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ABSTRACT

In this study, SKS and local S phases are analyzed to investigate variations of shear-wave splitting
parameters along two dense seismic profiles across the central Andean Altiplano and Puna plateaus. In
contrast to previous observations, the vast majority of the measurements reveal fast polarizations sub-
parallel to the subduction direction of the Nazca plate with delay times between 0.3 and 1.2 s. Local
phases show larger variations of fast polarizations and exhibit delay times ranging between 0.1 and 1.1 s.
Two 70 km and 100 km wide sections along the Altiplano profile exhibit larger delay times and are
characterized by fast polarizations oriented sub-parallel to major fault zones. Based on finite-difference
wavefield calculations for anisotropic subduction zone models we demonstrate that the observations
are best explained by fossil slab anisotropy with fast symmetry axes oriented sub-parallel to the slab
movement in combination with a significant component of crustal anisotropy of nearly trench-parallel
fast-axis orientation. From the modeling we exclude a sub-lithospheric origin of the observed strong
anomalies due to the short-scale variations of the fast polarizations. Instead, our results indicate that
anisotropy in the Central Andes generally reflects the direction of plate motion while the observed

trench-parallel fast polarizations likely originate in the continental crust above the subducting slab.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Seismic anisotropy provides a unique link between the split-
ting of shear-waves into orthogonally polarized fast and slow com-
ponents and deformation processes within the earth. It is often
interpreted in terms of strain-induced crystallographic preferred
orientation (CPO - sometimes also referred to as lattice preferred
orientation, LPO) of mineral fabric due to flow fields (Long and
Silver, 2009a; Savage, 1999; Buttles and Olson, 1998; Rabbel et
al,, 2013) or in terms of shape preferred orientation (SPO) due
to sub-parallel structures such as stress-induced cracks or fine al-
ternating layers (Park and Levin, 2002; Leidig and Zandt, 2003;
Hammond et al., 2010; Buontempo and Wuestefeld, 2012). One
of the major constituents of the Earth’s mantle, olivine, tends to
align under most conditions of deformation with the fast axis sub-
parallel to the shear direction, i.e. sub-parallel to the plate motion
(Long and Silver, 2009a; Savage, 1999). However, previous studies
worldwide have shown that fast polarizations above subduction
zones are often oriented perpendicular to the direction of slab
movement (Russo and Silver, 1994; Long and Silver, 2008, 2009b;
Hanna and Long, 2012; Lynner and Long, 2013). Other studies have

* Corresponding author. Tel.: +49 (0)69 79840139; Fax: +49 (0)69 79840131.
E-mail address: woelbern@geophysik.uni-frankfurt.de (I. Woélbern).

http://dx.doi.org/10.1016/j.epsl.2014.02.032
0012-821X/© 2014 Elsevier B.V. All rights reserved.

reported variations from trench-parallel directions in the fore arc
to trench-normal orientations in the back-arc region (Tono et al.,
2009; Fischer et al., 2000; Liu et al.,, 2008). These observations
have been explained by models of trench-parallel mantle flow be-
neath the subducting slabs induced by trench rollback (Long and
Silver, 2008, 2009b) or slab geometry (Russo and Silver, 1994;
Kneller and van Keken, 2007; Di Leo et al., 2012).

Alternative explanations emanate from mineralogical constraints.
Olivine can develop different CPOs depending on water content,
pressure, and shear stress conditions (Jung and Karato, 2001;
Jung et al, 2009; Katayama and Karato, 2006; Ohuchi et al.,
2011). The prevalent A-type fabric (with the (010)[100] slip sys-
tem as described above) forms in dry olivine under low stress
conditions. In water-rich mantle, however, the B-type fabric (with
the (010)[001] slip system) can develop when the shear stress
is high or when the temperature is rather low. Such condi-
tions are expected in subduction zones. This slip transition is
expressed in a rotation of the fast-axis orientation perpendicular
to the plate motion. Ohuchi et al. (2012) have further demon-
strated that the existence of B-type olivine is most likely re-
stricted to the fore-arc region of the mantle wedge, where wa-
ter is released from the subducting slab. Serpentine is another
highly anisotropic mineral that is likely to occur in subduction
zones. Faccenda et al. (2008) suggest that the slab significantly
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contributes to SKS splitting due to a combination of CPO and SPO
originating from aligned sub-vertical fluid-filled cracks and ser-
pentinized rocks. Serpentine is also present in the hydrated mantle
wedge above the slab, where it also likely develops CPO as a conse-
quence of mantle flow. The resulting serpentine fabric would also
contribute with a fast-axis component perpendicular to the flow
direction, i.e. sub-parallel to the trench (Katayama et al., 2009;
Jung, 2011).

