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Abstract 

Subduction systems play a key role in plate tectonics, but the deformation of the crust and 

uppermost mantle during continental subduction remains poorly understood. Observations of 

seismic anisotropy can provide constraints on dynamic processes in the crust and uppermost 

mantle in subduction systems. The subduction zone beneath Peru and Bolivia, where the Nazca 

plate subducts beneath South America, represents a particularly interesting location to study 

subduction-related deformation, given the along-strike transition from flat to normally dipping 

subduction. In this study we constrain seismic anisotropy within and above the subducting slab 

(including the overriding plate) beneath Peru and Bolivia by examining azimuthal variations in 

radial and transverse component receiver functions. Because anisotropy-aware receiver 

function analysis has good lateral resolution and depth constraints, it is complementary to 

previous studies of anisotropy in this region using shear wave splitting or surface wave 

tomography. We examine data from long-running permanent stations NNA (near Lima, Peru) 

and LPAZ (near La Paz, Bolivia), and two dense lines of seismometers from the PULSE and 

CAUGHT deployments in Peru and Bolivia, respectively. The northern line overlies the Peru flat 
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slab, while the southern line overlies the normally dipping slab beneath Bolivia. We applied 

harmonic decomposition modeling to constrain the presence, depth, and characteristics of 

dipping and/or anisotropic interfaces within the crust and upper mantle. We found evidence for 

varying multi-layer anisotropy, in some cases with dipping symmetry axes, underneath both 

regions. The presence of multiple layers of anisotropy with distinct geometries that change with 

depth suggests a highly complex deformation regime associated with subduction beneath the 

Andes. In particular, our identification of depth-dependent seismic anisotropy within the 

overlying plate crust implies a change in deformation geometry, dominant mineralogy, and/or 

rheology with depth, shedding light on the nature of deep crustal deformation during 

orogenesis. 

 

1. Introduction 

The subduction of the Nazca Plate beneath Peru and Bolivia encompasses a major 

along-strike change in slab morphology and overriding plate behavior (e.g., Antonijevic et al., 

2015; Gutscher et al., 1999, 2000; Kumar et al., 2016; Scire et al., 2016). The Central Andean 

Plateau, the second-highest plateau on Earth, overlies normally dipping subduction beneath the 

central portion of South America. Just to the north of this region lies the Peru flat slab segment, 

which is characterized by a striking lack of contemporary volcanism and low heat flow on the 

overriding plate. The controls on this dramatic along-strike change in slab behavior, as well as 

the corresponding along-strike change in topographic expression on the overriding plate, 

remain poorly known. Furthermore, it is not well understood how the crust has deformed 

during orogenesis, and to what extent the deformation style of the overriding plate is 
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controlled by the morphology and behavior of the subducting slab beneath it (e.g., Bishop et al., 

2018). 

Observations of seismic anisotropy can provide important constraints on the 

deformation history of the crust and mantle in subduction systems (e.g., Long, 2013). Seismic 

anisotropy is the dependence of seismic wave speeds on the propagation direction or 

polarization of the waves (e.g., Silver and Chan, 1991). Seismic anisotropy often forms due to 

deformation either through crystallographic or lattice preferred orientation (CPO, LPO) of 

minerals or as shape preferred orientation (SPO) of materials of certain elastic properties 

(Savage, 1999). While shear wave splitting or birefringence is a direct and unequivocal sign of 

anisotropy, the interpretation is often complicated, especially in regions of complex anisotropic 

structure (e.g., Long and Becker, 2010). A number of detailed shear wave splitting studies have 

recently been published for southern Peru and northern Bolivia (Eakin and Long, 2013; Eakin et 

al., 2014, 2015; Long et al., 2016), shedding light mainly on upper mantle anisotropy, but their 

interpretation is somewhat ambiguous because shear wave splitting measurements generally 

lack depth resolution. 

Receiver functions (RFs), on the other hand, provide information regarding sharp 

seismic velocity gradients (both isotropic and anisotropic) beneath a seismic station, and have 

been used extensively to study anisotropic crustal and mantle structures (e.g., Bostock, 1998; 

Ford et al., 2016; Levin and Park, 1997; Long et al., 2017; Schulte-Pelkum and Mahan, 2014; 

Shiomi and Park, 2008; Wirth and Long, 2012, 2014; Wirth et al., 2017). RFs can constrain some 

anisotropic structural features that are not easily inferred from other methods such as shear 

wave splitting or surface wave tomography. For example, RFs can help constrain the depth 
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extent of anisotropic layers and the orientation of symmetry axes (e.g., Wirth and Long, 2012). 

In a subduction system such as central South America, RFs analysis can provide constraints on 

crustal deformation and mantle flow that are complementary to shear wave splitting studies 

(e.g., McCormack et al., 2013; Park et al., 2002, 2004; Shiomi and Park, 2008; Wirth and Long, 

2012). 

This study aims to constrain seismic anisotropy beneath Peru and Bolivia using 

anisotropic radial and transverse component receiver function analysis. We focus on data from 

two long-running seismic stations: NNA, near Lima, Peru, and LPAZ, near La Paz, Bolivia. We 

also examine data from two complementary temporary deployments: PULSE (PerU Lithosphere 

and Slab Experiment) in Peru and CAUGHT (Central Andes Uplift and Geodynamics of High 

Topography) in Bolivia (Fig. 1). Our goal is to place constraints on seismic anisotropy and its 

distribution with depth both within and above the slab, including the mantle wedge and the 

overriding plate. We apply a harmonic decomposition modeling technique (e.g., Bianchi et al., 

2010; Ford et al., 2016; Long et al., 2017; Olugboji and Park, 2016) to our computed RFs to 

identify the depths and first-order characteristics of anisotropic and/or dipping interfaces 

beneath our seismic stations, and compare those inferences to previous studies of anisotropy 

from shear wave splitting and anisotropic Rayleigh wave tomography from the same region and 

data set.  

 

2. Geologic and tectonic setting 

The Central Andes above the subducting Nazca plate in northern Bolivia and southern 

Peru are characterized by a striking change from a narrow orogen in the north to the second-
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highest plateau on Earth in the south (e.g., Lamb and Hoke, 1997). The Central Andean Plateau, 

a relatively flat plateau with an average elevation of ~3.5 km (Isacks 1988; McQuarrie et al. 

2008), overlies normally dipping subduction beneath the central portion of South America (e.g., 

Hayes et al., 2012). Its edges consist of an active volcanic arc to the west (Western Cordillera) 

and a fold and thrust belt to the east (eastern Cordillera). The origin of the plateau’s high 

topography is imperfectly understood and may result from processes both in the crust and the 

mantle wedge (e.g., Garzione et al., 2006, 2008, 2017). The seaward concave bend in the Andes 

at this latitude is another prominent feature in this region. 

Just to the northwest of the Central Andean Plateau lies the Peruvian flat slab segment, 

which is characterized most strikingly by a lack of present-day volcanism. The Peruvian flat slab 

is the largest region of flat subduction in the world today and is also associated with low heat 

flow and broad foreland uplift (Bishop et al., 2017; Cahill and Isacks, 1992; Eakin et al., 2014; 

Hayes et al., 2012). Previous studies on flat subduction have argued that flat slabs lead to 

compressional crustal deformation and thickening in the upper plate (e.g., Bishop et al., 2018; 

Erslev, 2005; Jordan and Allmendinger, 1986). The structure and deformation of the crust and 

mantle wedge above this flat slab can provide us with important insights into the relationship 

between the flat slab and the overriding continent, and contribute to our understanding of the 

surface expression of flat subduction as well. Taken together, the Peruvian flat slab segment 

and the adjacent normally dipping slab beneath the high plateau represent an excellent 

opportunity to probe how the along-strike change in slab dip may affect deformation patterns 

within the mantle above the slab as well as the crust of the overriding plate.  

