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ABSTRACT 

Teleseismic waves have been used to investigate mantle and crustal structure 

beneath recording stations and near the source of the earthquake, but investigations of 

structure at the turning and bounce points have only focused on the mantle.  

The focus of this thesis is to model oceanic crust to determine the velocities and 

thicknesses of layers 1, 2A, 2B, and 3 using teleseismic P-to-P bounce points. We used 

recordings of PP data that record structure as precursors to invert for models of typical 

oceanic crust. The inversion algorithm used raytracing to produce delta function 

synthetics convolved with PP source function, which was estimated by beam forming 

data from the same events as the ocean data but with bounce points on land, as the 

forward model.  The inversion technique then employs a genetic algorithm to minimize 

misfits between the synthetics and observed seismograms. Before applying this method to 

real data, we produced a reference synthetic based on a velocity model of a hypothetical 

oceanic crust and tested the inversion algorithm by modeling this synthetic. Modeling of 

the synthetics suggests that the inversion will be most sensitive to the sediment layer 1 

and extrusive layer 2A.   

This PP-precursor inversion was then applied to real seismic data from an area 

approximately 400 km south of a region off the coast of Lima, Peru. We inverted for the 

thickness of layers 1, 2A, 2B, and 3. We also inverted for the P-wave velocity of each of 

these layers and the mantle. Results from seven nearby seismic refraction profiles were 

available for comparison to our results. Although the refraction results were not in the 

same region, they are located on crust of similar ages, lithology, and regional settings.  
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The layer thicknesses we found are in the range of 0.22 to 0.39 km for sediment 

layer 1, 1.46 to 1.92 km for layer 2A, 1.96 to 2.46 km for layer 2B, and 6.12 to 6.91 km 

for layer 3. P-wave velocity ranges are 2.0 to 2.2, 3.8 to 4.5, 5.6 to 6.1, 6.0 to 6.1, and 

8.47 to 8.5 km/s for layers 1, 2A, 2B, 3, and the mantle half space, respectively. The 

velocities we found are similar to those modeled by the nearby refraction study, but our 

estimates of the thickness of layer 2A are much larger than those found by the refraction 

work. The refraction profiles were shot 400 km to the north and our study area was very 

close to the Nazca Ridge, a volcanic hotspot seamount chain. Other studies found that 

layer 1 and 2A are typically thicker than in “generic” abyssal oceanic crust. We estimated 

a larger than likely thickness for layer 3, but testing with synthetics indicated that we 

would be most sensitive to the thickness of the top two layers. 
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CHAPTER I 

INTRODUCTION 

The oceanic crust comprises approximately 60 percent of Earth’s surface but is 

relatively unexplored as compared to continental crust. What we know of oceanic crust is 

that it tends to have less variation than continental crust and has a thickness on the 

average of 7 km (White & Klein, 2014). Oceanic crust is also much younger than 

continental crust, with the oldest known age for oceanic crust just over 200 million years. 

New crust forms at mid-ocean ridges at different rates depending on the location, and 

these spreading rates affect composition, layer thickness, and crustal structure (Bown and 

White, 1994; Cannat et al., 1995; Canales and Detrick, 2003; Holness and Richter, 1989; 

Mutter and Mutter, 1993). A more detailed look at oceanic crustal structure shows that it 

is a 4- to 5-layered system of rock with different velocities, thicknesses, textures, and 

densities.  

Ophiolite sequences, which are sections of oceanic crust that have been uplifted, 

exposed, and emplaced on continental crust, offered first insight to the structure of 

oceanic crust (Dilek and Furnes, 2014). The sequence of layers of the oceanic 

lithosphere, as first determined by ophiolites, are sediments, pillow and lava flows, 

sheeted dikes, and layered gabbro and are referred to as Layer 1, Layer 2A, Layer 2B, 

and Layer 3, respectively. While slight differences in composition and structural features 

exist, ophiolites provide a very close analog to in situ oceanic crust (Figure 1.1). 

Layer 1 is a sediment layer formed away from the spreading ridge system. Layer 

2 is subdivided into layers 2A, 2B, and depending on the author, 2C. Layer 2A consists of 

basaltic lava flows and pillow lavas that are fed through a system of dikes from the layer 
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below. Layer 2B is a thicker layer of minor flows and sheeted dikes that feeds the 

overlying basalt layer through faults in the rock. Layer 2B has similar composition, but 

very different texture than that of 2A. Layer 2C is not reported by most authors because it 

tends to be similar in velocity to layer 2B, and is too thin to be distinguishable from layer 

2B (Anderson et al., 1985). In our modeling, we will include layer 2C as the lower 

portion of 2B. Layer 3 is a massive gabbroic layer and constitutes the majority of the 

oceanic crust, and it is largely composed of mafic and ultramafic rocks (mostly 

peridotite).  