The Nazca-South American margin was one of the first sub-
duction zones where seismic anisotropy has been investigated in
greater detail. Russo and Silver (1994) have reported dominant fast
axes of trench-parallel orientations with the exception of three
confined zones where trench-normal alignments prevail. One of
which was interpreted as a stagnation point in the center of the
sub-slab mantle flow towards the north and the south while the
other two zones coincide with changes of the slab dip influenc-
ing the flow field. This interpretation was derived, to a large de-
gree, from investigations of source-side S-wave splitting based on
a rather sparse set of intra-slab earthquakes. The corresponding
ray paths were, thus, restricted to the sub-slab mantle. The analy-
sis of SKS and local S phases (Polet et al., 2000) recorded at three
different temporary networks indicated the existence of a zone,
between 18°S and 20°S, where fast axes are predominantly ori-
ented EW, while trench-parallel directions were reported north
and south of this area. In the study presented here, we analyze
data recorded as part of the ReFuCA project (Heit et al., 2008;
Wodlbern et al., 2009) along two EW oriented profiles in the Central
Andes. From SKS and local S phases splitting parameters are de-
termined to investigate short-scale lateral variations of anisotropy
patterns from the Pacific coast near the trench towards the inte-
rior of the South American continent. The results are used to test
a series of 2D anisotropic subduction zone models to evaluate the
effects of different anisotropic zones on the shear-wave propaga-
tion and to discriminate between contributions from the mantle
and the crust.

2. Shear-wave splitting analysis
2.1. Data and method

Within the ReFuCA project seismic stations were operated along
two EW aligned profiles from March 2002 until January 2004. The
northern profile at 21°S ranges from the Pacific coast to the Bo-
livian Interandean Zone while the southern profile transects the
Puna plateau at 25.5°S (Fig. 1). The profiles extend over distances
of ~600 km and ~200 km, respectively, with an average station
spacing of ~10 km (Heit et al., 2008; Wolbern et al., 2009). We in-
vestigate SKS phases of events at distances >85° with magnitudes
>6.5 and further analyze local S phases from events within the
Nazca slab with magnitudes >4.5 and focal depths between 150
and 350 km unless the incidence angle exceeds 30° at the record-
ing station. Based on these criteria we have extracted SKS phases
from seven events and also S phases from seven local events of
sufficient quality from the ReFuCA data. Source parameters of the
selected events are listed in the Supplementary Table S1.

We use a transverse-component minimization method (Silver
and Chan, 1991; Rimpker and Silver, 1998; Long and Silver, 2009a)
to investigate the shear-wave splitting. At first, seismograms are
rotated into the RT coordinate system. A grid-search approach is
utilized to find the pair of splitting parameters & and &t that
best minimizes the energy on the transverse component. This
is equivalent to the linearization of the particle motion. Uncer-
tainties are estimated from the extent of the 95% confidence re-
gion of the splitting parameters determined from the transverse-
component energy (Silver and Chan, 1991). For this purpose we
have adopted the corresponding routines of the SplitSlab software

-70° -68°

231

-16°
-18°
-20°
22 ;},)ﬁplateau
X
— XX
E /é g
-24 H EXTE BB
/ Puna
-26° ————
I 0/ 100 200 plateau 1s

-70°

—-68°

-66°

-64°

-62°

Fig. 1. Splitting parameters obtained from SKS phases. Bars denote orientations of
apparent shear-wave fast polarization @ with the length referring to the delay time
8t (see scale at the bottom). Red bars display the new results of our study obtained
from a joint-splitting analysis of the ReFuCA data. Dots denote null measurements
obtained from joint-splitting. Green bars refer to reprocessed data from the PISCO
experiment (Bock et al., 1998) also derived from joint-splitting analysis where ap-
plicable. Blue bars illustrate results and errors directly taken from a previous study
(Polet et al., 2000). Green and blue crosses mark null measurements with the long
bars indicating the orientation of initial polarization. Grey contour lines give the
depths to the subducting Nazca slab as derived from local seismicity (Cahill and
Isack, 1992). The inset in the upper right corner displays the locations of teleseis-
mic events used in the SKS analysis.