 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 6 

3. Data and methods 

Receiver functions are time series, computed from three-component seismograms, that 

show the relative response of Earth structure near the receiver. When a P wave encounters an 

isotropic, horizontal velocity discontinuity at depth, it will convert to an SV-wave, with a 

polarity that reflects the sign of the velocity contrast (either positive, corresponding to a 

velocity increase with depth, or negative, corresponding to a velocity decrease with depth).  In 

the presence of an anisotropic or a dipping interface, however, the P wave will also produce an 

additional SH wave, which will be visible on the transverse component (Levin and Park, 1997). 

Note that here we use the common terminology of SV and SH polarizations to described shear 

waves polarized in the source-receiver plane (SV, radial component) and orthogonal to it (SH, 

transverse component), following Levin and Park (1997) and others. Because we are measuring 

nearly vertically propagating shear waves, both SV and SH waves involve nearly horizontal 

particle motion, and are measured on the horizontal components of the seismogram. 

In general, a dipping interface will result in two polarity changes (two-lobed) of the Ps 

phase (that is, the P to S converted wave) on the transverse component receiver function 

across the full backazimuthal range. A flat interface with a horizontal anisotropy symmetry axis, 

in contrast, will result in four polarity changes (four-lobed) across the full backazimuthal range 

(e.g., Ford et al., 2016; Levin and Park, 1997; Wirth and Long, 2012). More complicated patterns 

may be produced in the case of an anisotropic interface that involves a plunging axis of 

symmetry; in this case, the backazimuthal pattern may reflect a mix of two-lobe and four-lobe 

polarity changes. In theory, there are several ways to distinguish conversions due to a dipping 

(isotropic) interface from those associated with gradients in anisotropy with a plunging 
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symmetry axis (e.g., Jones and Phinney, 1998; Long et al., 2017; Savage, 1998; Schulte-Pelkum 

and Mahan, 2014), although in practice this is often challenging for real data (Long et al., 2017). 

One common strategy is to examine energy at zero-delay time (t = 0) on the transverse RF. A 

dipping isotropic contrast should generate a matching arrival at zero time that has polarities 

opposite of those for the later arrival corresponding to the interface depth (see, e.g., Schulte-

Pelkum and Mahan, 2014 for a detailed discussion). The zero-delay time arrival corresponds to 

the refracted direct P wave energy, while the later arrival is the converted Ps wave. For a 

contrast with anisotropy at depth with a plunging symmetry axis, there will be no zero-delay 

time arrival on the transverse component. An important caveat, however, is that for real data 

that contains conversions from multiple interfaces at depth, this approach is not 

straightforward, as multiple zero-time arrivals may interfere. 

We computed P-to-S RFs at two long-running broadband seismic stations: NNA from the 

Global Seismograph Network (near Lima, Peru) and LPAZ from the Global Telemetered Seismic 

Network (near La Paz, Bolivia). We also computed RFs at stations from two temporary dense 

lines of two seismic arrays: the PULSE experiment and the CAUGHT experiment, in southern 

Peru and Northern Bolivia, respectively. We chose stations along two SW-NE transects that 

encompass NNA (11 stations from PULSE) and LPAZ (17 stations from CAUGHT) (Fig. 1). 

Waveform data were downloaded from the Incorporated Research Institutions for Seismology 

(IRIS) Data Management Center (DMC) using the Standing Order for Data (SOD) tool (Owens et 

al., 2004). We selected events of magnitude 5.8 and greater from epicentral distances between 

30° and 100° (Fig. 2) for initial analysis. The number of events ultimately used at each station 

depends on the number of years of available data (more than ten years’ worth of data from the 
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permanent stations and between 22-32 months for the temporary stations) as well as station 

noise levels and general waveform quality. 

Our data selection and preprocessing methodology follows recent studies that have 

applied RF analysis to study seismic anisotropy (Ford et al., 2016; Long et al., 2017; Wirth and 

Long, 2012, 2014). More specifically, we directly followed the preprocessing procedure that is 

described by Ford et al. (2016): each seismogram trace was cut to equal length, rotated into 

radial, transverse, and vertical components, and then bandpass filtered between 0.02-2 Hz 

before P wave picking. The seismograms were visually inspected for a clear P wave arrival on 

the vertical component, and the direct P arrival was manually picked using the Seismic Analysis 

Code (SAC). Before computing the RFs, the components were rotated into the LQT reference 

frame (using a near-surface P wave velocity of 3.5 km/sec) to address the fact that the incoming 

P waves are not perfectly vertical, again following Ford et al. (2016).  We note that without 

detailed knowledge of the near-surface velocity structure, this correction is imperfect, and 

some energy from the direct P arrival will be visible on the Q component. Since all RFs were 

computed in the LQT coordinate system, instead of the common terminology of “radial” RFs 

(e.g., Levin and Park, 1997) we use the term “quasi-radial” to refer to the Q component in this 

paper. Finally, before the RF computation, we applied a final bandpass filter to each waveform, 

using a high pass cutoff of 0.02 Hz and variable low pass cutoffs of 0.5, 0.75, 1 and 2 Hz. In this 

paper, we mainly focus on results obtained using the 1 Hz low pass cutoff frequency, as this 

provided the best balance between revealing detailed structure and removing unwanted noise. 

We calculated P-to-S RFs using the multi-taper correlation RF estimator of Park and 

Levin (2000), in which the receiver functions are calculated in the frequency domain from the 
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correlation between the vertical component and each of the horizontal components. We used a 

one-dimensional velocity model appropriate for continents (AK135; Kennett et al., 1995) to 

migrate RFs to depth. Since our major focus is on identifying the character of anisotropic 

interfaces rather than their precise depth, our migration analysis does not account for 

departures from the AK135 crustal model, which may be significant in our study area due to the 

high topography. Previous studies of (isotropic) structure beneath the PULSE and CAUGHT 

study areas have used more detailed crustal models to estimate interface depths, and we refer 

the reader to this previous work (Bishop et al., 2017; Ryan et al., 2016). We do, however, 

correct for elevation in our estimated depths to interfaces. Following recent work (Ford et al., 

2016, Long et al., 2017), we computed binned, stacked quasi-radial and transverse component 

RFs as a function of epicentral distance and backazimuth. The epicentral distance gather helps 

us evaluate the possible effects of multiply reflected waves on our results (specifically, multiply 

reflected arrivals will have a strong moveout with epicentral distance). The backazimuth gather, 

particularly the transverse component, helps to visually identify potential dipping and/or 

anisotropic interfaces. Additionally, we have produced a single-station quasi-radial component 

RF stack (following Ford et al., 2016) by first binning RFs as a function of backazimuth using a 

bin spacing of 15, and summing over all bins to produce a stack. Because we first bin data by 

backazimuth, the resulting stack should not be biased towards backazimuths with better 

azimuthal coverage. The single station binned-stacks help us to identify major (isotropic) 

velocity contrasts, both positive and negative, and allow for comparison with previous RF 

studies using PULSE and CAUGHT data (Bishop et al., 2017; Ryan et al., 2016).  
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In addition to the RF stacks and epicentral distance and backazimuthal gathers, we 

plotted rose diagrams (Wirth and Long, 2014) that visualize variations in the transverse 

component RFs energy as a function of backazimuth for a specific delay time (corresponding to 

a specific depth). This plotting convention illustrates the polarity (red—negative, blue—

positive) and amplitude (darker colors indicate higher amplitude) for a particular back azimuth, 

and helps identify two-lobed, four-lobed, or a mixture of polarity changes which relate to the 

type of interface (dipping, anisotropic or both). 

