margin and in particular whether
the flow field beneath the slab is parallel or perpendicular to the trench. Our measurements suggest two
anisotropic layers located within the crust and mantle beneath the stations, respectively. The teleseismic
measurements show a moderate change of fast polarizations from North to South along the trench
ranging from parallel to subparallel to the absolute plate motion and, are oriented mostly perpendicular
to the trench. Shear-wave splitting measurements from local earthquakes show fast polarizations roughly
aligned trench-parallel but exhibit short-scale variations which are indicative of a relatively shallow
origin. Comparisons between fast polarization directions from local earthquakes and the strike of the
local fault systems yield a good agreement. To infer the parameters of the lower anisotropic layer we
employ an inversion of the teleseismic waveforms based on two-layer models, where the anisotropy of
the upper (crustal) layer is constrained by the results from the local splitting. The waveform inversion
yields a mantle layer that is best characterized by a fast axis parallel to the absolute plate motion which
is more-or-less perpendicular to the trench. This orientation is likely caused by a combination of the
fossil crystallographic preferred orientation of olivine within the slab and entrained mantle flow beneath
the slab. The anisotropy within the crust of the overriding continental plate is explained by the shape-
preferred orientation of micro-cracks in relation to local fault zones which are oriented parallel to the
overall strike of the Andean range. Our results do not provide any evidence for a significant contribution
of trench-parallel mantle flow beneath the subducting slab.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

anisotropy. This, in turn, provides direct constraints on the dy-
namic processes of earth’s interior as seismic anisotropy is thought

The subduction of an oceanic plate beneath a stable continent
is one of the major geodynamic processes. However, the defor-
mation of the mantle beneath the plates and the resulting flow
fields have been subject to a long-standing debate, where two
contradicting hypotheses have been put forward: on one hand it
is thought that mantle material above and below the subducting
plate is entrained by the down-going slab such that the surround-
ing flow is aligned parallel to the down-dip direction of subduc-
tion; alternatively, the slab and the underlying mantle may be
decoupled such that the flow beneath the slab aligns parallel to
the trench in response to large-scale compressional forces acting
along the plate boundary. This can be investigated by the observa-
tion of shear-wave splitting, i.e. the splitting of a shear-wave into
orthogonally polarized fast and slow components due to seismic
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to be caused by the response of crustal and mantle materials
to strain. In the mantle, anisotropy is usually due to the crys-
tallographic preferred orientation (CPO) of olivine (Savage, 1999;
Long and Silver, 2009b), the main constituent of the upper man-
tle. Using an experimental set-up with simple shear, which is
most likely the dominant mode of deformation in the upper man-
tle, Zhang and Karato (1995) showed that the a-axis of olivine
aligns in the direction of flow for large strains assuming rela-
tively dry conditions. In the crust, alternating sedimentary lay-
ers or oriented cracks cause shape-preferred orientation (SPO) of
anisotropy (Crampin, 1994; Park and Levin, 2002). The orientation
and strength of an anisotropic fabric can be inferred from the po-
larization of the fast-wave component (¢) and the delay time (§t)
between fast and slow components, respectively.

In this context, subduction zones yield a complex signal of
shear-wave splitting as the mantle flow beneath the slab, the
slab itself, the mantle wedge and the overriding plate may all
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contribute different anisotropic signatures (Long and Silver, 2008,
2009a; Long et al., 2016). During plate formation at the mid-ocean
ridges, the mantle flow produces CPO parallel to the spreading di-
rection which is then ‘frozen-in’ as the plate cools (Hess, 1964;
Becker et al., 2014). Additionally, the rigid movement between
the plate and upper mantle can cause significant CPO parallel to
plate motion (Savage, 1999). During the subduction process, the
mantle flow field and thus the anisotropic pattern may be af-
fected by the retrograde motion of the subducting slab, trench
migration and geometry of the slab itself (Russo and Silver, 1994;
Long and Silver, 2008; MacDougall et al., 2012).

In the fore-arc region, additional mineralogical and geodynam-
ical constraints must also be considered. Faccenda et al. (2008)
suggests that a combination of CPO and SPO develops in the slab
from hydrated faults and serpentinized minerals. Furthermore, the
relationship between flow and alignment of the olivine a-axes
may not be as simple as previously suggested. While the A-type
olivine may form in low stress and dry conditions, Jung and Karato
(2001) demonstrated that temperature, pressure, and water con-
tent have a significant impact on the development of the slip
system. For subduction systems, B-type olivine, which has a fast
axis perpendicular to the flow direction, may be prevalent in the
fore-arc region in a water-rich mantle (e.g. Ohuchi et al., 2012).
Both mechanisms lead to trench-parallel fast polarizations, while
the flow remains aligned with the down-dip direction. Above the
slab, a possible two-dimensional corner flow within the mantle
wedge is conceivable, which is induced by the downward motion
of the slab (Long and Silver, 2009a) and causes olivine crystals to
align parallel to the plate motion.