package (Wiistefeld et al., 2008). For the SKS phases we use a
bandpass in a frequency range from 0.02 Hz to 0.25 Hz and for
the local S phases a frequency range from 0.02 Hz to 1 Hz. In prin-
ciple, SKS phases are affected by anisotropy of the entire mantle
beneath the receiver, whereas local slab events will be mainly af-
fected by anisotropy within the mantle wedge and the overriding
plate.

So-called “null” measurements either indicate the absence of
anisotropy along the ray path or the alignment of the fast or slow
axis of the anisotropic medium with the initial polarization of the
observed phase (Long and Silver, 2009a; Hanna and Long, 2012).
Alternatively, null measurements can be obtained in the case of
two horizontal layers, e.g. if the fast axes orientations differ by
90°, such as a transition from A-type to B-type olivine in the
same flow field. The initial polarization of the SKS phase is read-
ily known from the backazimuth of the event location, but we also
derive the initial polarization independently from the long-period
fraction (T > 15 s) of the waveform in order to account for pos-
sible misalignments of horizontal components at the stations. The
initial polarization of local S phases is determined directly from
the long-period particle motion with T > 5 s (Riimpker and Silver,
1998).

Event-station pairs with incidence angles >30° have been dis-
carded from the study, because shear phases may be affected by
nonlinear particle motion if the incidence angle exceeds ~35° at
the surface (Long and Silver, 2009a; Savage, 1999). It is a frequent
problem that ¢ and 8t determined with this method are sensi-
tive to the selected shear-wave window (Teanby et al., 2004), most
likely due to interfering phases or noise. Splitting parameters are,
therefore, repeatedly analyzed for a number of randomly selected
time windows enclosing the SKS or S wavelet in order to test for
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Fig. 2. lllustration of the SKS splitting analysis for an event recorded at station RF12. (a) Radial and transverse component of the data example. The energy on the transverse
component is weak but significantly above the noise level. (b) The horizontal particle motion at different periods. The red bar indicates the orientation of the initial
polarization which concurs with the backazimuth of the event. (c) Original North and East components with the red bars illustrating the random selection of fifty time
windows for repeated analysis. (d) The distribution of splitting parameters obtained from each of the measurements. (e) The transverse-component energy obtained from the
grid-search of splitting parameters. The thin blue crossed lines mark the splitting parameters that best minimize the energy on the transverse component averaged over fifty
measurements. The black area refers to the related 95% confidence region. (f) The linearization of the particle motion after correction (right) compared to the original (left).

the robustness of the measurement. A data example illustrates the
analysis (Fig. 2). An example of local S-phase analysis is shown in
the Supplementary Fig. S1. If the analysis results in a bimodal dis-
tribution of fast polarizations the events are discarded from further
analysis.

At stations that provide more than one event with suitable
SKS phases we apply a joint-splitting analysis (Homuth, 2010), i.e.
splitting parameters & and Jt are determined in the grid-search
approach that simultaneously minimizes the total energy of the
transverse components from all related events. This is approxi-
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Fig. 3. Splitting parameters along the northern ReFuCA profile in the Altiplano plateau from local S phases. Results refer to single events. Splitting parameters are illustrated
as described in Fig. 1. A different scaling is used to account for smaller delay times §t. Black asterisks mark the epicenters of earthquakes used in this study. At several
stations fast polarizations align sub-parallel to the direction of major fault-zones as depicted by back lines. WF: West Fissure; UKFZ: Uyuni-Kenayani fault zone; SVFZ: San

Vicente fault zone (Elger et al., 2005; ANCORP Working Group, 2003).

mately equivalent to the stacking method developed by Vinnik et
al. (1989) and modified by Wolfe and Silver (1998) and Restivo and
Helffrich (1999), except that we directly analyze the total trans-
verse energy instead of eigenvalues. Our approach is implemented
by extracting and concatenating the selected time windows from
all related events. The joint-splitting analysis effectively reduces
the influence of noise on the splitting analysis, because the total
amount of energy for all events at one station is minimized simul-
taneously in the grid-search procedure. The method also increases
the robustness of the splitting analysis in the case of low energy
on all transverse components. The efficient linearization of the par-
ticle motions (Supplementary Fig. S2) corroborates the reliability of
the joint analysis. Uncertainties are again estimated from the 95%
confidence level (Supplementary Fig. S3). If the merged transverse
component completely lacks of significant energy above the noise
level the joint analysis will result in a null measurement.