As a final step, we also implemented harmonic decomposition (HD) analysis (Bianchi et 

al., 2010; Ford et al., 2016; Liu and Park, 2016; Long et al., 2017; Olugboji and Park, 2016; Park 

and Levin, 2016; Shiomi and Park, 2008), an approach that can help to overcome limitations of 

visual identification of amplitude and polarity changes as a function of backazimuth. The 

harmonic expansion reveals two-lobed and four-lobed backazimuthal dependence by 

performing a linear regression of both radial and transverse RFs components. The analysis 

determines the amplitudes at each delay time as a scaled sum of cos(k) and sin(k) terms; 

here k, the harmonic order, is equal to 0,1,2, and  refers to the backazimuth. The isotropic 

velocity contrast (constant term) is represented by k = 0, while k = 1 and k = 2 correspond to the 

two-lobe and four-lobe patterns (non-constant terms), respectively. The k = 1 term contains 

information on the dip direction of either a dipping interface or a plunging anisotropic 

symmetry axis, whereas the k = 2 term contains azimuthal phase information on the orientation 

of symmetry axis for the contrast in azimuthal anisotropy. (We note that while a non-zero k = 2 

term suggests the presence of anisotropy, the relative amount of k = 1 vs. k = 2 energy on the 

stack will depend on the details of the anisotropic geometry, as expressed via parameters such 
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as the shape factor; see Brownlee et al., 2017 for additional details.) To reveal the signal of 

anisotropy or dipping interfaces, we stack the radial and transverse RFs with a phase shift 

(+π/2k) in backazimuth, producing the ‘modeled’ plot. In contrast, stacking the radial and 

transverse RFs with a negative phase shift (−π/2k) results in the ‘unmodeled’ panel, in which 

effects of anisotropy or dipping structures are suppressed (Liu and Park, 2016). A complete 

description of the HD modeling approach is found in both Bianchi et al. (2010) and Liu and Park 

(2016), and a detailed implementation of the HD method, with examples, is given in Ford et al. 

(2016). 

The RF harmonic regression was performed with a moveout correction for a specific 

target depth via the moving-window migration (MWM) technique, in which we cross-correlate 

the vertical component with horizontals with a time delay related to target depth (Helffrich 

2006; Park and Levin 2016). Because the MWM approach yields a time series that is most 

accurate for a range of ~10-15 km around the target depth (e.g., Park and Levin, 2016), we 

implemented HD analysis for a series of target depths ranging from 20 to 100 km in 10 km steps 

to obtain a model that is as accurate as possible for each depth range of interest. This approach 

provides a point of comparison for our inferences on isotropic structure from the single-station 

quasi-radial RF stacks, and allows us to explore signals of anisotropic interfaces that are not 

evident from visual inspection in the RFs stacks.  

Our presentation of the HD results in this paper focuses on specific target depths close 

to where we detect major interfaces, either through significant peaks in the single-station RF 

stacks, in the constant term (k = 0) of the HD analysis, and/or in the stack of the non-constant 

terms (reflecting significant contract in anisotropy or a dipping interface). In the HD model 
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plots, t = 0 on the time axis corresponds to the RF behavior at the time associated with the 

target depth under consideration, following plotting conventions used in previous papers (e.g., 

Ford et al., 2016). The uncertainties on the harmonic decomposition models were estimated 

using a bootstrap method (100 iterations). Bootstrapping is a resampling technique that allows 

for error estimation for nonlinear problems (e.g., Menke, 2012); it has many advantages for RF 

studies (e.g., Park and Levin, 2016), although it may be inaccurate for cases in which the 

number of observations is small.  

In addition to the HD plots themselves, we also computed several examples of 

comparisons between the modeled transverse component (based on the HD results) and 

transverse component rose plots; these comparisons illustrate the good fit between the HD 

analysis and the RF observations. Based on the HD expansion, we calculated estimated 

directions of the tilt axis associated with specific interfaces (see, e.g., Long et al., 2017; Olugboji 

and Park, 2016). For a slow-over-fast interface, a positive pulse in the sin() term reflects an 

east (90) direction whereas a negative pulse reflects the opposite (west) direction; likewise, a 

positive pulse in the cos() term reflects north (0) direction and a negative pulse reflect the 

opposite (south) direction. Based on the sign of the k = 0 pulse amplitude (positive or negative) 

and the relative amplitudes of each k = 1 term, we can thus calculate the estimated tilt axis. We 

note that for an isotropic dipping interface, we can determine the dip direction based on 

information from the quasi-radial component, which reflects either a positive arrival (slow-

over-fast) or a negative arrival (fast-over-slow). On the other hand, for a plunging symmetry 

axis we cannot discriminate the direction of the plunge; therefore, we present both directions 

as potential options. 
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4. Results 

Results of our RF analysis and HD modeling are displayed in Figs. 3 to 11 and include 

binned and stacked quasi-radial and transverse component RFs as a function of backazimuth 

(low pass cutoff frequency of 1 Hz), binned and stacked quasi-radial RFs as a function of 

epicentral distance, results from the HD modeling, single station binned-stacks for the quasi-

radial RF component, and rose plots for specific time delays that show evidence for dipping 

and/or anisotropic interfaces. We also show RF gathers computed with a range of low pass 

cutoff frequencies in the supplementary information (Figs. S1-S2). We have validated our quasi-

radial RF results against the results of previous work in Bolivia (Ryan et al., 2016) and Peru 

(Bishop et al., 2017) using data from the same stations but different methodologies for 

computing and stacking the RF traces. Specifically, our observation of high amplitudes of 

positive arrivals at or near depths predicted by previous work has helped us to identify both the 

continental Moho and the subducting slab Moho (beneath NNA) interfaces, as discussed below. 

Because we explicitly take azimuthal dependence of RF behavior into account, however, our 

approach offers additional spatial and azimuthal resolution of features that were identified in 

these earlier papers. Other RF features identified in the single-station binned quasi-radial stack 

and the HD modeling represent evidence for intra-crustal and mantle structures that likely 

include anisotropic contrasts, as discussed below. 

 

4.1 Station LPAZ, Bolivia 
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LPAZ is deployed on the Eastern Cordillera at elevation of ~5 km above sea level, located 

above the normally dipping slab beneath the Central Andean Plateau (Fig. 1). The depth to the 

slab beneath LPAZ is roughly 300 km, based on tomographic imaging of the slab in the deep 

upper mantle (Scire et al., 2016). Figure 3 shows the results of our RF analysis for the Moho 

interface beneath LPAZ and illustrates the plotting conventions we use in this paper. In Figure 

3a, we show the quasi-radial and transverse component RFs as a function of backazimuth; 

these plots help us identify major interfaces with a strong isotropic component (mostly the 

Moho) on the quasi-radial component, as well as potentially dipping and/or anisotropic 

interfaces on the transverse component. Figure 3b shows the quasi-radial component RFs 

binned and stacked as a function of epicentral distance, which helps us to evaluate the possible 

effects of multiply reflected waves. Figure 3c presents the single-station binned stack for the 

quasi-radial component RF, which helps identify (isotropic) velocity contrasts that manifest 

across a wide range of backazimuths, and also allows for direct comparison with previous RF 

studies that have used this stacking approach. Figure 3d shows an example of a transverse 

component rose diagram (in this case for the delay time associated with the Moho interface); 

this allows us to visualize variations in the transverse component RF energy as a function of 

backazimuth at a particular delay time. Such rose plots visually illustrate two-lobed or four-

lobed polarity changes (or a mixture of these) that relate to a specific interface. Finally, Figure 

3e presents the HD model for a target depth corresponding to the Moho arrival; we plot both 

the HD model itself and its bootstrap uncertainty estimates. (Note that for this station, the 

large number of RFs available means that the bootstrap error estimates are virtually 

indistinguishable from the trace itself.) The HD model plot shows the HD expansion of the 
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different cos(k) and sin(k) terms, with the k = 0 term in the top trace, the k = 1 terms in the 

next two traces, and the k = 2 terms in the bottom two traces. Examples of comparisons 

between the modeled transverse component rose plots using the results of the HD analysis and 

actual observed transverse component rose plots from the RF data are shown in Figure 4 (panel 

B), and illustrate the remarkably good fit between the “raw” RF observations and the HD 

analysis. 