The South American margin was one of the first regions where
trench-parallel flow due to retrograde motion of the slab com-
bined with a flow barrier at depth was proposed (Russo and Silver,
1994). Shear-wave splitting results yielded fast polarization direc-
tions which were mostly interpreted to be trench-parallel with the
exception of three confined areas, of which one was explained by a
stagnation point of the mantle flow field. In a later study, a 150-km
wide stagnation zone, centered at ~18°S, was proposed (Polet et
al., 2000). Since then, many more studies along the Nazca subduc-
tion were carried out (Bock et al, 1998; Anderson et al., 2004;
MacDougall et al., 2012; Hicks et al., 2012; Eakin and Long, 2013;
Wolbern et al., 2014; Eakin et al., 2015, 2016; Long et al., 2016).
While the concept of trench-parallel mantle flow beneath sub-
ducting slabs became accepted and many studies reported trench-
parallel polarizations, the growing number of observations often
yielded more complex splitting patterns which could not be recon-
ciled with simple mantle flow models or one layer of anisotropy.

Wolbern et al. (2014) reported mostly trench-perpendicular fast
polarizations of SKS phases along a seismic profile in the Central
Andes at ~21°S which were interpreted due to fossil anisotropy
in the slab. Others have argued for an overprinting of the fos-
silized slab fabric by extension further by analyzing deep local
S phases (Eakin et al., 2016). Most recently, trench-parallel mantle
flow beneath subducting slabs has been questioned by a study of
world-wide source-side splitting measurements, which utilize the
ray paths of slab events traversing the subslab mantle and are un-
contaminated from anisotropic structures above the slab. The study
finds that the measurements are best characterized by tilted trans-
verse isotropy with a slow symmetry axis orthogonal to the slab
dip and that trench-parallel fast polarization directions are associ-
ated with relatively shallow events (Walpole et al., 2017).

In our study, we analyze data from 21 stations of the IPOC
network (GFZ, 2006) which are located between 17°-25°S and di-
rectly situated in the fore-arc (Fig. 1). This data set is uniquely
suited for the analysis of shear-wave splitting in this region as it
covers a range of 780 km along the central South American mar-
gin, extending about 160 km east-west and most of the seismic

Fig. 1. Map of South America with the study area highlighted in yellow. The up-
per inset shows the distribution of the teleseismic events used in the study. The
lower inset shows a sketch of the ray paths through the subduction system. Tele-
seismic ‘XKS’ phases traverse the entire subduction zone nearly vertically, while
local S phases originate in the slab and have shallower incidence angles. (For in-
terpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

stations have been in operation for more than 10 yrs. We use
teleseismic and local S phases to investigate the anisotropic prop-
erties and sample different parts of the subduction zone (Fig. 1,
lower inset). We constrain two anisotropic layers which yield im-
portant findings for the mantle flow pattern. Furthermore, we test
the influences of anisotropy within the crust upon the teleseismic
measurements by using a two-layer inversion of all waveform data
at one given station.

2. Methods

The Integrated Plate boundary Observatory Chile (IPOC, GFZ,
2006) consists of 21 stations in northern Chile between 17°-25°S.
This is a permanent station deployment with ongoing data acquisi-
tion. About half of the stations started recording in 2006 and now
have 10 yrs of data available while the remainders were succes-
sively installed in the years after.

We use the SplitRacer software package (Reiss and Riimpker,
2017) to measure teleseismic shear-wave splitting by minimizing
the transverse energy (see Silver and Chan, 1991). We analyze
data from teleseismic earthquakes between 85°-180° distance to
include all core phases such as SKS, SKKS and PKS (called XKS
in the following). A minimum event magnitude of 6 of the USGS
earthquake archive was used to find suitable events. We conduct
the entire processing flow for two filter ranges: As most teleseis-
mic core phases have a period of ~8-12 s, we first use a tradi-
tional bandpass filter of 4-50 s for the analysis. As evidence for
depth-dependent anisotropy can be also observed by using differ-
ent frequency bands (Riimpker et al., 2003), we repeat our analysis
using a bandpass filter of 1-4 s, which is comparable to the fre-
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Fig. 2. Example of teleseismic single phase shear-wave splitting measurement at station PB04 (8th of November 2011). a) North/East and radial/transverse components. The
theoretical phase arrival is denoted by the green bar, the 50 different time windows used for the analysis are shown in red. b) Particle motions for only the originally chosen
phase (here: SKKS) time window, and the original time window using a low pass of 15 s. The red line is the theoretical backazimuth. c) Histogram of all measurements.
d) Transverse-energy grid with averaged splitting parameters denoted by the white dot. e) Original and corrected particle motion shown. f) 95% confidence level atop the
energy grid. The blue cross indicates the splitting parameters. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

quency content of local S phases from the slab. A signal-to-noise
ratio (SNR) of 2 was chosen to automatically select suitable phases
of an event with a clear phase onset. Phases were additionally in-
spected visually during pre-processing and time windows for the
analysis manually altered if necessary. We repeated the measure-
ment for 50 randomly-chosen slightly different time windows to
probe the robustness of the measurements.