Deep-sea sediment layer 1 is the uppermost and typically the thinnest layer of the 

oceanic crust.  Layer 1 sediments have been key contributors in determining 

paleoclimate, relative sediment species abundance, sediment accumulation rates, and 

even location of radioactive waste disposal (Herguera and Berger, 1991; Weaver et al., 

1987). Broecker et al. (1958) determined an inverse relationship between deep-sea 

sedimentation rates of both carbonate and clay fractions and extent of glaciations using 

14C/12C ratios and temperature variations on the ocean surface. The thickness of layer 1 is 

dependent on and reflective of bathymetry, the age of crust, paleo-sedimentation rates, 

and region. A method to remotely map the thickness of this layer can, therefore, 

contribute to the understanding of past plate motion and climate.  

Studies of layer 2A have been used to determine ages of oceanic crust as well as 

ages and orientations of Earth’s magnetic reversals (Houtz and Ewing, 1976). Thickness 

of the basaltic layer 2A is heavily dependent on two properties: the parent mid-ocean 

ridge’s spreading rate and distance from the ridge axis. When a spreading center diverges 

at high spreading rates (>8 cm/yr), layer 2A tends to be thinner, while it is thicker for 
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slower spreading rates (Carlson, 1998; Grevemeyer and Weigel, 1997; Hooft et al., 1996; 

Houtz and Ewing, 1976; White and Klein, 2013).  

With the development of sonar and later reflection seismology methods, 

knowledge of the seafloor expanded from bathymetric information to eventually 

determining thicknesses, velocities, and layering of the crust. High-resolution reflection 

seismology methods are currently used to determine physical properties of ocean crustal 

layers, but active source techniques are costly and cover only a small percentage of 

Earth’s oceanic crust. Many oceanic seismic studies have been conducted in thick 

sedimentary basins in relatively shallow water (less than 2 km) with the intent of 

receiving economic return. Owing to the large size of ocean basins and limited economic 

value from collecting data from such areas, seismological information on deep-sea crustal 

structure is sparsely available. Active-source seismic studies of oceanic crust have 

generally been confined to ridges and near subduction zones. Seismic reflection and 

refraction investigations of the abyssal plain are lacking (Figure 1.2).  

 Teleseismic events are recorded by seismometers in areas with low background 

noise and use distant (events greater than 30° from the station) earthquakes as sources 

(Douglas, 1981; Pomeroy et al., 1982). Because PP bounce point studies show that the 

ray path must pass through the lithosphere twice, we can only use data from stations with 

distances to earthquakes greater than 60 degrees (Figure 1.3). Those bounce points that 

reflect against oceanic crust inherit geologic information regarding crustal properties that 

can be used to model the crust at the bounce point (Shearer, 2009). 

Duncan (2012) noticed that arrivals for 410 and 520 km discontinuities in images 

produced from PP bounce point data appeared approximately 15 seconds earlier than 



Texas Tech University, Tyler Goodell, August 2016 

 

4 

expected with a second phase at the correct depth that was found to be a ghost multiple 

from the water-rock interface at the ocean bottom. By building a simple oceanic crust 

model, Duncan (2012) constructed a synthetic seismogram and deconvolved the model 

with the source function to remove the ocean-water layer effect on the PP source 

function. These models were based on known oceanic depths at the bounce point and an 

assumed generic layer 1 and layer 2B. In some locations this worked well, but in many 

locations the shallow “false arrival” was reduced in amplitude (or possibly reversed in 

amplitude). The functionality of this method and also those locations where the assumed 

model was insufficient lead us to believe that enough signal in the PP bounce point data 

exists to model the oceanic crust at the bounce points.  

Even though we compare our modeled velocities, densities, and thicknesses with 

results from previous studies, the purpose of this thesis is to develop a method to invert 

for layer thicknesses and velocities of oceanic crust by modeling PP waveforms. Recent 

work has shown that beam forming the dense array data now available has made it 

possible to produce PP data with greater frequency content than has previously been 

used. These model parameters (layer velocity and thickness) will not be as high 

resolution as active source methods, but will give initial estimates that will improve the 

understanding of large areas of the oceanic crust and provide first order knowledge that 

can be used to plan higher resolution, but costly active source projects.  By beamforming 

PP bounce point data, we have the frequency content to render our waveform modeling 

technique of the oceanic crust plausible.  

