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ABSTRACT 

 

The first part of this project uses teleseismic PP waves whose midpoints most densely 

populate the area between 10° S and 15°S. Seismic profiles at those two latitudes allow 

us to make interpretations regarding subsurface features from the Nazca Plate, across the 

Peru-Chile Trench and beneath the Andean Province. This project uses earthquake data 

from 1990-2016. Stacks reveal a discontinuity in the 60-90 km depth range across the 

Nazca plate, Peru-Chile Trench, and Andean Province. This is interpreted as the Hales 

discontinuity. Further east beneath the Amazon Basin, the continental Moho is observed 

in depth ranges of 30-50 km. We interpret a lithosphere-asthenosphere boundary (LAB) 

at 190-200 km depth across the trench beneath the Andes that may be the basement of a 

LAB transitional zone. 

The second part of this project uses receiver function (RF) data to study features in 

southern latitudes of the South American continent near receiver stations. Two phases of 

RFs are used: Ps and Sp. Ps processing includes an innovative Wavefront Iterative 

Deconvolution (WID) method to isolate phases of interest. Ps results reveal that previous 

works are probably scattered, misinterpreted data. Despite this, a shallow 410-km 

discontinuity is observable in flat slab regions of the continent; alternatively, the 410-km 

discontinuity is deeper in non-flat slab regions. Sp stacks are also sparse but show an 

observable Moho at 80 km depth beneath the Andes and a LAB of 120 km depth; this 

may be the beginning of the LAB transitional zone.  
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CHAPTER I 

 INTRODUCTION 

 

Receiver function studies have long served as a geophysical tool to model Earth 

structure using teleseismic data near receiver stations by examining time and amplitude 

data to interpret earth structure. An increase in the number of stations worldwide along 

with more robust processing techniques allows us to see Earth structure in more and 

better detail than before. Alternatively, bounce point studies may complement an area 

with little to no receiver function population by recording teleseismic events whose 

bounce point occur in the area of interest and are recorded at nearby stations. The 

objective of this study is to examine major discontinuities in one of the most seismically 

active subduction zones in the world. The bounce point method improves models of Earth 

structure by using more data coverage than ever before and a 3D velocity model rather 

than a 1D model to calculate more accurate travel time data. Likewise the receiver 

function method in this study uses more data but also employs an Wavefront iterative 

deconvolution (WID, for Ps phases) that separate Ps phases from reverberations thereby 

reducing ambiguity in interpretation.  Both of these methods are used to model Earth 

structure of the western coast of South America, including the subducting Nazca plate 

and the overlying South American plate.  

 

Geologic Background of South America 

 



                                                            Texas Tech University, Andres Corredor, August 2017  
	

	 2	

Past geophysical studies have focused on the South American continent due to high 

seismic activity as a result of the subducting Nazca Plate into the South American plate 

(Meijer 1992). Figure 1.1 shows the South American content as well as the area that will 

be examined in this study.  

 

 
Figure 1.1 View of South America – the area inside the dashed rectangle represents the study area 

 

The Andean Orogeny and the Peru-Chile Trench 

 

The Andean orogeny (Figure 1.2) is an ongoing orogeny along the western margin of 

South America since the break up of Rodinia in the Neoproterozoic (Ramos 2009). Early 

activity of the Andean orogeny is characterized by rifting and extensional tectonic 

activity as well as the emplacement of large batholiths, which is linked to the subduction 
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of cold oceanic lithosphere (Charrier 2007). However, in the Late Cretaceous younger 

oceanic lithosphere is thought to have begun subducting beneath South America in an 

oblique direction that altered several parallel faults along the subduction zone (Hoffmann 

Rothe 2006). This study focuses on the northern Andes. Structurally, the northern Andes 

coincide with a subsiding flat slab region (Gregory Wodzicki 2000) where the Mérida 

Andes were uplifted in the Neogene during inversions of normal faults following a 

collision of an inland arc system during the Paleogene (Ramos 1999).  

 

 
 
 

 
Figure 1.2 After Wodzicki (2000) – map of South America showing 
the Andean orogeny as a result of the subducting Nazca plate. Red 
circles represent the location of the Peru-Chile trench and dashed line 
the end of the Andean mountain range 
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The Peru-Chile Trench is a convergent boundary that delineates the edges of the 

subducting Nazca plate and the overlying South American plate. The Nazca plate is 

relatively young and has a history of producing large earthquakes as it subducts under 

southern Chile. 

 

The South American Plate 

 

The South American Plate is bounded on the east by the Mid-Atlantic Ridge, a 

divergent boundary. The western boundary is the subduction zone of the underlying 

Nazca plate while the onshore part of the plate that comprises central and northern South 

America contains various shields, sedimentary basins, and cratons. Features of note in the 

South American plate include the Guyana and Brazilian shield, the São Francisco and 

São Luis craton, and the Amazon basin (Figure 1.3).  

The Guyana and Brazilian shields are divided by the Amazon graben and contain 

many shear-sided formations known as tepuis, cerros, massifs and sierras (Lujan 2011). 

The main periods of growth of the Brazilian shield were in the Archean, Early 

Proterozoic and mid Proterozoic with greatest growth at the end of the Early Proterozoic 

Trans Amazonian Orogeny (Cordani 1988). The Guyana shield experienced cycles of 

epeirogenic uplift since its formation in the Paleoproterozoic when the region was 

initially exposed resulting in elevated erosional surfaces (Lujan 2011). The São Francisco 

craton, originally formed in the Paleoproterozoic, is made up of blocks of Archean 

basement separated by sedimentary basins and continental margins with granitic 

intrusions, and was later fragmented in the Jurassic from Gondwana leaving it in South 
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America (Alkmim 2001). The São Louis craton is also considered to be a fragment left in 

South America after the break up of Gondwana; the craton contains Phanerozoic 

basement rocks (Klein 2005). 