For teleseismic core phases, the initial polarization is readily
known from the backazimuth of the event. The difference be-
tween the theoretically calculated backazimuth and the long axis
of the long-period filtered particle motion can be used to correct
possible sensor misalignments (Reiss and Riimpker, 2017). During
pre-processing, we calculate misalignment values for all phases
per station. If the misalighment values are independent of time,
we calculate a mean sensor correction value and apply it before
the calculation of splitting parameters. On average, the station
misalignment was ~4° with a maximum misalignment value of
~9°, For the splitting measurement, north and east components
of each phase are rotated into radial and transverse components.
Then, a grid search for the splitting parameters ¢ (fast polariza-
tion) and 8t (delay time) is performed which returns one pair of
splitting parameters which, used as an inverse splitting operator,
best reduces the energy on the transverse component. For each
splitting measurement, we consider the amount of energy reduc-
tion on the transverse component and check the correction of the
particle motion visually. If the splitting parameters characterize the

anisotropic properties beneath the station, the particle motion be-
comes linear when applying the inverse splitting operator (Reiss
and Rimpker, 2017; see Fig. 2 for an example).

If anisotropy is not present or whenever the polarization of the
incoming wave aligns with the fast (or slow) axis of the anisotropic
medium the measurement is termed ‘null’. When more than one
horizontal anisotropic layer is present, both splitting parameters
display a distinct 90°-periodicity with the initial polarization of
the incoming wave (Silver and Savage, 1994; Riimpker and Silver,
1998). If the fast orientations of two anisotropic layers are per-
pendicular to each other, they can cancel each other out, if their
individual signatures are of similar strength.

In addition to the single phase splitting measurements, we
use the single-layer and two-layer joint splitting inversion (Reiss
and Riimpker, 2017). Our work flow is as follows: all (full) wave-
forms per station which previously produced splitting measure-
ments (splits and nulls) are used in the one-layer inversion if
single phase measurements are not significantly dependent on the
backazimuth, and in the two-layer inversion if their dependency
upon backazimuth is evident. In the inversion for one layer, we
calculate the energy grid in the same manner as for a single phase
splitting measurement, but stack it for each phase. This is sim-
ilar to the approach of Wolfe and Silver (1998). The minimum
value of this stacked energy grid for all participating waveforms
alike yields the one pair of splitting parameters ¢ and §t which,
used on the original waveforms, best reduces the transverse en-
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Fig. 3. Example of local S single phase shear-wave splitting measurement at station PB09 (20th of May 2012). a) North/East and radial/transverse (with respect to the initial
polarization) components. The 50 different time windows used for the analysis are shown in red. b) Particle motions for the originally chosen time window with a filter of
1-4 s, and the same time window filtered by a low pass of 4 s. The red line is the initial polarization as estimated from the long axis of the long-period filtered particle
motion. c¢) Histogram of all measurements. d) Transverse-energy grid with averaged splitting parameters denoted by the white dot. e) Original and corrected particle motion
shown. f) 95% confidence level atop the energy grid. The blue cross indicates the splitting parameters. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

ergy on all phases simultaneously. This is asserted by calculating
the amount of transverse-energy reduction and visually checking
whether the particle motions become linearized when applying the
splitting pair. To probe the statistical robustness of the measure-
ment, we also use 50 slightly different time windows and repeat
the analysis for each. We check the consistency of these results
by evaluating a histogram. This inversion procedure reduces the
influence of noise and increases the robustness of the measure-
ments (Reiss and Riimpker, 2017). In the two-layer inversion, an
additional grid search is applied to constrain the properties of a
possible second anisotropic layer. Thus, each individual point in the
transverse-energy grid is then dependent upon four parameters. In
view of computational constraints, we repeat these measurements
for 5 slightly shifted time windows only but otherwise the proce-
dure is the same as for the one-layer inversion (Reiss and Riimpker,
2017). Similarly, Ozalaybey and Savage (1994) used a two-layer
grid search on single waveforms and then stacked the transverse
energy misfit spaces.

We alter the used software to analyze local S phases from the
slab. For this, we only use events with incidence angles less than
30° to avoid contamination from surface-refracted and reflected
phases. We use slab events with magnitudes greater than 3 and
reduce the pre-processing procedure to a visual inspection only.
We adapt the filter settings manually to enhance the SNR for each
phase. We also integrate the time series which is the same as
applying a restitution to calculate the initial displacement. Used

bandpass ranges are between periods of 0.1-6 s. As the initial po-
larization of the phase is not known from the backazimuth, we use
the long axis of the long-period filtered particle motion to estimate
the initial polarization (see Riimpker and Silver, 1998). Depend-
ing on the frequency content of the waveform, the cut-off for the
long-period filter varies between 1-6 s. The procedure for calculat-
ing the single phase splitting measurements is the same as for the
teleseismic phases (see Fig. 3, Table A4).

3. Results
3.1. Teleseismic shear-wave splitting analysis

First, we determine the splitting parameters for every XKS
phase at every station by applying the transverse energy-mini-
mization method separately to each phase (single-phase splitting
results). For the bandpass filter of 4-50 s, a total of 118 events ful-
filled the chosen criteria which yielded 459 measurements (Fig. 4,
Table A1). On average, this yields a fast polarization of 83 + 24°
and a delay time of 1 £ 0.4 s (Table Al). The bandpass filter
of 1-4 s yielded 441 measurements from 117 events (Fig. A2,
Table A2). Average fast polarizations are 84 + 20° and ~0.8 +
0.3 s delay time, respectively (delay time averages are calculated
without null-measurements). While there is some evidence for fre-
quency dependence of splitting measurements (Fig. A3), there are
no fundamental changes of observed splitting. Hence, we continue
to refer only to those measurements filtered by 4-50 s.
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Fig. 4. Map of teleseismic single phase splitting results, band-pass filtered between
4-50 s. Results are centered on the station coordinates and are color coded by back-
azimuth. The gray contour lines mark the depth of the subducting Nazca slab (Cahill
and Isacks, 1992). (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)