To develop the method and test it against known structure, we will start by 

modeling synthetics produced from hypothetical oceanic structure. After an extensive 
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review of previous studies of layer velocity, density, and thickness of oceanic crust in 

abyssal plains and near mid-ocean ridges, we computed synthetic seismograms from a 

hypothetical oceanic crust. Models estimated from the inversion of the synthetics were 

then compared with the known hypothetical model to determine the most sensitive model 

parameters and the limit of likely resolution. Although this inversion method worked for 

synthesized data, our process was incomplete until we tested it against real data and 

models estimated using other methods. 
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1.1 OCEANIC CRUSTAL STRUCTURE 

Layer 1 consists of various types of sediments such as abyssal clay, siliceous 

ooze, carbonate ooze, continental sediments, and volcanic ash. It is relatively thin (< 0.8 

km) due to slow sedimentation rates, carbonate compensation depths, and silt- to clay-

sized particles that settle in the abyssal plain. P-wave velocities range from 1.7 to 2.4 

km/s (Table 1.1). The variations in thicknesses of layer 1 are attributed to different types 

of sediment, the availability of sediment (dependent on source and ocean circulation), 

plate spreading rates, and depth (Collier and Singh, 1998).   

Layer 2 is classically divided into 2 sublayers, 2A and 2B, based on physical and 

chemical changes in the basement. Houtz and Ewing (1976) further divided it into 3 

sublayers by adding layer 2C. In this study we will not include 2C in our models because 

when we applied our methods to synthetics, we found that the inversion does not have the 

resolution to detect a boundary between layers 2B and 2C owing to the similar velocities 

and densities of these two layers. Layer 2 exhibits the largest velocity gradient in the 

oceanic crust, which makes assigning a static value problematic (Table 1.2 and Table 

1.3).  

Layer 2A is formed by eruption of lava flows on the sea floor at mid-ocean ridges. 

Lava that forms this layer is supplied through dikes that act as conduits for magma that 

travels to the surface. Over tens of millions of years, the porous and fractured basalts of 

layer 2A are sealed due to vigorous hydrothermal circulation in layer 2A. The resulting 

decrease in porosity results in higher velocities. Thus, with increasing age and greater 

distance from the ridge axis, layer 2A exhibits higher P-wave velocities (Carlson and 

Herrick, 1990; Grevemeyer and Weigel, 1997). 
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The lithologic boundary between 2A and 2B is above the sheeted dike complex 

and below the extrusive basalts. The 2A to 2B seismic boundary depends on fracturing, 

crustal thickness, compaction, and hydrothermal sealing of cracks, which all vary 

depending on distance from the ridge axis. Layers 2A and 2B are sublayers of layer 2 that 

are based on P-wave velocity models and do not always coincide with petrological 

boundaries (Christeson et al., 2010). For this study we will associate the top of layer 2B 

with the seismic layer 2A/2B boundary. 

 Layer 2B is a sheeted, diabase dike complex that forms from lateral accretion as 

the ridge spreads apart. Melt is forced between the fractures in the dike system and once 

this cools, it is accreted onto other parallel dikes. Layer 2B is a direct result from leftover 

melt from a sill at the 2B to 3 boundary, which is why the sill and 2B dikes have the same 

composition (Kelemen et al., 1997). Similar to layer 2A, the P-wave velocity gradient in 

2B is steep, as it ranges from approximately 5.0 to 6.5 km/s. This is due to fracturing and 

hydrothermal alterations and crack filling (Table 1.3). 

 The intrusive gabbroic layer (layer 3) is the most massive oceanic crustal layer. It 

ranges anywhere from 3.5 to 6.2 km thick and consists of layers of sills derived from 

magmas sourced from the mantle. Residual melt then forms rocks in upper layer 3, as 

well as dikes of 2B and lavas of 2A (Kelemen et al., 1997). The seismic velocity in this 

layer is generally between 6.8 and 7.1 km/s (Table 1.4) and exhibits a much lower 

vertical velocity gradient than do layers 1 and 2. 
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1.2 NAZCA PLATE 

 The utility of our inversion method could only be tested by comparing the 

inversion results with measured geologic information. This narrowed the study area to 

regions that have been extensively researched. Since the beginning of the Deep Sea 

Drilling Project (DSDP) in 1966, the oceanic crust has been studied through various U.S. 

and international sponsored programs and organizations (Deep Sea Drilling Project, 

2016). 