 

       Figure 1.3 After Chulick et al. (2007), geologic provinces of South  
       America 

 

The Nazca Plate 

 

The boundary between the Nazca Plate (Fig. 1.2 and 1.3), and the South 

American plate delineates the longest (7500 km) subduction zone in the world (Klotz et 

al. 2001). While relatively young (~ 23 Ma), the Nazca plate is a remnant of the Farallon 

plate that formed as a result of the break up of Pangea, which split into the Nazca and 

Cocos plate (Lonsdale 2005). The Nazca plate subducts beneath the South American 
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plate at the fastest rate on earth, at about 61 mm/yr (Norabueana et al. 1999). The Nazca 

plate contains two flat-slab regions that tear and deform as they are subducted (Barazangi 

and Isacks 1976). Crustal deformation in the overlying South American plate results in 

shallow earthquakes and slip along the dipping interface between the two tectonic plates, 

which generates interplate earthquakes at depths of 10-60 km.  

 

The Chile Triple Junction  

 

 The Chile Triple Junction (Fig. 1.4) is located on the Pacific Ocean floor where 

three plates meet: the Nazca, South American, and Antarctic Plates. The Chile triple 

junction is a trench-trench-ridge type junction in which the ridge, the Chile Rise, is 

subducted beneath the South American plate at the Peru-Chile Trench (Stein 2009). 

 

Figure 1.4 After Lewis (1998) the Chile triple junction located at the red circle is where the Nazca, 
South American, and Antarctic plates meet 
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The triple junction is the only active example of a ridge-trench collision in which the 

composition of the overriding plate is continental lithosphere (Fig. 1.5). Plate tectonic 

reconstructions suggest that the Chile rise (Fig 1.7) first collided with the Peru-Chile 

Trench about 14 million years ago near Tierra del Fuego, after which a long ridge 

segment was subducted between Tierra del Fuego and the Golfo de Penas between 10 and 

14 million years ago (Fig. 1.6 maps these locations). Later, another ridge segment was 

subducted adjacent to the Golfo de Penas 6 million years ago and finally another ridge 

segment subducted adjacent to the Taitao Peninsula about 3 million years ago (Lewis 

1998). This resulted in the present location of the Chile triple junction.  

 

 

Figure 1.5 After INSPIRE (2010) a cross section of the spreading center, subduction zone, and South  
American plate 
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Figure 1.6 map of the Taitao Peninsula, Gulfo de Penas       Figure 1.7 after INSPIRE (2010) showing  
and Tierra del Fuego the Chile Rise  relative to the Chile Triple   

Junction 
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CHAPTER II 

SUBSURFACE FEATURES OF INTEREST  

 

The interpretation of PP data in this study focuses on the crust and upper mantle, while 

the receiver function (RF) data includes features of interest down to depths of ~700 km. 

Features that are of interest include the Moho, the lithosphere-asthenosphere boundary 

(LAB), the 410 km discontinuity (410), and the 660 km discontinuity (660). Each will be 

briefly explained so we may draw comparisons to our data and interpretations.   

 

The Moho  

 

The Moho, or Mohorovičić discontinuity named after the Croatian seismologist who 

first discovered it, is the boundary that separates Earth’s crust and the mantle. It lies 

entirely within the lithosphere and is 5-10 km beneath the ocean floor, 20-90 km beneath 

most continental crust and has an average depth of 35 km (Monroe 2011). The boundary 

was first observed when Mohorovičić observed two P-wave arrivals (Figure 2.1), 

identifying the first arrival as having traveled in a high velocity layer (~7.7 km/s) and the 

second direct wave in a slower layer (5.6 km/s) (Stein 2009). The first layer is now 

recognized as the mantle, and the slower layer as the crust. The crust is not a uniform 

layer, it contains various layers and velocity gradients in certain areas therefore the Moho 

should not be viewed as the base of a homogenous crustal boundary, but rather as a 

boundary where velocities increase rapidly with depth to values above 7.7 km/s. One 

model divides the Moho into rocks of different chemical composition and another model 
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suggests the Moho as a phase boundary separating rocks with the same bulk chemistry 

but with different minerals (Stein 2009). The lower crust is believed to contain rocks of 

intermediate composition in the granulite facies, while the upper mantle is likely made up 

of peridotites. As a result, the Moho would be a compositional boundary. 

 

Figure 2.1 after Bonini and Bonini (1979), schematic of the travel 
time curves showing the existence of the crust and upper mantle.  
Direct waves are sub labeled g, and head waves n 

 

LAB (Lithosphere-Asthenosphere Boundary)  

 

The lithosphere-asthenosphere boundary (LAB) divides the rigid lithosphere from the 

underlying, liquid-like, flowing asthenosphere. The geothermal gradient across the two 

boundaries is a cause for changes in rheology; changes in the tectonic environment such 
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as oceanic or continental crust setting determine the depth of the boundary. Generally 

speaking, the LAB ranges from 50-140 km in depth beneath oceanic crust and 90-100 km 

below continental crust (Rychert 2005). Rychert and Shearer (2009) analyzed a global 

view of the LAB using P-to-s converted phases and correlated varying depths for 

different environments.  A depth of 95-100 km was observed beneath Precambrian 

shields and platforms, 81-83 km beneath tectonically altered regions and 70-75 km at 

oceanic island stations. Despite wide variations the LAB is most observed between 60 to 

110 km depth (Rychert 2009). Figure 2.2 shows a global overview of the LAB using Ps 

phase studies conducted by Rychert and Shearer (2009). Grad et al. (2014) studied the 

LAB beneath the Baltic shield, concluding that 3D models are required to differentiate 

possible anisotropy with respect to a velocity model.  

 

Figure 2.2 After Rychert (2009) a global overview of the LAB using phase studies. Tectonic regions 
are: black – oceanic; red – Phanerozoic orogenic zones and magmatic belts; cyan – Phanerozoic  
platforms; green – Precambrian shields and platforms 
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410-km Discontinuity 

 

The 410 km discontinuity is globally observed in all seismological data and is 

recognized as a velocity increase, marking the upper limit of the mantle transition zone. 