The joint-splitting analysis is not applicable, however, if the
splitting parameters at a given station vary significantly with back-
azimuth. In such cases the joint-splitting analysis results in an in-
sufficient linearization of the particle motions. Variations as a func-
tion of backazimuth, i.e. as a function of initial polarization, can be
caused, e.g., by vertical changes of anisotropic properties (Savage,
1999; Riimpker and Silver, 1998). All of the SKS waveforms used
for this study arrive from a similar backazimuth (~240°) or from
a direction perpendicular (~330°) to it, so that the joint-splitting
analysis is applicable. An insufficient linearization of particle mo-
tion in this case can still result from a distortion of the analyzed
waveform due to interfering phases. The corresponding events
have been discarded from the grid search. Fast-axis orientations
obtained from the joint splitting analysis are usually in good agree-
ment with the results from single events. In the following we focus
on the results from the joint-splitting analysis. However, the joint-
splitting analysis is not applied to local S phases because the initial
polarizations strongly differ along the profile.

2.2. Results

Fast polarizations obtained from SKS phases along the northern
ReFuCA profile are predominantly oriented EW (red bars in Fig. 1;
detailed results in Supplementary Table S2). In the middle of the
profile, i.e. in the Altiplano plateau, we observe a well-defined cor-
ridor of about 50 km width, where orientations change abruptly
towards NE-SW directions. Further east, a second anomaly of
~100 km width is located in the Eastern Cordillera, where the
fast polarization turns towards NE-SW again. Corresponding de-
lay times vary between 0.3 and 1.2 s and the largest delay times

are associated with NE-SW orientations of the Altiplano anomaly.
Along the southern profile null measurements dominate the anal-
ysis of individual SKS events, however initial polarizations of the
events are generally found to be oriented almost parallel or per-
pendicular to the fast polarizations obtained for that region. The
joint analysis is also dominated by null measurements, however, it
also reveals fast-polarization directions (red bars in Fig. 1; detailed
results in Supplementary Table S3) at other locations which are
consistent with the few results obtained from single-event anal-
ysis. This likely indicates that individual null measurements are
due to the alignment of initial polarization with the fast axis of
anisotropy rather than due to isotropic elastic properties. Orien-
tations are roughly similar to the northern profile with prevailing
EW directions. The delay times are slightly larger on average, but
do not exceed 1.2 s.

Results from a previous study (Polet et al., 2000, blue bars in
Fig. 1) also show EW fast-polarization directions along a profile
at ~20°S and further north with a tendency to more trench-
parallel orientations north of 18°S. The same study reports NS
directions south of 23°S. Their results agree well with our obser-
vations along the Altiplano profile: one station directly collocates
with a station on the ReFuCA profile near the western edge of
the volcanic arc; it reveals the same EW fast polarization while
two other stations north of the profile reflect the same anoma-
lous NS trending fast polarization that we observe at stations
in the Altiplano plateau. We have further re-processed additional
data from the PISCO experiment (Bock et al., 1998) which cov-
ers the transition from the Altiplano to the Puna plateau (green
bars in Fig. 1, see Supplementary Table S4 for detailed results).
The majority of the PISCO stations reveal null measurements with
the initial polarization sub-parallel to NE-SW trending fast po-
larizations obtained at three stations in the same area. Two lo-
cations show EW orientations of the fast polarization while the
other two remaining stations are oriented NS. Delay times range
from 0.3 to 1.1 s. Summarizing all new and previous SKS split-
ting results we observe a majority of fast directions sub-parallel
to the Nazca plate motion throughout a latitude range from 18°S
to at least 25.5°S (Fig. 4a). Trench-parallel orientations are scarce
and seem to represent local or regional anomalies. Our results
are in contrast to the large delay times reported from source-
side splitting (Russo and Silver, 1994). A possible source for the
disagreement may arise from the source-side splitting technique:
the receiver-side splitting must be known accurately to isolate
the source-side effects (Lynner and Long, 2013). However, the re-
ceiver side splitting may be difficult to characterize by a single
pair of splitting parameters, e.g. in the case of layered anisotropy
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Fig. 4. Comparison of fast-polarization orientations for teleseismic and local events.
The number of related measurements are given in brackets. (a) Fast polarizations
obtained from SKS phases including results from previous experiments (Polet et al.,
2000) as shown in Fig. 1. (b) Results from local S phases (see Fig. 3) are more
heterogeneous.