The quasi-radial component RF gathers for LPAZ (Fig. 3a), along with the single-station 

binned stack (Fig. 3c), reveal a clear strong positive pulse between 6-8 s after the P wave arrival, 

with a peak at 7 s (shown most clearly in the single-station stack). We interpret this feature as a 

positive isotropic velocity change across the Moho. This time interval corresponds to ~60-70 km 

crustal thickness beneath Bolivia based on the AK135 velocity model, taking into account the 

LPAZ station elevation. The transverse component (Fig. 3a) shows two polarity changes across 

the full backazimuthal range around the time interval of the positive Moho pulse on the quasi-

radial component. This dominantly 2-lobed pattern is clearly visible in the rose diagrams for 7 s 

delay time (Fig. 3d), although it seems to be modulated by an additional 4-lobed pattern, 

suggesting a component of anisotropy. The transverse component RFs exhibit substantial 

energy at the zero-delay time, but the polarity pattern does not match what would be expected 

for this interface if it is dipping. This observation may suggest a contrast in plunging anisotropy 

rather than isotropic dipping interface (although caution is warranted when interpreting zero-

time energy for stations that overlie multiple interfaces). Furthermore, the harmonic 

decomposition approach (Fig. 3e) also suggests an interface in this time (depth) range, with a 

positive amplitude in the constant term and a consistent high amplitude in the combined non-
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constant terms. The significant amplitude in the non-constant terms appears mostly in the k = 1 

terms, (particularly in sin()), with some (lower amplitude) energy in the k = 2 terms. Taken 

together, the 2-lobe pattern and the HD analysis suggest either a dipping crust-mantle interface 

with some anisotropy, or anisotropic interface with a plunging symmetry axis. As explained in 

Section 3, we can calculate an estimated tilt axis associated with a specific interface based on 

the HD expansion terms. For the interface associated with the Moho beneath LPAZ, we 

calculated an estimated tilt direction of ~112/292 (the two possible (opposite) directions of 

the tilt, in degrees east of north), which agrees well with the visual characteristics of the rose 

plot diagram. 

In addition to the Moho, we see evidence in the single-station binned-stack, as well as in 

the HD analysis, for additional interfaces represented by peaks of energy marking isotropic 

and/or anisotropic structures. We have chosen high amplitude peaks both in the single-station 

stacks and HD (constant and non-constant terms), based on a relative amplitude cut off of 30% 

of the Moho peak amplitude (we chose a fraction of the Moho peak, as it is a robust feature in 

our analysis and well known from previous studies). The non-constant terms were added 

together, following Ford et al. (2016), to provide a quantitative way of identifying interfaces 

with an anisotropic component. (To reiterate, the single-station and HD constant term (k = 0) 

both represent interfaces that include a component of isotropic impedance contrast.) This 

analysis revealed 7 different interfaces beneath LPAZ that we consider to be interpretable. 

Some of these interfaces are within the crust, and some are within the lithospheric mantle; 

most of these interfaces exhibit a mix of isotropic and anisotropic contrasts. 
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The intracrustal features beneath LPAZ include four interfaces; two of them reflect both 

isotropic and anisotropic signal, whereas the other two reflect mostly anisotropic signal. The 

first interface is a large positive pulse at 1.2-1.5 s after the P arrival that is visible in the single-

station stack (Fig. 4a) and the k = 0 term of the HD (Fig. 5). This peak is also associated with 

significant energy in the k = 2 terms and some (lower amplitude) energy in the k=1 term of the 

HD, which suggests a contrast in anisotropy with nearly horizontal symmetry. The transverse 

component rose plot for this interface exhibits a similar pattern to the HD analysis and the HD 

modeled rose plot, with a relatively clear 4-lobe polarity flip, which supports a contrast in 

anisotropy with horizontal symmetry (Fig 4b). The second interface, at t = 2.2-2.35 sec, is mostly 

visible in the HD from the presence of significant energy in both the k = 1 and k = 2 terms (Fig. 

5). It is associated with only a small negative pulse at 2.2 s in the k = 0 term. Based on the 

energy contained in the k = 1 and k = 2 terms, we infer a contrast in anisotropy across this 

interface, associated with either a dipping interface or a plunging axis of symmetry (Fig. 5). 

Interestingly, the zero-delay time energy on the transverse component RF exhibits a generally 

good fit with the opposite polarity observed on the transverse component at t = 2.2-2.35 sec 

(Fig. 3a), as would be expected for an isotropic dipping interface; however, given the 

substantial k = 2 energy, a contrast in anisotropy is very likely to also be present. The direction 

analysis for this interface yields an estimate of a ~45/225 for a tilt direction, an inference that 

is generally consistent with visual inspection of the transverse component rose diagram (Fig. 

4b). This axis could either represent the dip of an isotropic interface or the plunge of an 

anisotropic symmetry axis.  
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The third interface beneath LPAZ shows high amplitude in the non-constant stack and is 

visible in the HD from the presence of significant energy in both the k = 1 and k = 2 terms at 3.2-

3.5 s (Fig. 5). Both the HD and the rose plot (Fig. 4b) suggest that this peak is associated with 

either a mixture of a dipping interface with anisotropy or anisotropy with a plunging symmetry 

axis; our direction analysis suggests a tilt direction of ~30/210. The fourth and last intracrustal 

interface has a relatively smaller amplitude (but above our cutoff) positive arrival at 5-5.4 s 

visible in the single-station stack (Fig. 4a) and in the k = 0 term of the HD (Fig. 5). Both the HD 

and the rose plot (Fig. 4b) suggest that this peak is associated with either a mixture of a dipping 

interface with anisotropy or anisotropy with a plunging symmetry axis; our direction analysis 

suggests a tilt of ~170/350 (Fig. 4b). Taken together, the presence of multiple interfaces 

within the crust beneath LPAZ that include a contrast in anisotropy suggests the presence of 

complex anisotropic layering. 

Below the Moho, we identify three additional interfaces within the lithospheric mantle. 

A significant negative arrival at 8.3 s, visible in the single-station stack (Fig. 4a) and the k = 0 

term of the HD (Fig. 5), may correspond to a mid-lithospheric discontinuity (MLD) phase. The 

HD analysis combined with the rose plots (Fig. 4c) suggests that the 8.3 s interface is associated 

with some contrast in anisotropy, which is consistent with observations elsewhere of a contrast 

in anisotropy across a velocity discontinuity within the mantle lithosphere (e.g., Ford et al., 

2016; Wirth and Long, 2014). Next, we see an interface with an anisotropic contrast that is 

visible in the HD from the presence of significant energy in the k = 1 and k = 2 terms at 9.75-10 s 

(Figs. 5) and is associated with a small positive pulse at 9.75 s in the single-station stack (Fig. 

4a). The direction analysis suggests a plunging axis of symmetry around ~70/250, reasonably 
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consistent with the rose plot diagram (Fig. 4c). Lastly, a deeper negative arrival at 11 s, visible in 

the single-station stack (Fig. 4a) and the k = 0 term of the HD (Fig. 5), may also correspond to a 

mid-lithospheric discontinuity (MLD) or, alternatively, to the velocity drop at the lithosphere-

asthenosphere boundary (LAB). This interface appears to be dipping, with a dip direction of 

~33. The zero-time energy exhibits a polarity that fits well with the predictions from the 

transverse component RF energy for this 11 s interface. This inference may agree with the 

notion that the 11 s interface relates to the LAB; furthermore, it may be consistent with 

evidence from seismic tomography for the presence of a fast velocity anomaly thought to 

correspond to (possibly delaminating) lithosphere beneath LPAZ and the surrounding region 

(Ward et al., 2016). We emphasize, however, that converted waves at delay times of ~10 sec or 

greater may be difficult to resolve precisely with our method, due to the characteristics of the 

multitaper correlation RF estimator (Park and Levin, 2000; also see discussion in Ford et al., 

2016), so the interpretation of deeper interfaces must be done with some caution. 