Underside reflection studies have determined a sharp velocity increase of 3% followed by 

a linear increase of 3.5%; moreover the 410 km discontinuity must be at the very least 5 

km thick locally (Melbourne 1998). Thicknesses vary depending on tectonic settings, 

typically by a factor of 10; Vidale (1995) observes the thickness of the 410 between 2-4 

km in spreading centers in the Indian Ocean while Priestley et al. (1994) at 35 km under 

the central Eurasian craton. Chambers et al. (2005) used PP and SS precursors to map a 

topographic model of the 410 km discontinuity on a global scale (Figure 2.3). 

Chemically, the boundary represents a phase change from α-olivine to β-wadsleyite and 

is consistent with lab experiments accounting for temperature, pressure, and water. 

However, recent results have shown that the presence of water causes the phase change to 

occur at lower pressures, along with the presence of other chemical variations (Chambers 

et al. 2005).  
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Figure 2.3 after Chambers et al. (2005), A shows 
a PP precursor model, B an SS precursor model  
and C a joint model. Negative values indicate an  
elevated discontinuity 
 

 

MTZ (mantle transition zone)  

 

The transition zone extends from the 410 km discontinuity to the 660 km 

discontinuity. This part of the mantle is globally recognized but it is the least affected by 

chemical and thermal properties of the overlying lithosphere and asthenosphere or the 

underlying mantle core boundary. A series of solid-state phase changes occurs in the 

transition zone where olivine undergoes several transformations before converting to 

perovskite (Stein 2009). Pyroxene transforms to garnet, and at greater depths the calcium 
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component of garnet transforms to a perovskite structure (Stein 2009). The β-wadsleyite 

phase that occurs at the 410 km discontinuity undergoes a transformation to a γ, or spinel, 

structure called ringwoodite at elevated pressures (~15 GPa) (Stein 2009).  

The phase changes resulting in higher density polymorphs that occur at the 410 define 

a jump in P-wave velocity in the transition zone (Stein 2009). Studies by Cammarano et 

al. (2005) and Smith and Frost (2002) suggest P-wave velocities on the order of ~9 km/s 

to ~10.2 km/s in the transition zone. Figure 2.4 shows velocity structure as well as a 

density profile as a function of depth. Figure 2.5 shows the mineralogical phase changes 

for the 410 discontinuity.  

 

Figure 2.4 after Cammarano et al. (2005), Vp and density profiles for 99 pyrolite models compared with 
velocities of AK135 (short-dashed gray line), isotropic PREM (long-dashed dark gray line), and oceanic 
and continental models of PEM-O (medium dashed gray line) and PEM-C 
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Figure 2.5 After Weidner and Wang (2000), phase diagram across  
the 410. Three different phase diagrams are shown at A: an isotherm, 
B: along a geotherm and C: along a higher temperature geotherm 
 

 

660-km Discontinuity 

 

The 660 km discontinuity marks the lower boundary of the mantle transition zone 

where pressures increase and γ-spinel breaks down to a perovskite structure and 

magnesiowustite. Long period precursor data have resulted in profiles suggesting a 6-7% 

jump in S-wave velocities at the 660 (Karato et al. 2000), and short period PP precursors 
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constrain the 660 to be sharper than 2km (Xu et al. 2003). Receiver function studies have 

noted multiple conversions in the 660 as a result of non-olivine mantle components 

(Simmons and Gurrola 2000).  

Using synthetic modeling, velocity structures with both a sharp 660 and an enhanced 

gradient were observed on a global scale by Deuss and Andrews (2008). Deuss and 

Andrews studied the 660 using receiver functions that were not limited to a subduction 

zone, in contrast to many past studies. Figure 2.6 shows a world map view of receiver 

function results depicting signal strength of the 660 globally. Figure 2.7 shows an S-wave 

velocity model at the 660 where Vs jumps from ~5.5 km/s to ~6.1 km/s. Figure 2.8 shows 

mineralogical phase changes across the 660. Finally, Figure 2.9 shows a general 

overview of discontinuities and their mineralogical phase changes. 

 

Figure 2.6 after Deuss and Andrews (2008), a map view of receiver function observations at the 
660. Large circles: 1 peak, 2 peaks on both frequency bands; triangles: 2 peaks on high frequency 
data; inverted triangles: complex structure on low frequency data; pluses: miscellaneous signal.  
Size of symbol scaled to main peak amplitude 
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Figure 2.7 after Deuss and Andrews (2008), an S-      Figure 2.8 after Deuss and Andrews (2008) phase  
wave velocity model of the 660 based on AK135        diagram across the 660 
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Figure 2.9 after Ringwood (1979) an overview of the major discontinuities and their mineralogical  
phase change 
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CHAPTER III 

 DATA, PROCESSING AND METHODOLOGY 

 

Introduction 

 

The data in this study is split into two parts, bouncepoint data using PP phases, as well 

as receiver function data using Ps and Sp phases. 