(Savage, 1999; Riimpker and Silver, 1998). In addition, extreme de-
lay times can be obtained from the splitting-parameter grid search
when anisotropy is virtually absent as indicated by the elongated
95% confidence regions (Silver and Chan, 1991).

We compare our observations along the northern profile with
results obtained from single S phases of local events that occurred
within the slab at depths between 150 and 350 km beneath the
Altiplano plateau. We do not apply the joint-splitting approach to
local phases due to the strong variation of initial polarization di-
rections along the profile and with respect to the high probability
of anisotropic patterns changing with depth. Detailed splitting pa-
rameters are given in the Supplementary Table S5. The delay times
are smaller than those obtained from SKS phases and range be-
tween 0.13 and 1.08 s (Fig. 3). The corresponding fast polarizations
show much higher variability compared to the SKS results. Fast
directions in the vicinity of major fault zones tend to be aligned
more or less parallel to the strike of the faults (Fig. 3). The largest
delay times are again observed in the Altiplano plateau which co-
incides with the observations from SKS splitting analysis. Due to
the lack of deep earthquakes in that region we are not able to de-
termine splitting parameters from local S phases along the Puna
profile. A comparison of the resulting splitting parameters from
SKS and local S phases reveals differing distributions of fast-axis
polarizations (Fig. 4) with SKS results clearly dominated by EW di-
rections. In contrast, fast polarizations from local events exhibit a
much higher variability with a tendency to N and NE-SW trending
orientations.

3. Waveform modeling

We assess the influence of different anisotropic regions on SKS
phases using wavefield modeling based on a 2-dimensional explicit
finite-difference (FD) approximation of the complete elastic wave
equation (Ryberg et al., 2002). Splitting parameters are determined
from computed synthetic waveforms and are then compared with
the observed SKS splitting along the Altiplano profile. In our mod-
eling we consider wave propagation within a vertical (x;-x3) plane,
where x; denotes the horizontal axis and x3 the vertical axis. We
assume that material properties and the wave field are invari-
ant in the x, direction oriented parallel to the trench. Anisotropy
in the mantle is assumed to originate from crystallographic pre-
ferred orientation (CPO) of orthorhombic olivine crystals such that
the elastic tensor can be characterized by nine independent elas-
tic constants (Kumazawa and Anderson, 1969). We use an average
crustal thickness of 60 km and assume the lower boundary of the
lithosphere at a depth of 80 km as previously derived from receiver
functions (Wdélbern et al., 2009). The slab dip is taken from inves-
tigations of the local seismicity (Cahill and Isacks, 1992). Fig. 5
displays the general setup of the anisotropic velocity model. In
order to suppress side effects, such as artificial reflections from
the grid boundaries, the grid was chosen much larger than the
evaluated lateral region of 600 km. Free-surface conditions were
specified at the upper boundary (x3 = 0) of the computational
grid. Below 400 km we assume the material to be isotropic in ac-
cordance with the proposed transition from dislocation creep to

diffusion creep (Fouch and Rondenay, 2006; Meade et al., 1995).
A plane vertically-propagating shear wavefront is initialized in this
isotropic region with an initial source polarization matching the
backazimuth of the analyzed SKS data. The grid spacing is cho-
sen to be 250 m. Within the slab, the fast axis of the model is
assumed to align parallel to the direction of slab motion (accord-
ing to A-type olivine). At 21°S the strike of the Nazca slab differs
by about —10° from the North direction. Accordingly, the observed
fast polarizations have been rotated clockwise to enable compari-
son with the results of the synthetic data, i.e. in Figs. 6 and 7 we
add 10° to the observed @. Results obtained from local slab events
are not considered in the modeling mainly due to the different fre-
quency content. SKS phases are dominated by rather long periods.
Accordingly, synthetic waveforms are computed with a dominant
period of 8 s. The local S phases analyzed in this study exhibit a
dominant period of 1-2 s and are, therefore, much more affected
by small scale structures that are not resolved by SKS phases. Con-
sequently, splitting parameters derived from both data sets are not
expected to be comparable.