    

4.2 CAUGHT stations in Bolivia 

The temporary CAUGHT deployment of broadband seismometers operated between 

2010 and 2012 in southern Peru and northern Bolivia (Fig. 1). We computed quasi-radial and 

transverse component RFs as a function of backazimuth (Fig. S3) and single-station binned 

quasi-radial component RF stacks for a subset of 17 CAUGHT stations deployed in a dense, 

roughly trench-perpendicular line (SW-NE transect) surrounding LPAZ station. Additionally, we 

computed HD analysis for these CAUGHT stations with a target depth appropriate for examining 

the Moho interface (Fig. S4). Subsequently, we also computed HD analysis for a subset of these 
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stations targeting a midcrustal feature visible in the single-station stacks, as described below. 

Because of the relatively short deployment time, the backazimuthal coverage we achieved in 

our analysis was substantially poorer than what we obtained for LPAZ (see Fig. 1b for an 

example at CAUGHT station CB28). Our analysis and interpretation strategy, therefore, focuses 

on whether we can identify some of the same interfaces (e.g., the Moho) beneath the CAUGHT 

stations as beneath LPAZ, and whether the inferred dipping and/or anisotropic characteristics 

of these interfaces are consistent or laterally variable across the transect. 

At 9 out of the 17 CAUGHT stations we analyzed, the single-station stacks show a clear, 

strong, positive pulse that varies between 5 to 8.5 s after the P arrival, which we interpret as 

the positive isotropic velocity change across the Moho. Beneath LPAZ, the Moho is associated 

with some combination of a dipping interface with a contrast in anisotropy, and/or the 

presence of anisotropy with a plunging symmetry axis either directly above or directly beneath 

the Moho (as discussed in section 4.1). In order to evaluate whether this pattern is consistently 

found across the CAUGHT dense line, we computed HDs surrounding the interpreted Moho 

depth for the subset of 9 CAUGHT stations that have clear Moho arrivals on the single-station 

stacks. Similar to our analysis for LPAZ, we stacked the non-constant terms of the HD analysis 

together to identify interfaces with a likely anisotropic component. This analysis reveals high 

amplitude in the k = 1 and k = 2 terms associated with the Moho interface for all 9 stations, 

suggesting that the contrast of anisotropy across the Moho is a robust feature that extends 

laterally along the CAUGHT line (Fig. S4). Our direction analysis shows changing symmetry axis 

orientations for the contrast in anisotropy across these interfaces, ranging from ~45/225 to 

~150/330 (Fig. 6a). Based on the HD direction analysis, it seems clear that there is lateral 
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variability in the geometry of the anisotropy in the deep crust just above the Moho, in the 

uppermost mantle just beneath it, or both. This, in turn, suggests lateral variability in the 

deformation geometry in the deep crust and/or uppermost lithospheric mantle along the 

CAUGHT array. 

In addition to the Moho interface, we also examined the CAUGHT RF gathers and the 

single-station stacks to look for evidence of other interfaces with persistent features along the 

array that may shed light on the anisotropic structure. Again, the relatively poor backazimuthal 

coverage precludes a detailed analysis. However, one notable observation is the presence of 

consistent mid-crustal feature, with a negative arrival around 2-3 s, at four of the CAUGHT 

stations located just to the south of LPAZ (CB26 through CB29). We computed the HD 

surrounding these target depths for these four stations (Fig. 6b); this analysis reveals general 

similarity (at 3 out of the 4 stations) between its anisotropic characteristics and tilt directions 

(between ~40/220 to ~55/235) and the pattern at LPAZ. This observation suggests that the 

anisotropic mid-crustal feature we infer beneath LPAZ may extend roughly 100 km to the south 

in a similar geometry.  

 

4.3 Station NNA, Peru 

Station NNA (Fig. 1) is deployed close to the coast, west of the Western Cordillera, north 

of the subducted Nazca Ridge, and within the Peru flat slab segment. Previous detailed analyses 

of shear wave splitting behavior beneath NNA (Eakin and Long, 2013; Eakin et al., 2014, 2015), 

as well as models for azimuthal anisotropy based on surface waves (Antonijevic et al., 2016), 

revealed evidence for multiple layers of anisotropy beneath this region. This inference can be 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 22 

further tested with RF observations, which combine the advantages of good lateral resolution 

as well as the ability to provide specific depth constraints on sharp anisotropic interfaces. 

Figures 7 and 8 show the results of our RF analysis beneath NNA, following the same plotting 

conventions described in section 4.1 for LPAZ. 

The quasi-radial component RFs beneath NNA (Fig. 7a) are complex, exhibiting two or 

three positive pulses between 2 and 6 s. Strikingly, there is a great deal of backazimuthal 

variability in the quasi-radial RF characteristics at these delay times, with some arrivals clearly 

visible within certain backazimuthal ranges and completely absent in others. This observation 

suggests that some aspects of the RFs may reflect heterogeneous structure (that is, out-of-

plane with respect to the PULSE dense line). Because of the complexity of the observations, it is 

unclear which one of these pulses is associated with the Moho of the overriding plate, although 

the later peaks (around 4 and 5s) fit better with previous interpretations of radial component 

RFs that included common conversion point (CCP) stacking (Bishop et al., 2017). The single-

station quasi-radial RF stack (Fig. 7c) illustrates a clear positive peak at 4 s; on the other hand, 

the HD displays a clear positive peak at 5 s (Fig. 7e) (The difference between the single-station 

stack and the HD may relate to the different target depth in the HD migration). Our preferred 

interpretation is that the 5 s peak represents the positive isotropic velocity change across the 

continental Moho, corresponding to an approximate depth of 50 km (based on the AK135 

velocity model). We further interpret the striking azimuthal patterns in the timing and 

amplitude associated with this arrival as reflecting a dipping Moho interface, which is also 

inferred from CCP stacked images presented in Bishop et al. (2017). The transverse component 

RFs (Fig. 7a), along with the rose plots (Fig. 7d), both illustrate a two-lobed polarity change 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 23 

around this time interval of the Moho, also suggesting a dipping interface. Furthermore, the 

zero-delay time on the transverse component RF exhibits a reasonable fit to the opposite 

polarity expected for an isotropic dipping interface. The HD model displays a larger amplitude in 

the sin() term for the 5 s interface, with little to no energy in the k = 2 term. The direction 

analysis suggests an estimated dip direction of ~70-80; this direction is close to the 

convergence direction between the Nazca and South American plates (e.g., Kreemer et al., 

2014). Near the 4 s time interval, the HD mostly exhibits energy in the cos() term, with smaller 

amplitudes in the k = 2 terms; taken together, this suggests an anisotropy contrast just above 

the dipping Moho interface. The direction analysis suggests an estimated tilt direction of 

~30/210. The observation of multiple interfaces near the base of the crust, with significant 

azimuthal variability in the character of both quasi-radial and transverse component RFs, 

suggest the presence of multiple anisotropic layers with complex geometries in the deep crust 

of the overriding plate. 