 

PP Bouncepoint Data and Processing 

 

For the first part of this study, we are using underside PP bounce point data to interpret 

discontinuities. PP bounce points are where a P-wave bounces off of the underside of 

seismic boundaries at the midpoint between the source and receiver and are useful for 

areas wit little coverage. Overall, this technique is most effective for mapping large-scale 

earth structure. Because the bouncepoints are underside reflections, reflections deeper 

discontinuities arrive earlier than those from shallower discontinuities thereby avoiding 

the interference from reverberations that plague RFs (Figure 3.1). 
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Figure 3.1 modified after Bai et al. (2012), diagram of underside reflections off of major discontinuities 
arriving at a receiver. The resulting seismogram will show the deepest discontinuities as the first arrivals 
and the time delays are a result of when the next major discontinuity arrives 

 

Figure 3.2 shows PP bounce point data distribution in our study area of South America 

extending across to the Atlantic Ocean before processing. To use data with an acceptable 

signal to noise ratio and to avoid interference, we only accepted events that: 

1) Occurred in a great circle arc greater than 60 degrees from source to receiver 

2) Had a magnitude of 5.8 or greater 
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Figure 3.2 (top) bouncepoint data and (bottom) bouncepoint data in the area of interest 

 

Because the raw data downloaded from IRIS contains many phases, we cut the data in 

a time window to include only PP phases and precursors cut from 180 seconds before the 

PP phase to 90 seconds after. We then apply a Gaussian filter to remove high frequency 

phases as well as noise that is a result of scattering near a source. The data may then be 

sorted into different bins based on their signal to noise ratio in which: 

1) “High” signal to noise ratio is 3.0 and greater 

2) “Medium” signal to noise ratio is 1.5-3.0 

3) “Low” signal to noise ratio is less than 1.5 
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Quality Control 

 

After the data is sorted, we manually view every trace in the “High” SN group to 

assure the timing of the PP arrival, and that it is free of interference from other phases. If 

30 traces from the high signal-to-noise group for an event weren’t acquired, we moved on 

to the medium signal to noise bin until 30 “good” traces were identified for that event. 

Once we had our reference set of good events, we cross correlate all traces from that 

event with the reference set. Any trace that had a correlation coefficient of 0.55 or larger 

with at least 3 “good” events was used in our interpretation.  

 

3D Raytracing 

We raytrace through a 3D velocity model (LLNL-G3DV3 by Simmons et al. 2012) to 

compute travel times and midpoints for a phase of interest and convert the time delays in 

these PP functions to depth.  

The deconvolution of oceanic data will have ghost phases shallower than the real 

phase due to a large ocean bottom phase that acts as a false source in which there is a 

smaller time difference between the ocean floor and ocean surface. As a result there are 

two phases for each discontinuity at these locations; one from the true depth to the ocean 

surface and one from the true depth to the ocean floor. We aim to remove the shallower 

phase by removing the ocean floor phase from the source function by: 

 

We do this by:  
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1) Producing a synthetic PP response function by raytracing through a model with 

an ocean depth equal to the ocean depth at the bouncepoint of the data 

2) Deconvolving the observed PP waveform by the synthetic response function 

 

As a result both phases collapse to the proper depth.  

 

Beamforming  

 

The beamforming method is a tool used to improve the signal-to-noise ratio and 

enhance frequency content. The basic idea behind beamforming is that signals from a 

single event recorded at geophones within a certain radius are aligned and stacked to 

enhance the waveform at the central station. The beaming radius at the receiver station is 

twice that of what it would be for the bounce point, as a result we expect overlap between 

stations given a certain radius, which smooths the structure with respect to the beam 

radius. Using this method, a beamed seismogram is calculated for each event receiver 

pair. Figure 3.3 illustrates the beamforming of stations. Figure 3.4 shows the large-scale 

relationship between mid points and beamed stations.  
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Figure 3.3 after Rogers (2013), illustration of how beamforming groups together stations within  
a certain radius, treating them as single receiver stations 
 

 
Figure 3.4 illustration of bouncepoints grouped at half the radius of beamed receiver stations 
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Simultaneous Iterative Deconvolution 

 

Seismograms are viewed as the convolution of a source with earth structure (Figure 

3.5). The result of convolution is a trace in which the source wavelet corresponds to 

spikes in a reflector series with appropriate amplitudes. However, if the time between 

spikes corresponding to boundaries is shorter than the duration of the wavelet, 

interference and noise may distort the signal. In order to interpret true earth structure, we 

can reverse the process of convolution, using deconvolution to remove the source and 

extract the reflector series and thus true earth structure. Convolution in the frequency 

domain is written as the product of the Fourier transform of the wavelet and the reflector 

series: 

𝑆(𝜔) =𝑊(𝜔)𝑅(𝜔) 

 

Where 𝑆 𝜔 is the seismogram with precursors,W 𝜔  is the PP phase, and 𝑅(𝜔) is the 

PP function. Deconvolution becomes a simple expression in the frequency domain by 

dividing the Fourier transform of the seismogram by the PP phase: 

 

𝑆(𝜔)/𝑊(𝜔) = 𝑅(𝜔) 
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Figure 3.5 after Kearey et al.  (2013) where a reflection seismogram is  
viewed as the convolution of a source wavelet with a reflector series  
representing earth structure 
 

We can iteratively apply this deconvolution method (Ligorría and Ammon, 1999) to 

build the function pulse by pulse. We perform the following Time-Domain Iterative 

Deconvolution developed by Huang et al. (2015): 

 

1) The data is cross correlated by a source function that is extracted from each 

seismogram 

2) Resulting cross-correlations are aligned and move out corrected to include 

different ray parameters or azimuths in a stacking bin defined by the midpoint 
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3) Stack cross correlation functions 

4) Build a function pulse by pulse by detecting the time delay and amplitude for the 

largest peak 

5) Produce a set of synthetic seismograms by convolving the source function (PP-

phase) and the estimated PP-function 

6) Calculate a seismogram that should represent true earth structure by subtracting the 

synthetic seismogram (made in step 5) from the observed one 

7) Iterate steps 1-6, for 80 iterations 

 

Stacking allows us to minimize noise in our data. We stack the data in step 3 in every 

iteration of the deconvolution.  

 

Ps and Sp Receiver Function Processing 

 

Receiver functions are earth response functions to various phases (e.g. Ps and Sp) that 

are a result of waveforms propagating through earth structure recorded at seismic 

stations. The receiver function (RF) method has many similarities to the bouncepoint 

method in the preprocessing; however, the important difference is that bouncepoint data 

analyzes rays that have “bounced” off of an interface (in this study a midpoint) and travel 

as a turning rays recorded at a receiver away from an area of interest. The energy that is 

recorded to calculate receiver functions comes from P and S waves that have converted 

some of their energy to create Ps waves and Sp waves, respectively (Figure 3.6).  