A summary of all models discussed in this study is given in
Table 1. The first model (Fig. 6a) incorporates only trench-parallel
fast axes in the mantle beneath the slab in accordance with previ-
ously derived models of the flow field. We assume 4.5% anisotropy
to obtain delay times approximately as large as inferred from
source-side splitting analysis (Russo and Silver, 1994). For this
model, theoretical delay times decrease towards the east due to
the thinning of the anisotropic layer as the anisotropy dissolves be-
neath 400 km. To compensate for this effect, an extreme increase
of anisotropic strength of up to 15% would be required beneath the
slab to explain the delay times observed from source-side split-
ting. In order to simultaneously explain our SKS results for such a
model the fast polarization due to sub-slab anisotropy needs to be
overprinted. For example, as much as 10% anisotropy in the slab
would be required to explain the observed SKS delay times at the
westernmost stations (Fig. 6b). However, the effects related to thin-
ning of the anisotropic layer in the sub-slab mantle still persist. For
compensation, anisotropy within the slab would also be required
to decrease towards the east which we consider to be unrealistic.
We further test a model with 1.5% “frozen-in” anisotropy in the
slab only (Supplementary Fig. S4). In this case the theoretical and
observed SKS splitting results agree well along the first 300 km of
the profile. However, to compensate for a slight mismatch of the
fast-polarization directions additional anisotropy (4.5%) is assumed
in the continental crust with a fast axis orientation of —11° with
respect to the strike of the trench. At the same time, the strength
of slab anisotropy needs to be increased to 3.8% to explain the ob-
served delay times (Fig. 6¢). To fit the splitting parameters along
the eastern half of the profile we further include two anomalous
blocks in the mantle wedge (Fig. 6d). However, the model is not
capable of reproducing the observed EW orientations between the
two anomalies indicated earlier (at about 400 km along the pro-
file), likely because the resulting SKS Fresnel zones at that depths
are too large to resolve these short-scale structures (Riimpker and
Ryberg, 2000; Hanna and Long, 2012).

A much better fit to the data is obtained by assuming isolated
anisotropic anomalies (11% and 7.5%) within the crust (Fig. 7a).
The comparison between the theoretical and observed splitting
parameters shows that the shallow origin of the anisotropy al-
lows to account for the abrupt changes of the fast directions and
the delay times. Additional uniform anisotropy within the whole
mantle wedge does not improve the fit of the data (Supplemen-
tary Fig. S5). According to laboratory experiments on subduction
zone rheology the mineral alignment within the wedge is likely
limited to regions directly above the slab and below the conti-
nental lithosphere (Buttles and Olson, 1998). Related anisotropic
effects may be accounted for by varying the thickness of the
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splitting parameters (upper panels) obtained from FD waveform modeling for the northern profile. Models display trench-normal vertical cross-sections, where 0° refers to
the strike of the subducting slab which deviates by —10° from the north at this latitude. The observed fast polarizations are adjusted accordingly by clockwise rotation.
Negative and positive numbers indicate western and eastern orientations of the fast (symmetry) axes in the models, respectively. (a) Trench-parallel anisotropy only (4.5%)
restricted to the sub-slab (dark green). Green dots denote previous results (Russo and Silver, 1994), red circles mark epicenters of related slab earthquakes. (b) Additional
fossil slab anisotropy (10%) with fast axis parallel to the plate motion. (c) 3.8% fossil slab anisotropy parallel to the Nazca plate motion combined with 4.5% crustal anisotropy
with the fast axis pointing towards —11° with respect to the strike of the trench, i.e. N21°W. (d) The same model with two additional anomalies (1.5% and 0.5%) in the
mantle wedge with fast-axis orientations pointing towards +47° and +26° relative to the strike of the trench, respectively (i.e. N37°E and N16°E).