 Two of the four deepest holes drilled in the oceanic crust are on the Nazca and 

neighboring Cocos plate at sites 504 and 1256, respectively (Teagle ,2012). These holes 

provided key background information on the oceanic crust through the use of in situ 

logging, the measuring of core samples, gravity measurements, and seismic profiles. We 

did not expect to match the high-resolution well log data, but rather attempted to invert 

for average structures over large relatively unexplored regions. 

Another source of information in determining the oceanic crustal structure of the 

Nazca plate is a study of several refraction profiles that was funded by the National 

Science Foundation (NSF). The principal survey is a 360 km refraction profile designated 

Line 18-19 (Hussong et al., 1975). This profile offers high-resolution seismic data, which 

includes velocities and layer thicknesses of the oceanic crust of the region off the coast of 

Peru.  

Studies of these wells and refraction profiles provide models that can be used to 

constrain our forward model velocities, densities, and thicknesses, and will ultimately be 

used for comparison with the results of the PP-bounce point inversion method developed 

in this thesis. There were no bounce point data in the exact location of the DSDP/ODP 
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wells or the refraction profile. However, the Nazca Plate is the only region in our data set 

where we found teleseismic PP bounce points that were close to a refraction profile and 

where there were both bounce points from the land regions of the same events as nearby 

oceanic bounce points (Figure 1.4). Once we are able to validate this method, it will be 

applicable to other areas where these special sets of circumstances do not exist. 

1.2.1 Hole 504B 

DSDP Hole 504B is located approximately 200 km south of the Costa Rica rift on 

the Nazca plate (Figure 1.5). The hole was cored and logged in 5.9 m.y.-old crust with a 

half spreading rate of 7 cm/yr in 3 km of water and was drilled as a reference hole to 

determine “normal” structure of oceanic crust (Anderson et al., 1985). Hole 504B was 

originally cored to a depth of 1350 meters below sea floor (mbsf) during leg 83, which 

was also the first hole ever drilled into layer 2B and in relatively young oceanic crust.  

Hole 504B was deepened in subsequent legs to a final penetration depth of 2,111 mbsf— 

275 m of which is sediment and the rest was cored in basement.  

The region from which we obtain our bounce point data is considered to be an 

abyssal plain and is located between the continental rise and a spreading ridge. Hole 

504B was drilled for its “generic” oceanic crustal structure and composition, which is 

considered typical of abyssal plains and thus may be considered comparable to our study 

area. Even though the crust on which 504 is located has a similar spreading rate, 

composition, and location to the study region, differences in structure are possible. The 

water depth at site 504 is approximately 3 km (Anderson et al., 1985; Salisbury et al., 

1996).  
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The age of the crust at Hole 504B differs from the study region by about 20-30 

m.y. Various studies demonstrated a correlation between the age of layer 2A and velocity 

showing that older layer 2A exhibits faster P-wave velocities than younger 2A (Anderson 

et al., 1985; Salisbury et al., 1996). However, this relationship has only been 

demonstrated for layer 2A, and after approximately 5 m.y. the velocity vs. age 

relationship gradient diminishes (Carlson, 1998; Grevemeyer and Weigel, 1997; Houtz 

and Ewing, 1976). Velocity and density values published by Anderson et al. (1985) for 

Hole 504B are slightly higher than published values by the various studies listed in 

Tables 1.1, 1.2, 1.3, and 1.4 because many of these studies occurred near ridge crests, and 

Hole 504B is located on the abyssal plain. Therefore, we expect velocities and densities 

to be lower and thicknesses to be higher near ridge crests than in regions such as the 

abyssal plain (Goes et al., 2012; Carlson and Herrick, 1990; Houtz and Ewing, 1976; 

Sheridan, 1974).   

1.2.2 Hole 1256D 

With the onset of new technology, the Glomar Challenger, the vessel used for the 

DSDP, was retired and replaced with the JOIDES Resolution, which is currently used 

today. A new program was concurrently launched called the Ocean Drilling Program 

(ODP) and later was changed to the Integrated Ocean Drilling Program (IODP) (Deep 

Sea Drilling Project, 2016). Site 1256 was first drilled by the ODP on leg 206. When the 

IODP took over, Hole 1256D was deepened by 1 km and penetrated into layer 3 at 1521 

mbsf on expeditions 309, 312, and 335. Hole 1256D is located on the Cocos plate, 1150 

km east of the Eastern Pacific Rise (EPR) in 3.6 km of water, and like 504B, is located on 

the abyssal plain (Figure 1.5). The EPR is considered to be a fast spreading ridge, and 
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Hole 1256D is located on 15 m.y.-old crust that formed during a period of superfast 

spreading (~22 cm/yr) (Teagle et al., 2006, 2012).  