Next, we examine whether these results depend on backaz-
imuth. Given the standard deviations from averaged splitting pa-
rameters as well as the visualization of results in Fig. 4, the single
phase splitting results reveal some scattering of fast polarizations
and delay times. Variations of splitting parameters with backaz-
imuth can be indicative of layered anisotropy, which then display
a 90°-periodicity (Silver and Savage, 1994; Riimpker and Silver,
1998). To analyze this, the fast polarization and delay time have
been plotted over the backazimuth for all stations (see Fig. A3).
Additionally, results have been color coded by their backazimuth
in Fig. 4. The analysis of backazimuthal dependence is somewhat
limited as the data set is dominated by events from the Tonga-Fiji
subduction zone. While some stations have rather limited backaz-
imuthal coverage (e.g. PB16, PB05), others have reasonable cover-
age of different backazimuths (e.g. HMBCX, PATCX, PBO1). Stations
with reasonable coverage display some variations with backaz-
imuth, although there is also smearing of results for the same
backazimuth for many stations, i.e. slightly different fast polariza-
tion values for the same backazimuth.

As single-phase splitting measurements are prone to noise, we
also apply a joint inversion which utilizes all XKS phases at a
station. On average, 23 phases were used per station in the in-
version (see Table A3 for more details). Given the backazimuthal
limitations and difficulties to identify variations with backazimuth,
we employ both the one and two-layer joint-inversions. First, we
use the hypothetical one-layer joint splitting inversion. Given the
overall reduction of energy on the transverse components and the
correction of the particle motion, this approach seems suitable for
all stations (see Fig. 5 for results). The resulting fast polarizations
for the one-layer inversion are oriented approximately East-West

Fig. 5. Map of joint splitting results for the teleseismic phases. Results are centered
on the station coordinates. To compare our findings to previous studies, we also
show the measurements of Long et al. (2016), Bock et al., 1998 (re-evaluated results
by Walbern et al., 2014), Walbern et al. (2014) and Polet et al. (2000). The purple
arrow denotes the absolute plate motion while gray contour lines mark the depth
of the subducting Nazca slab (Cahill and Isacks, 1992). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

and exhibit an average angle of 83° + 13°, the average delay time
is 0.8 s & 0.2 s (Fig. 5). There is a clearly visible change in the ori-
entation of the fast polarizations directions from North to South.
In the South, fast polarizations are distinctly uniform ENE at ap-
proximately 75° which is parallel to the absolute plate motion
(APM). In the North, fast axes are slightly less uniform but show
a clear trend towards ESE at approximately 100°. The change in
fast polarization directions seems to coincide with the curvature
of the trench which is oriented ~0° in the south and begins to
curve towards NW at 21°S. The gradual change of fast polariza-
tions is centered here. For the northernmost stations, the strike of
the trench is ~30°NW.

As the single-phase splitting analysis is inconclusive to verti-
cally-varying anisotropy, we test this by also inverting the data at
each station for two anisotropic layers simultaneously. However,
this approach does not yield reasonably stable inversion results for
most stations, as the splitting parameters vary for slightly different
time windows (see Fig. A4). Only stations PATCX, PB16 and PB18
yield results which provide a higher transverse-energy reduction
compared to the one-layer inversion. However, station PB18 has
only two measurements and station PB16 has no backazimuthal
coverage. Station PATCX has a reasonable backazimuthal coverage
for which the two-layer inversion yields a lower layer of 75° and
1 s and an upper layer with 120° and 0.2 s for the fast polariza-
tion and delay time, respectively. As the joint inversion for two
anisotropic layers is largely unsuccessful, we have to assume the
results provided by the one-layer inversion are representative of
the bulk anisotropy sampled by the teleseismic phases. A possible
interference from another anisotropic layer is suspected, but can-
not be substantiated on the basis of the teleseismic measurements
alone.
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Fig. 6. a) Map of local S splitting measurements. Results have been plotted atop the earthquake source locations for better visibility. Gray lines indicate the depth to the
subducting Nazca slab. Solid black lines denote faults zones and the trench (Reutter and Munier, 1994; Garcia et al., 2004; Veloza et al., 2012; Charrier et al., 2013).
Splitting parameters are colored according to their fast polarization direction for better readability and scaled by their delay time. b) Rose diagrams of the distribution of fast
polarization directions for selected stations. Red wedges denote the frequency of fast polarizations in 10° bins, while blue lines are the strikes of faults in the vicinity of the
respective station. Solid lines indicate major faults, dashed lines minor faults. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
3.2. Local S shear-wave splitting