A clear positive pulse between 7.5 to 9.5 s after the P arrival, with a peak at 8.4 s, is also 

evident in both the quasi-radial component RFs (Fig. 7a) and the single-station stack (Figs. 8a) 

(the peak itself is visible most clearly in the single-station stack). We interpret this peak as the 

positive isotropic velocity change across the dipping slab oceanic Moho, again consistent with 

the interpretation of the stacked CCP images in Bishop et al. (2017). This time interval 

corresponds to ~80-85 km depth based on the AK135 velocity model. Both the transverse 

component RFs and the rose plot (Fig. 8b) show a clear 2-lobed pattern at this time interval, 

suggesting a dipping interface of the crust-mantle transition in the subducting slab, as expected 

from previous explorations of the slab geometry here (e.g., Antonijevic et al., 2015; Bishop et 
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al., 2017; Kumar et al., 2016). This inference is further supported by the zero-delay time arrivals 

on the transverse component RF that exhibit the opposite polarity expected for an isotropic 

dipping interface (Fig. 7a). Moreover, the HD (Fig. 8c) also shows a positive amplitude in the 

constant term at the time interval associated with the oceanic Moho interface, along with a 

positive k = 1 pulse mostly in the sin() term (with a much lower amplitude in the cos() term), 

strengthening the dipping interface inference. Our direction estimate from the HD analysis 

suggests that the interface associated with the subducting slab Moho has an estimated dip 

direction of ~65-70, agreeing well with the rose plot diagram and also generally consistent 

with previous results (Bishop et al., 2017). Interestingly, the k = 2 terms in the HD model show 

only very small amplitudes in this time range, suggesting that a contrast in anisotropy across 

the slab Moho (that is, a contrast between the oceanic crust of the slab and its underlying 

mantle lithosphere) is not required by the data. 

In addition to the prominent pulses associated with the inferred continental Moho and 

oceanic slab Moho, we also see evidence for additional interfaces represented by positive and 

negative pulses seen in the single-station stack (Fig. 9a) and in the k = 0 term of the HD (Fig. 10), 

as well as high energy peaks in the stacked non-constant terms. The mid-crustal features 

include three interfaces, starting with a small negative pulse at 1.25-1.8 s after the P arrival that 

is visible in the single-station stack (Fig. 9a) and k = 0 term of the HD (Fig. 10). This arrival is also 

associated with significant energy in the k = 1 terms. The HD analysis and rose plot (Fig. 9b) at 

1.25-1.8 s delay time fit well with a dipping interface with a dip direction of ~150-160, with no 

need to invoke an anisotropy contrast. The zero-delay time energy on the transverse 

component RF for this 1.25-1.8 s interface does not exhibit the opposite polarity expected for 
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an isotropic dipping interface; however, it is clear that there are multiple dipping interfaces 

(including both Mohos) beneath NNA, and any zero-time energy from these interfaces likely 

undergoes interference. The second intracrustal interface is an isotopic velocity change visible 

as a positive arrival at 2.2 s in the single-station stack and the k = 0 HD term (Figs. 9a, 10). This 

interface is not associated with a clear anisotropic signal; while a mix of two-lobe and four-lobe 

polarity changes may be present, the patterns are not particularly clear, and there is a fairly 

substantial component of the RF signal that is unmodeled by the HD expansion (Fig. 10). The 

last intracrustal interface (at t = 3-3.3 s) shows high energy in the stack of the non-constant 

terms, and is associated with significant energy in both the k = 1 and k = 2 terms (Fig. 10). Both 

the HD and the rose plot (9b) suggest that this peak is associated with either a mixture of a 

dipping interface with anisotropy or anisotropy with a plunging symmetry axis; our direction 

analysis suggests a tilt direction of ~34/214. 

A clear, strong negative pulse is apparent on the quasi-radial component RFs (Fig. 7a) 

between the two inferred Moho arrivals (that is, the overriding plate Moho and the subducting 

slab Moho), which suggests a drop in velocity within the mantle wedge. In the backazimuthal 

gather, the peak of this negative pulse moves between 6.5 and 7.5 s, whereas the single-station 

stack shows a clear peak at 6.8 s (Fig. 9a). Our HD analysis reveals a moderate anisotropic signal 

with more energy in the k = 2 terms, suggesting a horizontal anisotropic contrast with 

symmetry axes oriented at ~35/135 (Fig. 10). An inspection of the rose plots reveals a mix of 

two-lobe and four-lobe polarity changes (Fig. 9b). A second (perhaps related) interface at t = 7.5 

s is revealed only by the presence of significant energy in both the k = 1 and k = 2 terms in the 

HD (Fig. 10). The HD suggests that this peak may be associated with anisotropy with a plunging 
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symmetry axis, whereas the rose plot show a clear 4-lobe pattern (Fig. 9b); our direction 

analysis suggests a tilt azimuth of ~50/230. 

Lastly, we see two more negative arrivals after the arrival from the oceanic slab Moho; 

these arrive at delay times of 9.6 and 12 s after the direct P arrival. It is likely that one of these 

corresponds to the velocity drop across the base of the subducting slab, but at these relatively 

large delay times associated with these interfaces, caution must be exercised in their 

interpretation. Each of these arrivals seems to have a component of anisotropy associated with 

them, visible in the rose plots and HD (Figs. 9b, 10). Direction analysis for the interface at 9.6 s 

suggests a tilt of ~145/325; at t = 12 s, the azimuthal pattern is too complicated to extract a 

robust direction estimate.  

 

4.4 PULSE stations in Peru 

The temporary PULSE deployment consisted of 40 broadband seismometers, which 

operated between 2010 and 2013 in southern Peru. We computed RFs (Fig. S5) and single-

station quasi-radial RF stacks, along with HD analysis, for a subset of 11 of these stations (Fig. 1) 

that made up a dense linear transect stretching from station NNA outside Lima to the northeast 

across the Andes. As with the CAUGHT data, the relatively short deployment times mean that 

the azimuthal coverage is poorer than at permanent station NNA, but we investigated whether 

major interfaces beneath NNA seem to persist across the PULSE dense line, and whether their 

anisotropic characteristics change across the transect. Unfortunately, the azimuthal coverage 

for PULSE stations is generally even poorer than for CAUGHT stations, due to the global 

distribution of seismicity in our epicentral distance range of interest (Fig. 2, S5). 
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This generally poor azimuthal coverage, and the complex character of the interfaces 

inferred beneath permanent station NNA, made it difficult to identify interfaces whose 

anisotropic and/or dipping characteristics could be tracked across the dense PULSE array. The 

exception to this was the subducting slab Moho, which is visible on the quasi-radial RFs at NNA, 

with a clear dipping component, and which we were able to trace across a portion of the PULSE 

transect. Specifically, for 6 out of the 11 PULSE stations we analyzed, both the single-station 

stacks and the k = 0 term of the HD (Fig. S6) show a clear positive pulse between 8 to 10 s after 

the P arrival, which we interpret as being due to the oceanic slab Moho. Interestingly, the 

corresponding transverse component and our direction analysis based on the HD (Fig. 11) for 

these PULSE stations show similar characteristics and dip directions (between 50 to 80) as 

those for NNA. This may suggest that the slab Moho dips to the northeast beneath these 

stations; on the other hand, the HD model of the PULSE stations shows some energy in the k = 2 

terms (in contrast to NNA), perhaps indicating some contrast in anisotropy (Fig. S6). 

 

5. Discussion 

5.1 Complex crust and upper mantle anisotropy beneath Peru and Bolivia 

Our analysis of structure beneath both LPAZ and NNA focused on identifying peaks of 

energy visible on the single-station stack, as well as considering the constant and non-constant 

terms in the HD model (following Ford et al., 2016). The latter approach helps to identify 

interfaces with isotropic contrast in velocity, along with dipping and anisotropic interfaces, in a 

more straightforward way than visual inspection. For both LPAZ and NNA, most of the peaks 

inferred from the non-constant HD terms corresponded to peaks in the constant term (and/or 
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in the single-station stack), which suggests that the interfaces we identified mostly represent 

co-located isotropic and anisotropic contrasts. Beneath both stations, we see evidence for 

multiple dipping and anisotropic interfaces, including layered anisotropy within the crust, 

particularly at station LPAZ. Although the temporary station data are sparse, they do express a 

few of the features inferred beneath the long-running stations. A simplified cartoon diagram of 

the layered structure in the crust and upper mantle that we infer from our analysis beneath 

southern Peru and northern Bolivia is shown in Fig. 12.  In general, our results highlight the 

remarkable complexity of the crust and upper mantle structure beneath the subduction zone in 

South America, as discussed in further detail below. 