 



                                                            Texas Tech University, Andres Corredor, August 2017  
	

	28	

 

 
Figure 3.6 after Rondenay et al. (2016), a simple schematic of how waves are converted into different 
phases across a boundary 
 

Like the PP data, the RF data is downloaded from IRIS and selectively cut to the 

phases we are interested in. For the Ps phases we cut 30 seconds before and 150 seconds 

after the P arrival; for the Sp phases we cut 120 seconds before and 90 seconds after the 

arrival.  

After cutting the data, we rotate the north-south, east-west, and vertical (Z) 

components into the radial (R), tangential (T), and Z components. Next, we low pass 

filter our data at 8 Hz with a Gaussian filter and high pass filter are data with a .02 Hz 

filter. We can then calculate the RFs that are to be analyzed and further processed. To do 

this, we use deconvolution (the same mathematical process described for PP 

bouncepoints) to isolate Ps phases by deconvoling the radial by the vertical and vice 

versa for the Sp RFs (Langston 1979). In the case of Ps receiver functions, for each event 

we deconvolve the radial component by the vertical component; for Sp the opposite 

components are deconvolved.  Next, we can manually choose what RFs are not adequate 

for further processing.  
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Preface 

 

The preprocessing steps for bouncepoint and RF data are similar, and again there is 

some similarity for the rest of the processing workflow. However, there is a one step 

difference between the processing of the Ps and Sp phases for the present study. While 

processing of the S phase follows conventional processing steps, the P phase uses an 

innovative phase specific WID developed Ainiwaer and Gurrola (2017) that separates Ps 

phases from reverberations thereby reducing ambiguity in interpretation. Figure 3.7 

provides a workflow of both the Ps and Sp RF. The steps in this flowchart are expanded 

in the following sections. 

 
Figure 3.7 flow chart of the processing steps for Ps and Sp RF phases 
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Quality Control 

 

The quality control step is similar to that of the bouncepoint method. After rotation 

and applying the appropriate filters, each receiver function (single event deconvolution) 

is manually checked for low signal-to-noise ratios, weak arrivals, arrivals with the 

incorrect polarity, or arrivals with interference from other noise sources. Figures 3.8 

shows the receiver stations used to gather Ps and Sp data.  

 

Figure 3.8 station coverage for Ps and Sp phases where Ps phases are 
recorded on white and solid stations, Sp phases are recorded on white 
colored stations only 
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Simultaneous Deconvolution 

 

While deconvolution was previously used for each event in order to calculate RF to 

manually QC, the same method may be used in order to remove the source response and 

obtain the earth response to analyze time and amplitude information and ultimately 

subsurface features. However, instead of applying deconvolution event by event, we 

group recordings from small source regions for each station and perform simultaneous 

deconvolution (Gurrola et al. 1995) on this event cluster. While in terms of the flow chart 

this step only affects the Sp RF, the Ps RF that involves the WID incorporates the same 

method within its separate process. The WID will refer back to this section. 

While the phase or wave energy that is recorded by a receiver station is different for a 

bouncepoint compared to an Sp phase, the phenomenon of the earth response convolving 

with a source function is the same (refer to figure 3.5). Once again, our goal is to separate 

the earth response from our source. Langston (1979) provides the mathematical 

representation of how deconvolution works for receiver functions. Component 

measurements from a seismogram 𝐷, for an incoming phase wave may be expressed as 

follows: 

 

𝐷! 𝑡 = 𝐼 𝑡 ∗ 𝑆 𝑡 ∗ 𝐸! 𝑡  

𝐷! 𝑡 = 𝐼 𝑡 ∗ 𝑆 𝑡 ∗ 𝐸! 𝑡  

𝐷! 𝑡 = 𝐼 𝑡 ∗ 𝑆 𝑡 ∗ 𝐸! 𝑡  
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Where the different subscripts represent the vertical, radial, and tangential responses of 

the seismogram as well as the earth function, 𝐸, which is being convolved with 𝐼 and 𝑆, 

the instrument response and the source function, respectively. We use simultaneous 

deconvolution to extract the earth response. In the frequency domain, 𝜔, this may be 

expressed as: 

 

𝐸! 𝜔 = 𝐷! 𝜔 /𝐼 𝜔 𝑆 𝜔  

 

𝐸! 𝜔 = 𝐷! 𝜔 /𝐼 𝜔 𝑆 𝜔  

 

Along with simultaneous deconvolution, a water level was used to “pre-whiten” very 

small values and stabilize the deconvolution to successfully calculate a receiver function 

(Ammon 1991).  A water level of .005 Hz worked best for Sp receiver functions.  

 

 

Wavefront Iterative Deconvolution (WID) 

 

The WID used on Ps phases aims to reduce most ambiguity in interpretation, by 

eliminating phases that interfere with Ps phases, mostly in the mantle portion of the 

lithosphere (Ainiwaer and Gurrola, 2017). This filter is essentially two methods at work: 

using simultaneous deconvolution with an H-K analysis performed on a wave field rather 

than individual seismograms by calculating and isolating differences in moveout curves 
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from different phases across a wavefront. As a result, phases that are not of interest drop 

out.  

 

Depth Conversion 

 

To obtain meaningful, interpretable results we must convert time and amplitude 

information from our RFs into depth to identify velocity discontinuities. To do so we 

raytrace through the IASP91 1-D velocity model from source to receiver to obtain depth 

data. 

 

Stacking 

 

Finally, we may stack the RFs for the two separate phases of interest to enhance 

signal-to-noise ratio and increase resolution for interpretation. We do this by back 

projecting the RF from time delay to depth, latitude and longitude. The bins are defined 

by latitude, longitude, and depth to stack the RFs. 
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CHAPTER IV 

RESULTS OF PP BOUNCEPOINT DATA and RFs 

 

PP Bouncepoint Results  

 

We examine two profiles across the subduction zone that contains the most 

continuous, coherent stacked arrivals. Profile A-A’ is at a latitude of 12° S while B-B’ is 

at a latitude of 15° S. Figure 4.1 shows the location of these two profiles. 