The analysis of S phases from local earthquakes yields 441 mea-
surements with strong and partly short-scale variations from North
to South across the study area (Fig. 6a). The average delay time
is 0.3 &+ 0.15 s. In the North, between 17°-19°S, fast polariza-
tions are mostly NWN at ~—30°. Fast polarization directions are
(sub) parallel to each other along at least 1° latitude. To char-
acterize the results further, rose plots for individual stations are
plotted next to it. These show the frequency of the fast polariza-
tions binned in 10° wedges (see Fig. 6b, station PB16). Stations
were chosen to give a good spatial distribution across the study
area and include those stations with many local S measurements.
In the center, fast polarizations scatter with partially coherent ori-
entations around —30°, 0° and ~30°, which may be indicative for
localized variation in seismic anisotropy (see Fig. 6b, stations PB0S,
PATCX and PB02, PBO1). The variable fast polarization directions
are accompanied by many null-measurements and slightly smaller
delay times compared to the northern and southern regions. As
the immediate surroundings are seismically anisotropic, the null-
measurements do not seem to be indicative of isotropic regions.
A more likely explanation for this is that the corresponding initial
polarizations and the anisotropic fast axis directions are relatively
similar or highly localized differences between anisotropic fabrics
may cancel each other out. In the south, between 21°-24°S, fast
polarizations are mostly between 10°-30° and display strong par-
allel alignment (see Fig. 6b, stations PB09, PBO4 and PB05).

On first glance, the fast axis directions from the local events
seem to align parallel to the trench. In particular, the northern

and coastal areas display a profound resemblance, whereas mea-
surements of fast-axis directions between 21-23°S exhibit large
deviations of up to 40° from the orientation of the trench. How-
ever, the measured fast axes directions fit well to the strikes of
local fault zones for the entire study area (Fig. 6), which suggests a
relationship. To show this resemblance, we estimated the strikes of
the fault zones and added them to the roseplots in Fig. 6b. Given
the quantity of fault zones, we plot only those which lie between
the station and earthquake source. Solid lines are indicative of ma-
jor faults as estimated by the length and the number of similar
faults in the vicinity. Dashed lines represent isolated or less promi-
nent faults.

Overall, there is little evidence for depth-dependence among
the local S delay times except for station PBO1, where delay
times increase linearly with depth when ray paths are longer than
~110 km (see Fig. A5). For all other stations, delay times seem
to be independent of the earthquake source depth and ray path
lengths (see Fig. A5). The depth distributions of events of the sta-
tions next to PBO1 are very similar but do not display the same
dependency. Results are also independent of initial polarization but
vary with backazimuth at some stations which points towards a
stronger local heterogeneity of the anisotropic fabric.

4. Modeling
4.1. Modeling of apparent splitting parameters

The local S splitting results indicate an anisotropic fabric differ-
ent to the one measured by the teleseismic phases. The teleseismic
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Table 1
Joint inversion results for a fixed upper layer.

Station Fixed upper layer Inversion result for lower layer
¢ st 13 st
(°) (s) () (s)
HMBCX 0 0.3 85 11
—20 0.3 80 11
PATCX -30 0.4 75 14
—-18 0.4 75 14
0 0.4 85 14
19 0.4 95 1.2
PBO1 15 0.5 95 1
-5 0.5 85 11
PB02 -30 0.4 70 11
-18 0.4 80 1
0 0.4 85 1
19 0.4 95 0.9
PB04 -10 0.3 75 1
0 0.3 75 1
30 0.3 85 0.7
PBO5 -10 0.3 85 11
0 0.3 75 1.2
30 0.3 85 0.9
PB08 0 0.4 95 1
19 0.4 105 1
PB09 0 0.5 80 1.2
10 0.5 85 11
28 0.5 90 0.9
PB16 —43 0.5 85 11
—23 0.5 90 14
—6 0.5 95 1.5

single phase splitting measurements demonstrated some degree of
backazimuthal dependence whose significance remained inconclu-
sive with respect to the two-layer inversion. We now try to exploit
this backazimuthal dependence by testing the resemblance be-
tween our measured data and the expected 90°-periodicity of ap-
parent splitting parameters with backazimuth for two anisotropic
layers (Silver and Savage, 1994; Riimpker and Silver, 1998). We
assess this by using SplitRacer’s forward modeling of apparent
splitting parameters resulting from two anisotropic layers at depth
(Reiss and Riimpker, 2017). For each station, we calculate 46656
models, for which the layer parameters are varied by 10° and
0.2 s for the fast polarization and delay time, respectively. We
use a least-squares approach to find the ten two-layer models that
best reproduce our observed splitting parameters. Considering the
ten best-fitting models per station, we observe wide scattering of
possible two-layer models for most stations which indicates the
non-uniqueness of the fits to the data (Fig. A6). Thus, a unique
model cannot be inferred from this approach.

4.2. Joint inversion with fixed upper layer

Given the inconclusiveness of the two-layer inversion, we test
the possibility to isolate a lower anisotropic layer from a joint in-
version of all teleseismic waveforms at a given station by keeping
the anisotropic parameters for the upper layer fixed. This approach
is similar to the joint inversion for two layers described in the
Methods section. However, it reduces the inversion problem to
only two parameters. Given the high degree of similarity between
the strike of local faults and the observed fast polarizations of lo-
cal S phases, we assume that the anisotropy in the upper layer
can indeed be characterized by the orientations of the fault zones.
As a proxy, we use the estimated strike of faults for selected sta-
tions which have many local S measurements (shown in Fig. 6b)
and perform the inversion for these stations and an additional sta-
tion with good backazimuthal coverage (HMBCX). For each station,
we fix the fast axis in the upper layer to the strike direction and
take the corresponding delay time from a dominant delay time
measured from the local S splits in the vicinity of the station (be-

tween 0.3-0.5 s). For all stations, more than one fault is present
whose strikes range between —43° and 28° with median of 0°
(see Table 1). Thus, we repeat the inversion for each strike, while
the delay time is always fixed to the same value. For the lower
layer, the resolution of the search grid is 5° for the fast axis, which
ranges from 0-180°. The delay time is varied between 0-2 s with
increments of 0.1 s. Each inversion is repeated for 5 slightly altered
analysis time windows to ensure that the results are stable.