oceanic lithosphere or the amount of slab anisotropy in our model.
The same applies to a possible contribution from mantle flow
beneath the Nazca slab and also to hypothesized serpentine de-
formation in the hydrated mantle wedge (Katayama et al., 2009;
Jung, 2011) or within the subducting slab (Faccenda et al., 2008),
as long as the resulting direction of the fast axis is either paral-
lel or perpendicular to that of the Nazca plate movement. We have

further considered the existence of B-type olivine under water-rich
conditions (Jung et al., 2009; Ohuchi et al., 2012), which gener-
ates fast-axis orientations perpendicular to the plate motion. Its
occurrence is most likely restricted to the fore-arc region (Ohuchi
et al, 2012) and the effect on our results is marginal (Fig. 7b).
A corresponding zone of trench-parallel anisotropy may provide a
possible explanation for the observed null measurements at about
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Fig. 7. Improved anisotropic subduction-zone models and resulting splitting parameters. Symbols and illustrations are the same as in Fig. 6. (a) Model with slab and crustal

anisotropy as given in Fig. 6¢ with additional crustal anomalies (11%
(7% anisotropy) with fast-axis parallel to the trench in the mantle wedge from the slab

and 7.5%). The corresponding fast-axis directions are the same as in Fig. 6d. (b) Additional B-type olivine

contact to the volcanic arc. (c) Adjustment of the observed fast polarization at the

easternmost station by an additional crustal block (3%) with fast axis aligned towards +90° with respect to the trench (i.e. N80°E). (d) An alternative model assumes fossil
slab anisotropy (4.5%) persisting below 400 km depth. The easternmost segment of the crust is assumed to be isotropic.

Table 1

Summary of models presented in this study. Each row represents one model. In columns, the different layers and units are characterized by means of the strength of

anisotropy and the fast-axis directions with respect to the strike of the trench.

# Sub-slab Slab®P Wedge Crust Block 1¢ Block 2°¢ Block 3¢ Fig.
1 4.5%; +0° isotropic isotropic isotropic - - - 6a
2 4.5%; +0° 10%;+90° isotropic isotropic - - - 6b
3 isotropic 1.5% +90° isotropic isotropic - - - S4
4 isotropic 3.8%; +90° isotropic 4.5%; —11° - - - 6¢
5 isotropic 3.8%; +90° isotropic 4.5%; —11° 1.5%; +47° 0.5%; +26° - 6d
6 isotropic 3.8%; +90° isotropic 4.5%; —11° 11.0%; +47° 7.5%; +26° - 7a
7 isotropic 3.8%; +90° 1.0%; +90 4.5%; —11° 11.0%; +47° 7.5%; +26° - S5
8 isotropic 3.8%; +90° isotropic 4.5%; —11° 11.0%; +-47° 7.5%; 4-26° 7.0%; +£0° 7b
9 isotropic 3.8%; +90° isotropic 4.5%; —11° 11.0%; +47° 7.5%; 4+26° 3.0%; +90° 7c
10 isotropic 3.8%; +90° isotropic 4.5%;, —11° 12.0%; +47° 10.0%; +26° isotropic 7d

@ The fast-axis within the slab is tilted by 30° in all models according to the slab dip.

b Slab anisotropy terminates at 450 km depth in model 10, but, at 400 km in all other models.

¢ In model 5 the anomalous blocks 1 and 2 are located in the mantle wedge. In models 6-10 these anomalies are situated in the continental crust.

4 In model 8 anomalous block 3 represents B-type olivine restricted to the fore-arc wedge. In model 9 an additional crustal anomaly is considered at the easternmost part

of the profile.

170-200 km along the profile while, at the same time, it reduces
the fit of the fast polarizations observed at adjacent locations. Our
observations are best explained by assuming 7% anisotropy of the
B-type fabric in the fore-arc mantle wedge. If the anisotropy were
assumed to be slightly stronger, null measurements would occur

over a wider range at the surface. If the strength of anisotropy
were to be increased further, the theoretical fast polarizations
would turn towards NS directions.