 

Figure 4.1 stacked data where the A to A’ line represents 12° S and B to B’ represents 15° S. Color bar 
represents ray density in an area 
 

Results at the Hypothesized Flat Slab Region  

 

The A to A’ and B to B’ profiles are of interest because they are in the flat slab region 

of the Andean subduction zone. Moving eastward, the profile covers the Brazilian shield 

and Amazon basin. 
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Figure 4.2 shows the A to A’ profile on Figure 4.1 and suggests a number of 

noticeable arrivals, Figure 4.3 shows these arrivals as a wiggle plot. A strong, positive 

arrival observed on these profiles at a depth of 60-70 km begins at about 2100 km off the 

coast of Peru. This continuous arrival deepens as it moves towards the coast and reaches 

its maximum depth of 85-90 km beneath the Andes. We believe this is indicative of a 

deep Moho beneath the Andes. 170 km further to the east, we then see both a shallow 

arrival at depth of ~45-50 km and deeper arrival at a depth of 90-100 km. The shallow 

positive arrival is interpreted to be the continental Moho beneath the Amazon basin. The 

deeper arrival is interpreted to be the Hales discontinuity that is observed in the 60-90 km 

depth range.  

A negative arrival close to 200 km in depth is observed 2000 km off the coast and 

represents the basement of a transitional Lithosphere-Asthenosphere boundary (LAB). 

The LAB does not appear to change in depth beneath the trench although it seems to 

deepen some beneath the Andes, then stays at a consistent depth of ~200 km across the 

Amazon basin.  
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Figure 4.2 A to A’ profile with noted arrivals of interest 

 

Figure 4.3 wiggle plot of A to A’ profile with noted arrivals of interest 
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The B to B’ line (Figure 4.4) is the southernmost line produced from PP data that may 

be analyzed with confidence in the area of shallow subduction. Similar to the A-A’ line, 

this profile has a strong, positive arrival beginning at 50 km depth at about 2000 km from 

the southern coast of Peru. As it leaves the Nazca plate and encounters the Peru-Chile 

trench at 78° W the arrival reaches its maximum depth of ~95 km at the trench. We 

interpret this arrival again to be the Moho beneath the trench but it shallows significantly 

to the east of the Andes (circled in magenta. While there is less continuity in the deeper 

Hales arrival, we still see its presence between 60° W and 55° W. The observations for 

both of these profiles demonstrate highly variable crustal structure across the subduction 

zone. 

 
Figure 4.4 B to B’ profile with noted arrivals of interest 
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RFs Results - Preface 
 
 

This section will outline the results of the RF data for both the Ps and Sp phases. RF 

images are of lower quality compared to the PP images due to poor station coverage. RF 

results have been published in the past (Lloyd et al. 2010, Phillips et al. 2014) but new 

data and new methods (WID) used for this study should enable us to improve the 

resolution of RF stacking. Finally, including the RF data in this study complements the 

bouncepoint coverage into the flat slab portion of the subduction zone by imaging the 

non-flat slab region. Figure 4.5 shows a trace map of data abundance for Ps RF. 

 
Figure 4.5 trace density for Ps phases – color bar represents number of traces per cell 
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Ps RFs 

 

Ray population is densest between the mid-20° S to mid-30° S latitudes (see Figure 

4.5). Figures 4.6 and 4.7 show RF profiles for these latitudes that are characteristic of 

areas with the most abundant ray coverage. It is difficult to interpret geologic features 

due to the poor data quality; shallow arrivals are very limited and often non-existent 

across the Peru-Chile trench. However, we can interpret 410 km discontinuity beneath 

both the flat slab and non-flat slab regions of the Andean province. Figure 4.8 

demonstrates dipping behavior beginning past the Peru-Chile trench beneath the Andes 

and Amazon basin. 

 

Figure 4.6 Ps RF profile at 31° S 
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Figure 4.7 Ps RF profile at 43° S 

 

Figure 4.8 Ps phase profile at 21° S showing a dipping 410  
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Sp RF 

 

The Sp data is sparse simply due to a small range of great circle arc (60° to 75°) 

of the events available for this phase as well as the low data quality from several of the 

available stations. Sp arrivals are precursors so reverberations do not result in false 

arrivals as they might in Ps RFs, however arrivals that may be the Moho or LAB are flat 

and show little variability. A map of the distribution of piercing points for the Sp phases 

used in this study (Figure 4.9) shows that latitudes near 38° S and lower have the largest 

number of traces. Figures 4.10 and 4.11 show cross sections at 39° S and 54° S, 

respectively. Here we can see that there is no data before the Peru-Chile trench and only 

beneath the Andes. In both profiles we see a negative arrival near ~80 km depth across 

the Andes which may represent the Moho. While the PP data found a 90 km deep Moho 

beneath the Andes, positive arrivals at ~120 km depth may represent the beginning of a 

transitional LAB.  
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Figure 4.9 plot of trace density in Sp RF data – color bar represents number of traces  

. 

Figure 4.10 Sp RF profile at 39° S   
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Figure 4.11 Sp RF profile at 54° S   
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CHAPTER V 

DISCUSSION OF RESULTS 

 

Interpretation of PP bouncepoint Data – Preface 

 

Before discussing the bouncepoint interpretations, it is worth mentioning that the data 

is not as abundant as was initially expected. Deeper arrivals such as the 410 and 660 did 

not have strong, interpretable arrivals. Moreover, the most noticeable arrival, the Hales 

discontinuity, is a discontinuity that is not often observed in the literature. Our 

interpretation will explain why other, more common interpretations would not be suitable 

for this arrival.  