Table 1 summarizes the results of the two-layer joint inver-
sion and explicitly states all fixed upper-layer parameters for each
station. The inversion results for the lower layer vary between
75-105° and 0.7-1.5 s for the fast polarization and the delay time,
respectively. On average, the inversion yields a fast polarization of
85 + 8° and a delay time 1.1 &+ 0.2 s. For all stations, the fast axis
of the lower layer is roughly ~80° when the upper layer is set to
NW or N fast polarizations. If the fast axis of the upper layer is
set to NE directions, the lower layer fast axes are ~90° and delay
times slightly decrease.

4.3. Comparison between different lower layer models

The joint inversion with a fixed upper layer provides a lower
layer with rather uniform properties for all stations. However, we
additionally test whether modeled apparent splitting parameters
resulting from 2-layer models with different lower layers, i.e. APM
parallel (~70°) and parallel to the trench (between —30° and 0°
depending on the station location) can fit the observed teleseismic
splitting data better than those obtained from the inversion which
yielded ~85°. We analyze the same stations for which we calcu-
lated the joint inversion with a fixed upper layer. For each station,
the upper layer is set to the same parameters as in the inversion
process to mimic anisotropy from fault zones, i.e. if we estimated
two fault strikes, we calculate 6 models. We use a mean value of
1.1 s for the delay time of the lower layer (see Table A5) and cal-
culate apparent splitting parameters for a backazimuthal range of
360°. To assess the fit between the apparent splitting parameters
and the observed data, we calculate the percentage of single phase
splitting measurements for which the model lies within the mea-
surements’ error bars. As we cannot predefine which fault zones
are most dominant on the teleseismic measurements, we sum the
fits for one station over all upper layer models for one given lower
layer. Thus, the amount of data fit by the calculated percentage
value determines how the entirety of combinations between a
fixed lower layer and several upper layers fit the observed data
(see Table A5 for all parameters and results).

To illustrate these results, Fig. 7 shows an example for station
PATCX, for which we estimated four different strike directions (see
Fig. 6b) and thus four upper layers (as denoted by four sets of ap-
parent splitting parameters signified by the different colors of solid
lines). As visible, the single splitting measurements are fitted best
by those models where the lower layer is set to the inversion re-
sults (~85°) with 65% and 74% for the fast polarization and delay
time, respectively. The models with an APM parallel lower layer fit
some of the data (26% of fast polarizations and 47% of the delay
times) while the models with the trench-parallel lower layer (here
0°) fit none of the observed fast polarizations and 36% of the de-
lay times (see Table A5). Station PATCX is exemplary for all others
stations, as the percentage of fit observed measurements is always
the highest for those apparent splitting parameters resulting from
a model where the lower layer fixed to the inversion values, while
the APM parallel lower layer fits some of the fast polarizations and
delay times. The models with the trench-parallel anisotropy in the
lower layer fit nearly none of fast polarizations, while for some
stations, the delay times are rather well matched (see Table A5).
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Fig. 7. Comparison between modeled apparent splitting parameters resulting from different two-layer models and observed teleseismic single phase splitting results for
station PATCX. Red diamonds with error bars denote measured splitting parameters and blue circles denote measured nulls. Each model consists of two anisotropic layers.
The upper layer mimics the fault zones in the vicinity of the stations; parameters are given by the color legend. The lower layer parameters vary; in a) it is set to 70° and
1.1 s for all four models, in b) it is set to 0° for all four models and in c) the inversion results are used so that the lower layer is set to 75° and 1.4 s for the first two models,
to 85° and 1.4 s for the third and 95° and 1.2 s for the fourth model. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
5. Discussion
5.1. Depth distribution and sources of anisotropy

Our teleseismic and local S measurements suggest different
anisotropic fabrics. The ray paths of the XKS and local S phases
probe different parts of the subduction system which allows to
constrain the depth and spatial distribution of the anisotropic re-
gions to some extent. The teleseismic phases sample the entire
subduction system at a steep angle (with average incidence angles
of 8.6°), while we allow up to 30° incidence angle from local S
phases. As teleseismic shear-wave splitting measurements yield
path-integrated results (Long and Silver, 2009b), the splitting pa-
rameters may exhibit variations with frequency and backazimuth
due to lateral and vertical variations of anisotropy as evidenced
by our single-phase splitting results. From the teleseismic data, we
were not able to directly infer two anisotropic layers using the ob-
served measurements or waveforms, which may partly be due to
the limited backazimuthal distribution of the events and/or due to
the heterogeneity in the upper layer. Using the results of local S
phases to constrain an upper anisotropic layer, we are then able
to infer the parameters of the second layer. Thus, we first con-
sider the measurements of local S phases which characterize an
upper anisotropic layer. Using the slab contours derived from lo-
cal seismicity (Cahill and Isacks, 1992), we estimate our stations
to be situated about 50-100 km above the slab surface with in-
creasing depth from West to East. Assuming that most local S
phases originate in the upper part of the subducting slab, their
ray paths mostly sample the overriding plate which has been esti-
mated to exhibit a 60-70 km thick crust (Woélbern et al., 2009;
Sodoudi et al., 2011). North of 20°S, the trench displays a dis-
tinct curvature which coincides with a steeper subduction angle
of the Nazca plate. Here, local S phases may also sample a signifi-
cant portion of the mantle wedge. However, the results from local
S phases indicate that shear-wave splitting results are independent
of the source depth and their location from the trench and also
show small-scale variations. This is indicative of a relatively shal-