 

5.2 Comparison with previous results: RF studies  

Beneath LPAZ, we observed and described the continental Moho and seven additional 

interfaces (Fig. 12a). Our inferences can be compared with results from a previous study by 

Ryan et al. (2016), who calculated RFs to investigate crustal thickness beneath the Central 

Andean Plateau using data from CAUGHT and LPAZ. Their results show the continental Moho 

beneath the CAUGHT transect as an interface whose depth varies from ~40 km to nearly ~80 

km, with an approximate depth of ~60-70 km beneath LPAZ. These depths are consistent with 

our estimates. The two-dimensional CCP stack of Ryan et al. (2016) along the CAUGHT dense 

line (their Fig. 5) suggests that the Moho dips gently to the SW.  Our orientation calculation for 

LPAZ estimated a tilt azimuth to the ESE-WNW. The contrast between this direction and the dip 

direction inferred by Ryan et al. (2016) may strengthen the inference from the rose plot 

together with the HD direction analysis that the k = 1 terms reflect a plunging axis of 
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anisotropy, rather than an isotropic interface dip direction. Furthermore, our CAUGHT single-

station RF stacks reveal a shallower Moho to the NE of LPAZ (in agreement with Ryan et al., 

2016), and our HD analysis suggests that this Moho interface is associated with a contrast in 

anisotropy. Our direction analysis shows changing axis of tilt for the contrast in anisotropy 

across the CAUGHT line, implying a lateral variation in the geometry of anisotropy in either the 

lowermost crust, the uppermost mantle, or both. Therefore, we interpret the LPAZ Moho as 

involving a plunging axis of anisotropy whose geometry changes laterally along the CAUGHT 

dense line. This adds important insight into the spatial variation in anisotropy that goes beyond 

previous insights into Moho geometry gleaned from the CCP stack of Ryan et al. (2016).  

In addition to the Moho, Ryan et al. (2016) observed a complex layered structure within 

the crust beneath the CAUGHT dense line (their Fig. 5). They note two major upper crustal 

interfaces: a shallower one associated with a prominent positive arrival, and a deeper one 

associated with a negative arrival. They suggested the positive arrival corresponds to the top of 

basement rocks below a basal fault at approximately ~10 km depth. The negative arrival was 

interpreted by Ryan et al. (2016) as the top of a low velocity zone (LVZ) starting at ~20 km 

depth; this feature is most strongly visible beneath the Eastern Cordillera, but is also visible 

beneath LPAZ. These two interfaces may correspond to our positive and negative arrivals at 1.2-

1.5 s and 2.2 s beneath LPAZ. If this is correct, then our analysis suggests that each of these 

interfaces may be associated with a strong contrast in seismic anisotropy, in addition to an 

isotropic velocity contrast. Additionally, our CAUGHT dense array analysis identifies a crustal 

anisotropic feature, associated also with a negative arrival on the single-station quasi-radial 

stack, at around 2-3 s that seems to have a similar anisotropic signal as the 2.2 s LPAZ interface 
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(Fig. 6b). We suggest that this anisotropic mid-crustal feature may extend NE-SW for roughly 

100 km surrounding LPAZ in a similar geometry, a wider extent than identified by Ryan et al. 

(2016). 

Beneath NNA, we observed and described the continental Moho, the oceanic 

subducting Moho, and eight additional interfaces (Fig. 10b). A recent study by Bishop et al. 

(2017) applied a similar methodology as Ryan et al. (2016) to the computation and stacking of 

RFs beneath southern Peru, using data from PULSE and NNA. Their analysis clearly reveals the 

continental Moho beneath PULSE dense transect (their Fig. 3, see cross-section C-C’) at a depth 

of ~40 km near the coast to ~60 km depth beneath the Eastern and Western Cordilleras. The 

CCP image of Bishop et al. (2017) suggests a continental Moho beneath NNA that dips to east 

and is at a depth of ~40-45 km depth, consistent with our findings (Fig. 7). Bishop et al. (2017) 

also indicate that the continental Moho arrival beneath the forearc is diffuse and low-

amplitude, suggesting a complex or gradational interface. This suggestion is consistent with our 

observation of complicated RFs with multiple peaks whose amplitude vary substantially with 

backazimuth, as well as the likely presence of anisotropy (Fig. 7, 12b). Furthermore, Bishop et 

al. (2017) estimated that the Nazca plate’s subducting oceanic Moho lies around 80 km depth 

beneath NNA and that the distance between the continental Moho and the oceanic Moho is 

around 40 km at this region. These interpretations are consistent with our results (Figs. 7-8). 

In addition to the Moho arrivals, Bishop et al. (2017) also observed complex intracrustal 

structure above the continental Moho, as well as an inferred velocity drop (corresponding to a 

negative arrival) between the base of the continental crust and the subducting slab. The 

intracrustal complexity beneath the PULSE line documented by Bishop et al. (2017) also finds 
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expression in our analysis, including our inference of a shallow crustal interface (at ~1.2 s) with 

a dip that is apparently unrelated to the slab dip or convergence direction, a positive phase at 

2.2 s that may include a component of anisotropy, as well as a clear anisotropic interface at ~3 

s. The apparently complicated morphology of these interfaces, and their anisotropic nature, 

may indicate complex crustal deformation. The deeper negative arrival that we observe 

(between the continental Moho and the slab) may correspond to the top of a slow velocity 

layer described by Dougherty and Clayton (2014); Bishop et al. (2017) also documented a 

negative arrival that seems to be associated with this layer. Finally, the late converted phases 

that we document at 9.6 and 12 s may be related to structure beneath the subducting slab; 

specifically, Scire et al. (2016) documented slow velocity anomalies just beneath the flat slab in 

our study region.   

 

5.3 Comparison with previous results: seismic anisotropy 

A recent shear wave splitting study by Long et al. (2016) yielded evidence for significant 

anisotropy within and beneath the subducting oceanic Nazca plate beneath LPAZ and the 

CAUGHT array, along with somewhat weaker anisotropy in the mantle wedge and overriding 

plate above the slab. While shear wave splitting observations lack precise depth resolution, the 

interpretation of Long et al. (2016) is that much of the SKS splitting signal may be due to 

relatively deep upper mantle anisotropy, to which our RF analysis is not sensitive. The 

significant scatter in local S splitting measurements documented by Long et al. (2016) indicates 

significant heterogeneity in the anisotropic structure of the mantle wedge and/or the 

overriding plate, consistent with our inferences of multiple layers of anisotropy in the crust and 
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upper mantle. A comparison between their local S splitting map around LPAZ and the 

anisotropic symmetries related to our ~5.4 and ~8.3 s interfaces (linked to the continental crust 

and the mantle wedge, respectively), show some similarities, with nearly trench-parallel 

directions dominating (Fig. 7 in Long et al., 2016).  As discussed in Section 3, the k = 2 term 

contains azimuthal phase information on the orientation of azimuthal anisotropy symmetry 

axis. In the presence of a single anisotropic layer next to an isotropic layer, these orientations 

can be easily compared to the splitting data, but for a multi-layered anisotropic structure the 

comparison is less straightforward (Ford et al., 2016; Long et al., 2017). 

Beneath the Peru flat slab segment, seismic anisotropy of the crust and upper mantle 

has been investigated through studies of shear wave splitting (Eakin and Long, 2013; Eakin et 

al., 2014, 2015) and surface wave tomography (Antonijevic et al., 2016). These studies all point 

to the presence of complex, multi-layered anisotropy; however, they lack depth resolution (in 

the case of shear wave splitting) or have relatively coarse lateral resolution (in the case of 

surface wave-based models). Our RF results provide complementary constraints to previous 

work on seismic anisotropy beneath Peru, and in particular do a much better job of 

characterizing anisotropy within the crust of the overriding plate than other methods. 