  

Interpretation of A-A’ and B-B’:  Hales and Continental Moho 

 

Figure 5.1 shows the interpreted Hales and continental Moho arrivals for the B-B’ 

profile. They appear strong beneath the Peru-Chile trench, Andes and Amazon basin 

where anything west of the trench is the Nazca plate. The shallower arrival that appears 

beneath the Amazon basin is interpreted to be the continental Moho. Figure 5.2 shows a 

depth map of the interpreted continental Moho in which most Moho depths fall within the 

normal range of 30-50 km depth that we expect to see beneath continental crust. The 

continental Moho arrival only spans longitudes of 63° W to 54° W. We interpret the 

Moho to the deeper, positive arrival further west of 63° W and beneath the Andean 

mountain range (Lloyd et al. 2010 observe it at those depths in this same area). We do not 
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expect to see an oceanic Moho in the Nazca plate at depths larger than ~10 km (Monroe 

and Wicander 2011) and we interpret the positive, continuous arrival west of the Andes 

to be the oceanic Hales. Moreover, it is possible that the negative arrivals in the top 50 

km depth are masking Moho arrivals in the Nazca plate until. Further east of 54° W the 

data is ringy and les coherent, so the mantle beneath this part of the continent is difficult 

to interpret with confidence 

 
Figure 5.1 interpreted behavior of the continental Moho and Hales discontinuity   

 
Figure 5.2 depth map of the continental Moho   
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~2000 km off of the coast of Peru, we see a 55 km depth phase beneath the Nazca 

plate. The Hales appears to reach a maximum depth of 90-100 km beneath the Peru-Chile 

trench. Further to the east this arrival becomes less coherent in the longitudes between the 

Andean mountain range and the Amazon basin, however it is observable between 60° W 

and 54° W in the Amazon basin at a depth of 95-100 km. Figure 5.3 shows a depth map 

of the Hales discontinuity across the subduction zone and into the continent. While the 

occurrence of the Hales in this area is not present in the literature, Wood et al. (1996) 

observed it in oceanic regions and Green and Hales (1968) in continental regions where P 

wave velocity increases are about 3.2%.  

 

Figure 5.3 depth map of the Hales   
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This interpretation of the Hales is also supported by eliminating other possible 

explanations for this strong arrival. We may confidently rule out a mid-lithospheric 

discontinuity, which is usually imaged as a velocity decrease (Selway et al. 2015, Karato 

et al. 2015, Tharimena et al. 2016). Previously, we explained why it is unlikely that this 

continuous, deep arrival is an oceanic Moho where we would expect shallower depths in 

oceanic regions. Finally, we may rule out that this arrival is the subducting slab beneath 

the South American plate. Figure 5.4 shows a zoomed in profile of the top 300 km 

between 100° W and the edge of the Amazon basin. The black points represent depths to 

earthquakes between 11° S and 16° S. These earthquake depths allow us to constrain the 

Benioff zone, the zone of seismicity corresponding to a down-going slab in a subduction 

zone (Stein 2009). This trend of earthquake depths does not follow the trend of our 

positive arrival. Eakin et al. (2013) uses shear wave splitting to model the slab at the 

same latitudes, corroborating the presence of the Benioff zone.  

 

Figure 5.4 zoomed in cross section of first 300 km depth of the interpreted B to B’ profile. Black dots 
represent depths of earthquakes that constrain the Benioff zone between latitudes of 11° S and 16° S 



                                                        Texas Tech University, Andres Corredor, August 2017 
	

	 48	

 

Figure 5.5 Eakin et al. (2013), (left) shows 3D ray path geometry in northern and central Peru that covers 
the flat slab region while (right) shows southern Peru where there is steeper subduction in the non-flat slab 
region 
 

Interpretation of A-A’ and B-B’:  LAB 

 

The negative arrival in the range of 180-200 km depth is interpreted as the LAB. 

Figure 5.6 shows the interpreted lines for the A-A’ profile, and Figure 5.7 shows the 

depth map of the interpreted LAB. The LAB begins at ~2000 km offshore from Peru at a 

depth of 190 km with little depths fluctuation before encountering the Peru-Chile trench, 

however immediately after there is some deepening to about 200 km depth beneath the 

Andes. Moving across the continent beneath, the Amazon basin, the LAB remains at the 

200 km depth. While the interpretation of the LAB is somewhat deeper than normally 

expected, we can support the interpretation by mapping S-wave velocity perturbations 

(Figure 5.8), which shows low temperatures beneath the area at 200 km depth and are 

indicative of a deep lithosphere. 
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Figure 5.6 interpreted LAB A-A’ 

 

Figure 5.7 depth map for the interpreted LAB 
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Figure 5.8 S-wave velocity perturbation map to the LAB 

 

The S-wave velocity perturbation map demonstrates that in most regions of our area of 

interest, we observe faster velocities that correspond with colder temperatures and a 

depressed LAB. Dotzer (2015) used RFs and SS bouncepoint data to locate a negative 

LAB arrival that while slightly shallower than the LAB identified here, it is similar to the 

depths we find for the LAB. Figure 5.9 shows Dotzer’s interpretation of the LAB arrival 

at 125 km depth. The difference in his results and ours could be attributed to the 

difference in the P and S wave velocity models used for depth conversion (1D vs. 3D). 

Tassara et al. (2006) use a 3D density model to constrain the geometry of the subducting 

Nazca slab into the South American plate by modeling Bouguer anomalies across the 

subduction zone. The LAB depths found by Tassara et al. (2006) and our PP results differ 

in depths by about 20 km at northern latitudes and 50 km in southern latitudes (Figure 

5.10). A 10% difference in depth between seismic and gravity modeling is not that large. 
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Figure 5.9 after Dotzer (2015) – interpretation of the LAB using SS bouncepoints  

 
Figure 5.10 after Tassara et al. (2006), LAB interpretations using gravity models 

 

Ainsworth et al. (2014) observe the LAB as a transitional layer that spans a depth 

range from 110 km to almost 200 km implying that the LAB is a transitional zone rather 

than a sharp velocity gradient at a single depth. Moreover, a layer of strong anisotropy 
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observed across the Pacific Ocean by Nettles and Dziewoński (2008) in the 100 to 200 

km depth range can be considered a transitional layer similar to the transitional LAB 

proposed by Ainsworth et al. (2014). This may explain why studies such as Dotzer (2015) 

and Tassara et al. (2006) find slight differences in LAB depths compared to this study. As 

a result we interpret that the ~190 km depth LAB in this study is the base of this 

transition zone.  