low anisotropic region, located most likely within the crust. Crustal
anisotropy has been noted before (e.g. Savage, 1999) but is often
considered to be a local phenomenon and less significant for tele-
seismic shear-wave splitting observations (Silver and Chan, 1991;
Fouch and Rondenay, 2006).

The measured fast polarizations fit well to the strikes of local
fault zones for the entire study area (Fig. 6), which suggests a re-
lationship. Seismic anisotropy in the upper crust is likely caused
by the shape-preferred orientation of fault-zone related cracks
(Crampin, 1994). Assuming that brittle deformation is confined to
the upper 20 km of the crust, 5.1% of anisotropy is necessary to
explain the average value of the observed delay times. Support
for this interpretation also comes from receiver function images at
21°S which trace main fault zones to depth (Wdlbern et al., 2009).
A recent magnetotelluric study also shows structural anisotropy in
the crust with a preferential direction of the electrical conductiv-
ity parallel to the strike of the fore-arc thrust fault system (Brasse
and Eydam, 2008). Additionally, the lower crust may develop a
significant CPO (Ko and Jung, 2015), which could be explained con-
sidering the crustal shortening experienced by the overriding plate
due to pure and simple shear mechanisms in the context of the
subduction process (Allmendiger and Gubbels, 1996). However, we
cannot differentiate between these mechanisms on the basis of our
measurements alone.

The local S measurements also partly traverse the mantle
wedge. Assuming that the preferred alignment of crystals is prefer-
entially due to dislocation creep (Karato and Wu, 1993), anisotropy
in the mantle is limited to the upper 400 km. Shear-wave split-
ting is usually interpreted to result from mantle anisotropy due
to preferentially aligned olivine crystals. In subduction systems,
the mantle wedge often plays an important role as anisotropy
can occur due to a number of mechanisms. A classical 2D cor-
ner flow is expected to align the olivine a-axis in the direction of
flow under normal conditions, while the serpentinization of the
mantle wedge or a change in the olivine slip system can pro-
duce trench-parallel fast polarization directions for this part of the
subduction system (Long and Silver, 2008; Sodoudi et al., 2011;
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Bostock et al., 2002; Ohuchi et al., 2012). If these processes were at
play, delay times should be significantly larger in the North, where
the ray paths sample a much larger portion of the mantle wedge
compared to the central and southern stations.

At station PB16, we observe a few local S measurements with
slightly larger delay times than the estimated average. Considering
the strike of the local faults close to station PB16 in the North and
the strike of the trench, which are parallel to subparallel and split-
ting delay times should add up, this may signify a contribution
of 0.1-0.2 s from the mantle wedge. However we observe simi-
lar delay times for stations close to the coast, where the mantle
wedge is virtually absent, and closer inland. Thus, this effect may
be limited to the northern part of our study area. Large delay times
may also be caused by sufficiently deep local faults and/or a sig-
nificant CPO at depth. A 2D corner flow would align the a-axis of
the minerals close to the trench more-or-less vertically and mostly
trench-perpendicular in the remainder of the fore-arc. This should
cause large variations in delay times and possibly fast polarization
directions. As the observed delay times are very similar throughout
the region, with some exceptions noted before, a different cause
seems more likely.

The entire slab and underlying mantle are only traversed by the
teleseismic phases. The slab material is thought to have a fossil
anisotropic fabric resulting from the time of plate formation (Hess,
1964; Becker et al., 2014). This is approximately the same as the
current APM direction of ~70°. From our teleseismic analysis and
subsequent two-layer modeling for which we fixed the anisotropic
properties of upper layer based on the characteristics of the lo-
cal faults, we infer that the bulk anisotropic fast axis is oriented
roughly parallel to the motion of the plate, with a deviation from
the APM of ~15°. Minor changes of fast polarizations between the
stations can be explained by the effect of different upper-layer pa-
rameters depending on the strike of faults in the vicinity of the
stations. Overprinting of the fossilized anisotropic fabric by fault-
induced slab hydration (Faccenda et al., 2008) or extension (Eakin
et al., 2016), which would affect the upper part of the subduct-
ing plate and lead to a mostly trench-parallel anisotropic fabric
for this part of the subduction system, are not consistent with our
data as shown by the direct observations and the inversion and the
modeling. If it were present beneath the slab, its effects are likely
canceled out by a much stronger anisotropic layer with trench-
perpendicular fast axis (the lower-layer in our modeling).