The easternmost station of the profile exhibits an EW oriented
fast polarization which is in conflict with our model (Fig. 7a). Here,
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the slab sinks below 400 km depth where anisotropy is assumed
to terminate (Fouch and Rondenay, 2006; Meade et al., 1995) and,
therefore, theoretical waveforms only reflect the crustal anisotropy.
The EW fast polarization can be explained equally well by two dif-
ferent models. The first includes 3% crustal anisotropy with a fast-
axis orientation near-parallel to the Nazca plate motion (Fig. 7c).
However, this specific pattern of anisotropy is not related to any
known geological structure in that area. Alternatively, the observed
fast polarizations can be explained by fossil slab anisotropy if it
persists to even greater depth possibly preserved by the lower slab
temperatures relative to the ambient mantle. As in the previous
models we assume 3.8% and 4.5% anisotropy within the slab and
the crust, respectively. In this model, the easternmost segment of
the crust is assumed to be isotropic to better explain the observed
fast polarizations. However, the continuation of slab anisotropy to
greater depths also affects the splitting parameters related to the
crustal anomalies. The best fit to the observed splitting parameters
is obtained assuming fast-axis directions of +47° with respect to
the strike of the Nazca slab (i.e. N37°E) and strengths of anisotropy
of 12% and 10%, respectively (Fig. 7d).

4. Discussion and conclusions

We have investigated lateral variations of shear-wave splitting
in the Central Andes based on SKS and local S phases. Splitting
parameters from the joint-splitting analysis are in good agree-
ment with the results from individual events and are less af-
fected by noise. We have successively evaluated effects of different
anisotropic regions on the splitting parameters by comparison with
results from full-waveform FD-modeling. The observed dominating
EW directions of the fast-polarizations in the Central Andes coin-
cide with relatively uniform delay times. This likely indicates that
the anisotropy originates from a layer of relatively uniform thick-
ness. The prevailing EW polarizations can be explained by 3.8%
fossil slab anisotropy with a fast axis sub-parallel to the direction
of the Nazca plate motion. Our preferred model further indicates a
significant crustal component of anisotropy (4.5%) with a fast axis
of approximately N21°W. A possible source for this alignment is
provided by ductile flow in the lower crust from the Puna towards
the Altiplano plateau as previously suggested from geodynamic
modeling to explain the different accommodation rates in these
two regions (Gerbault et al.,, 2005). According to their numerical
models this crustal flow is induced by heterogeneous densities in
the mantle which causes a mass transfer towards the north that
is confined to the highly elevated plateaus and terminates east of
which. This would also explain the apparent absence of crustal
anisotropy in the easternmost part of the crust as demonstrated
in our model shown in Fig. 7d. Due to the limited depth range
of this flow field between 20 km and 65 km the crustal compo-
nent of anisotropy is supposed to be slightly stronger than the
4.5% assumed in our model which incorporates the entire crust. An
additional component of crustal anisotropy is in agreement with
results from of receiver functions: Leidig and Zandt (2003) have
presented models assuming up to 30% anisotropy within the upper
crust possibly due to a system of fluid-filled cracks in the context
of the Altiplano-Puna volcanic complex. However, our results do
not allow to distinguish between these mechanisms; a combina-
tion of the effects is also possible.

The largest delay times along the northern profile for both SKS
and local S phases are related to confined zones where fast po-
larizations deviate from the general trench-normal orientations.
A large number of fast polarizations, especially those obtained
from local events, are oriented sub-parallel to the strike directions
of major fault systems (Elger et al., 2005; ANCORP Working Group,
2003) as shown in Fig. 3. In the Altiplano region, the anomalous
fast polarizations in the crust align sub-parallel to the trend of

the Uyuni-Kenayani fault zone (Fig. 3). The western edge of the
second crustal anomaly roughly coincides with the location of the
San Vicente Fault Zone (Fig. 3). From our modeling it seems likely
that the relatively short-scale lateral variations are mainly due to
crustal influences (Riimpker and Ryberg, 2000) possibly connected
to the major fault systems. These faults appear to have a significant
impact on the observed splitting results and seem to overprint the
anisotropic signature of the lower crustal ductile flow suggested
above. Small-scale lateral variations of shear-wave splitting can
also originate from strong variations of isotropic velocities (Kaviani
et al.,, 2011) which may provide an alternative or additional ex-
planation for the observed anomalies. However, strong small-scale
velocity variations, such as thick sedimentary basins, are not con-
sidered likely to exist in the Central Andes and have, therefore, not
been included in our models. Although our study does not rule
out the existence of trench-parallel flow beneath the slab we be-
lieve that complex anisotropy in the crust, probably a combination
of ductile deformation in the lower crust and effects of aligned
fault-systems, provides a more likely explanation for the observed
variations in splitting parameters.
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