 

RF Results and Discussion  
 

The RF results also show a lack of data and poor data quality of arrivals of interest. 

New processing techniques are a large reason for this, and those results are discussed. For 

the few areas that are interpretable, we discuss behaviors of the Moho, LAB, and 410. 

Dotzer (2015) interpreted RF in the region but we will revisit the Ps RF work, this 

time including new data collected over the last two years and using new processing 

methods (WID) that separate Ps phases from reverberations to produce more interpretable 

images. I will present a comparison of the results by Dotzer’s study and this one. Then, 

the difference between pre and post WID profiles will be presented. Figures 5.11 and 

5.12 show the Dotzer comparisons without the WID.   
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Figure 5.11 (top) Ps RF profile at 14° S for this study (bottom) vs. Dotzer (2015) at the same latitude 

 

 

Figure 5.12 (top) Ps RF profile at 18° S for this study (bottom) vs. Dotzer (2015) at the same latitude 
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Figures 5.13 and 5.14 show the images produced along the same line of latitude for 

this using standard RF imaging and WID imaging, respectively. Figures 5.13 and 5.14 

shows that the WID image bears little resemblance to older processing results. The older 

images have significant interference with reverberations that can be confused for Ps 

phases. The WID RF images are noisy and phases observed are coherent in only a few 

regions (bottom profiles of Figures 5.19-5.22). However, these results lead us to believe 

that the older RF results are likely stacking ambiguous reverberations and scattered 

energy so these results from the older style of imaging are not reliable.   

 

 

Figure 5.13 (top) Ps RF profile at 14° S for this study (top) pre-WID and (bottom) post-WID 
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Figure 5.14 (top) Ps RF profile at 33° S for this study (top) pre-WID and (bottom) post-WID 

 

After manually searching through every line of latitude, there was enough data to 

make a 410 km interpretation on both the flat slab and non-flat slab regions of the South 

American plate. Figure 5.15 is a profile in the non-flat slab region and shows the 410 

slightly deeper than expected immediately east of the Peru-Chile trench, and dipping 

behavior beneath the Andes and Amazon basin. The most continuous part of this arrival 

occurs beneath the Andes, and appears again beneath the Amazon basin. Figure 5.16 is 

the depth map for the 410 picks and, for the few areas of coverage we see a deeper 410 in 

areas of non-flat slab subduction and a shallower 410 in areas of flat slab subduction. 

This agrees with the Eakin et al. (2013) model, which images the dip of the slab.  
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Figure 5.15 Ps RF profile at 21° S. This non-flat slab region shows a dipping 410 

 
Figure 5.16 depth map of Ps RF picks for the 410. Non-flat slab regions show a deeper 410 and flat slab 
regions a shallower 410 
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RF Results and Discussion – Sp Phase 
 
 

Figure 5.17 shows a profile with interpreted picks for a Moho and LAB for the Sp data 

set. Here, we expect reversed polarities on phases as compared to how they would appear 

on Ps RFs. For example, negative amplitudes on Sp RFs represent a velocity increase and 

positive ones a velocity decrease. Sp profiles only had data immediately east of the Peru-

Chile trench underneath the Andes.  

The Moho at 80 km depth is observed beneath the root of the Andes is similar in depth 

to those we observed in PP functions. The LAB is interpreted to be at a depth of ~120 

km, and falls within the depth range hypothesized for a transitional LAB previously 

discussed in the PP bouncepoint section. S-wave velocity perturbation data (Figure 5.18) 

of faster velocities and colder temperatures suggests that the LAB should be more 

depressed than interpreted, however this may be the beginning of the transitional zone 

that spans up to 100 km. Figure 5.19 shows these interpretations in the form of depth map 

picks where all the data falls in the Andean province.  
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Figure 5.17 Sp profile at 41° S with interpreted picks  

 
Figure 5.18 S-wave velocity perturbation map to the interpreted LAB showing percent increases as lighter 
colors.   
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Figure 5.19 depth map for the (left) interpreted Moho and (right) LAB 
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CHAPTER VI 

CONCLUSIONS 

 

Below is a summary of the conclusions of recognized phases conducted by PP 

bouncepoint studies in the flat slab region (Peruvian flat slab) of the subducting Nazca 

plate into the South American plate as well as Ps and Sp receiver functions used to 

characterize the non-flat slab part of the subduction zone south of the B-B’ profile.  

 

• PP bouncepoint results suggest a Moho in the range of 60-90 km depth across 

the subduction zone 

• PP bouncepoint results found an 80-90 km deep Hales discontinuity beneath the 

Amazon basin 

• The continental Moho is observable beneath the Amazon basin at depths of 30-

55 km depth 

• PP bouncepoint studies image continuous negative arrival representing the 

LAB that is ~190 km deep. This may be the base of a LAB transitional zone 

that is a result of an anisotropic layer 

• While the innovative WID isolates “real” Ps phases, the WID results leave little 

data to interpret. This means that interpreted features in previous work are 

probably misstacked, scattered energy rather than “real” Ps phases 

• The interpretable data for the Ps phase RFs suggests slightly deeper 410 in the 

non-flat slab region compared to shallower depths in the flat slab region  
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• The Sp results indicate a Moho at 80 km depth beneath the Andes and a LAB at 

120 km depth which may be the beginning of the LAB transitional zone 
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