Eakin and Long (2013) conducted a thorough investigation of frequency-dependent 

shear wave splitting beneath NNA, and suggested the presence of (at least) two anisotropic 

layers. The upper layer is likely either above or within the slab and displays a trench-oblique (to 

trench-subparallel) fast orientation, while the lower layer is likely beneath the slab and displays 

a trench normal fast orientation. These layers may contribute to the anisotropic characteristics 

of some of our inferred interfaces (specifically those at 6.8 s, 9.6 s, and/or 12 s) (Fig. 9 in Eakin 
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and Long, 2013). Eakin et al. (2014) analyzed shear wave splitting from local S phases beneath 

the PULSE array and suggested that a likely source of the anisotropy sampled by their data is 

the mantle wedge material between the overriding continent and the subducting slab. They 

further correlate this mantle wedge anisotropy with the upper layer suggested in the two-layer 

model of frequency-dependent SKS splitting beneath NNA (Eakin and Long, 2013). We suggest 

that the anisotropic interface visible on our RF gathers at a delay time of 6.8 s and/or 7.5 s may 

correspond to either the top or bottom of this layer. In any case, our results suggest that there 

are more than two anisotropic layers beneath NNA. A comparison between our RF results 

beneath Peru and the azimuthally anisotropic Rayleigh wave phase velocity maps of Antonijevic 

et al. (2016) reveal some qualitative similarities, in that there is some variability in fast 

orientation with period beneath NNA and the surrounding region. However, a direct 

comparison between the two types of observations is difficult, because phase velocity maps at 

individual periods average structure over a depth range that depends on period. 

 

5.4 Layered crustal anisotropy beneath the Andes: Implications for crustal deformation during 

orogenesis 

 A significant finding of this study is the presence of multiple interfaces within the 

continental crust whose characteristics require a sharp gradient in seismic anisotropy with 

depth, particularly beneath LPAZ in northern Bolivia. Our finding of complex, multilayered 

anisotropy within the thick Andean crust is consistent with recent observations of strong radial 

anisotropy in the mid-crust beneath the Andes (Lynner et al., 2018) and similar to recent 

observations in other modern orogenic settings, including the Tibetan Plateau (Liu et al., 2015) 
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and Taiwan (Huang et al., 2015), and in ancient orogens such as the Appalachians (Long et al., 

2017). Specifically, Liu et al. (2015) applied anisotropic RF analysis to stations in Tibet and found 

evidence for similarly complex anisotropy; they invoked viscous flow in the middle-to-lower 

crust, along with a contribution from the SPO of metamorphic fluids, as an explanation for their 

observations. Huang et al. (2015) applied ambient noise tomography of crustal structure to 

data from Taiwan and found evidence for a sharp change in anisotropy with depth in the mid-

crust (~10-15 km), suggesting a change in the geometry of crustal deformation with depth 

associated with compression, shortening, and mountain building. Long et al. (2017) found 

evidence for layered crustal anisotropy beneath seismic stations in the Appalachian Mountains 

and pointed out similarities between these structures and those in modern orogens.  

Taken together with these recent studies, our results beneath the Andes point to 

complex deformation of the entire crustal column during the mountain building process, with 

sharp vertical gradients in the geometry of deformation, the mechanism for anisotropy, the 

rheology of the crust, or a combination of these. Given recent and ongoing progress in our 

understanding of how to relate deformation to anisotropy in various crustal mineral 

assemblages (e.g., Almqvist and Mainprice, 2017; Brownlee et al., 2017), observations of 

layered crustal anisotropy in orogenic settings may eventually lead to a detailed and 

quantitative understanding of how deformation is accommodated throughout the crust during 

orogenesis. In the specific context of the Andes, our finding of significant anisotropy throughout 

the crust, likely including its deepest portions, may lend support to the idea of pervasive crustal 

deformation as a mechanism for crustal thickening (e.g., Eichelberger et al., 2015; Lynner et al., 

2018). While our observations suggesting that anisotropy is distributed across a range of depths 
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within the crust are consistent with this idea, it is also true that our observations require the 

presence of sharp contrasts in anisotropy with depth, which suggests the possible presence of 

localized features such as shear zones.  

  

5.5 Towards the integration of multiple constraints on anisotropy beneath Peru and Bolivia 

 The RF analysis presented in this study establishes unequivocal evidence for the 

presence of layered anisotropy within the crust and uppermost mantle beneath southern Peru 

and northern Bolivia. Our analysis constrains some structural features such the depth of dipping 

and anisotropic-contrast interfaces, along with some information about the orientation of the 

dip direction or the anisotropic symmetry axes. This type of analysis, however, does not provide 

the precise geometry of anisotropy within each layer (for additional discussion of this point, see 

Ford et al., 2016). Specifically, our analysis does not resolve whether the upper layer, lower 

layer, or both layers surrounding an interface are anisotropic. Detailed forward modeling of 

receiver function data that explicitly considers the anisotropic geometry of each layer is 

feasible, but highly non-unique (e.g., Wirth et al., 2017). Our results, therefore, should be 

viewed in the context of the full suite of seismic observations that can constrain seismic 

anisotropy at depth. Different methodologies for observing seismic anisotropy, including shear 

wave splitting, surface wave tomography, and anisotropy-aware RF analysis, are 

complementary and provide different resolving power, both laterally and with depth. Further 

progress on characterizing the three-dimensional distribution of seismic anisotropy in complex 

regions such as Peru and Bolivia is likely to come via the integration, and hopefully eventually 

the joint inversion, of constraints from multiple methods of measuring anisotropy (e.g., Yuan 
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and Levin, 2014). Abundant observations of seismic anisotropy beneath Peru and Bolivia are 

now available, including results from this study and from previous work (Antonijevic et al., 

2016; Eakin and Long, 2013; Eakin et al., 2014, 2015; Long et al., 2016). Furthermore, there is 

potential to add additional observations from analyses such as Pn tomography (e.g., Buehler 

and Shearer, 2010) or Love-to-Rayleigh wave scattering (e.g., Rieger and Park, 2010) applied to 

PULSE and CAUGHT data. This region of the South American subduction zone is thus poised for 

future progress on the joint interpretation of multiple observations to untangle its complex 

anisotropic structure.   

 

6. Summary 

We carried out anisotropy-aware RF analysis using data from southern Peru and 

northern Bolivia, including permanent stations NNA and LPAZ and stations from the PULSE and 

CAUGHT temporary deployments. We computed radial and transverse component RFs as a 

function of backazimuth, and we also carried out visual inspection of transverse component RF 

rose plots and harmonic decomposition modeling. We identified the Moho of the continental 

upper plate (and, beneath Peru, the Moho of the subducting slab) and found evidence for 

laterally variable, multi-layer anisotropy, as well as dipping interfaces, underneath both regions. 

Our results are generally compatible with previous RF studies in the region, but our 

consideration of transverse component RFs and their variation with backazimuths adds 

important spatial information to previous isotropic RFs analysis. Our documentation of multiple 

layers of anisotropy within the crust, particularly beneath LPAZ, lends support to the idea of 

pervasive deformation of the entire crustal column during orogenesis, and is similar to 
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observations in other modern and ancient orogenic systems. While our analysis cannot 

completely characterize the geometry of anisotropy within each layer of the crust and upper 

mantle, the combination of constraints from anisotropy-aware RF analysis with other methods 

of measuring anisotropy, including shear wave splitting and surface wave tomography, holds 

potential for future detailed modeling of the three-dimensional distribution of anisotropy 

beneath Peru and Bolivia.   
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Highlights 

 Receiver function data constrains seismic anisotropy at depth in Peru and Bolivia. 

 Variable, multi-layered anisotropy is present in the crust and upper mantle. 

 Anisotropy changes with depth, reflecting changing deformation and/or mineralogy. 

 Pervasive deformation of the entire crustal column during orogenesis. 
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