The thickness of the subducting slab below the IPOC stations is
estimated to be ~50 km (Sodoudi et al., 2011). Using an average
mantle S wave velocity of 4.6 kmy/s, the slab would need to have
10% anisotropy to explain the mean observed teleseismic delay
times of 1.1 s. As this is rather high, we instead assume an av-
erage value of 4% mantle anisotropy and estimate the thickness of
the anisotropic fabric to be ~127 km. Thus, the mantle below the
slab must contribute significantly to the observed splitting mea-
surements. However, we have neglected the effect of the dip of the
anisotropic fast axis which results from the subduction of the plate
and possibly entrained flow. For dips greater than 30°, variations of
splitting parameters with backazimuth may occur and should es-
pecially be evident in delay times. For most of our station locations
which are mainly situated atop the fore-arc, the slab dip is ~15°
except for the northern part, where the subduction becomes grad-
ually steeper. Thus, its effect on our measurements is considered
not significant. Our findings of trench-normal fast polarization di-
rections at depth are corroborated by Song and Kawakatsu (2012)
for shallowly dipping slabs.

5.2. Comparison to other studies

The shear-wave splitting analysis at the 21 stations of the IPOC
network does not yield evidence for trench-parallel mantle flow

Fig. 8. Sketch of the final model of anisotropy in the Nazca subduction system.
Trench-perpendicular fast-axes are caused by fossilized anisotropy within the slab
and possible entrainment of mantle flow parallel to the APM. Anisotropy in the up-
per layer is located within the overriding plate and is attributed to local faults zones
(SPO), which are partly parallel to the trench.

due to trench rollback, as was previously suggested for this part
of the Nazca subduction zone (Russo and Silver, 1994; Bock et
al.,, 1998). Our study covers a significantly larger area in contrast
to previous studies that focused on a more-narrow zone between
18-20°S where East-West fast polarizations occur (Polet et al.,
2000), an area which was thought to represent a stagnation point
or zone from which the mantle flow field moved to the North
and South parallel to the trench (Russo and Silver, 1994). As has
previously been suggested for the center of the study area at 21°
(Wélbern et al., 2014), fossilized anisotropy located within the sub-
ducting slab and oriented in the direction of absolute plate motion
can explain the bulk of the observed teleseismic shear-wave split-
ting measurements. This study also included a slab dip of 30°.
North of our study area, Eakin and Long (2013) and Eakin et al.
(2015) observed complex and depth-dependent anisotropy from
shear-wave splitting of multiple seismic phases, which suggested a
component of trench-normal mantle flow beneath the subducting
slab. Long et al. (2016) also detected layered anisotropy (see Fig. 5)
but argued for a trench-parallel anisotropic fabric beneath the slab
possibly due to toroidal mantle flow from slab rollback. Following
our analysis, we suggest that the observed trench-perpendicular
fast polarizations stem from a combination of fossilized anisotropy
within the slab and entrained downward mantle flow below it.
This is also corroborated by the findings of Hicks et al. (2012) fur-
ther south.

Our results have important implications for the geodynamic
subduction process: using realistic parameters, the modeling of
large-scale trench-parallel flow beneath subducting slabs has pre-
viously proven to be difficult (Alisic et al., 2012; Lowman et al.,
2007). This is corroborated by the analysis presented here, which
yields a more-straightforward and simple geodynamic interpreta-
tion. Given the central location of the IPOC stations along the
Nazca subduction system and the complicated splitting patterns
elsewhere along the margin, different mantle-flow patterns and
mechanisms may be feasible when moving away from the cen-
ter of the subducting plate. Our final model consists of a lower
anisotropic layer representing the (combined) effects of the slab
and the possible entrained mantle flow, and an upper (crustal)
layer of seemingly trench-parallel fast axes that can be attributed
to local fault zones which accommodate the crustal thickening of
the overriding plate in response to the subduction (Fig. 8). The pos-
sible influence of the mantle wedge in the North is omitted in view
of the good fit between fast polarization from local S phases and
the strike of the faults in all other parts of the study area and the
small magnitude of its influence.
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6. Conclusion

In this study, we use shear-wave splitting analysis from teleseis-
mic XKS and local S phases to constrain the anisotropic properties
of the Nazca subduction system in the central Andes. We analyze
more than 10 yrs of data from 21 stations of IPOC network (GFZ,
2006), which are located in the fore-arc region between 17°-25°S
(Fig. 1) and provide a unique data set to study this subduction
system. We show that shear-wave splitting results are best char-
acterized by two anisotropic layers: a roughly APM-parallel lower
layer (diverging by ~15° from the estimated plate motion) and a
heterogeneous upper layer. The upper layer is well constrained by
the ray paths and properties of the shear-wave splitting measure-
ments of local S phases. We interpret this layer to be related to
local fault zones which accommodate the crustal thickening dur-
ing the subduction process. The anisotropic properties of the lower
layer are inferred from the teleseismic analysis which we resolve
by fixing the anisotropy of the upper layer to resemble the strike
of fault zones in the crust.

Our observations do not corroborate the existence of trench-
parallel mantle flow beneath our study area. The slab also seems
to retain its anisotropic properties from the time of plate forma-
tion. Additionally, the mantle wedge does not play a significant
role. Thus, the data suggest that the dynamics of the subduction
zone at depth can be explained by the simple and straightforward
model of mantle flow parallel to the down-dip direction of sub-
duction.
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