Our study area is similar to the region surrounding Hole 1256D, of which, both 

locations are in crust of similar age, both lie in the abyssal plain, both are adjacent to 

continental crust near a subduction zone, and both are located on crust that was formed 

during times of fast or superfast spreading rates. Oceanic crust with higher spreading 

rates typically exhibits the gabbroic layer 3 at shallower depths and contains less 

variability than crust formed at slow spreading ridges. A typical characteristic of 

superfast spreading is an overall thinner crust. The spreading ridges adjacent to the Cocos 

and Nazca plates are both considered to have fast spreading rates (Cannat et al., 1995, 

2013; Teagle et al., 2012), but because the spreading rates for the Cocos plate are much 

higher than the spreading rates in our study area, we don’t anticipate the study region to 

exhibit as thin crustal structure as site 1256D. Water depth at Hole 1256D differs by 400 

meters from the water depth in our study area.  

1.2.3 Seismic Profiles 

The area of study for this thesis is located about 400 km south of seven seismic 

refraction profiles conducted in 1972 as part of the Nazca Plate Project by the National 

Science Foundation program for the International Decade of Ocean Exploration (IDOE). 

The purpose of these profiles was to understand the ocean-continent interface and better 

investigate tectonic processes of subduction zones. These seven 2D profiles were 

conducted between 7° to 12°S and 78° to 86°W in 1972 and 1973. The names and 

locations of these profiles are shown in Figure 1.6. Lines 1-2, 2-3, A20-A2S, A20-A2E, 

20-21, and 18-19 were reversed refraction profiles, and CDP 1 was a digital reflection 
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profile. For line 18-19, military altered, free-floating sonobuoys were placed every 30 km 

by the first of two ships and both ships deployed explosives as sources. This produced a 

series of short reversed refraction profiles that were combined to make the complete line 

18-19. The age of the crust was determined to be 40-50 m.y.-old based on magnetic 

anomaly identifications (Herron, 1972; Hussong et al., 1975; Jones, 1978). Velocity and 

thickness values for all of the seismic profiles except CDP 1 and line 18-19 are included 

in Table 1.5 which, given the proximity to our study, may be similar to what we might 

expect 400 km to the south. The velocities and thicknesses in the profiles listed in Table 

1.5 are highly variable, but all fall within ranges typical of abyssal plain velocities and 

thicknesses. 
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Figure 1.1. (a) Simplified stratigraphic column of the oceanic crust which was determined 

from ophiolite complexes. (b) Photos of outcrop of the Semail ophiolite complex in 

Oman.  

Modified from: White and Klein (2013). 
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Figure 1.2.  Map of multi-channel seismic profiles, seismic refraction lines, or shot-point 

navigation lines (see map for colors assignments). These profiles are located near coastal 

areas, mid-ocean ridges, or island seamount chains. The majority of the oceanic crust has 

not been imaged with seismic data, especially in the abyssal plains (see above).  

From: NOAA (2015) 
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Figure 1.3.   Illustration of a teleseismic ray path with a bounce point on the oceanic 

crust. The star indicates the source of the seismic event while the triangle depicts a 

recording station. The curvature of the ray path is exaggerated and does not represent any 

specific ray parameter and layer thicknesses are not to scale. 
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Figure 1.4.   Map of the Nazca plate with inset. The study area, which includes the 

refraction profiles from the Nazca Plate Project and teleseismic bounce points, is outlined 

in the yellow box. The extent of our study area is bounded by 80° to 86°W and 5° to 

20°S.  

Modified from: “Carribean Tectonics” (2012) 
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Figure 1.5.   Map of the locations of ODP/IODP sites 504 and 1256, which are 

highlighted by red dots. Site 504 is situated on 5.9 m.y.-old oceanic crust and site 1256 is 

located on 15 m.y. old crust. The study area is located directly south of Hole 504B and 

sits on 40-50 m.y. old crust. Because of the proximity of the Cocos and Nazca plates, 

Hole 1256 and Hole 504B are considered appropriate analogs for the study area.  

Modified from: Teagle et al. (2006) 
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Figure 1.6.   Map of the locations of seismic refraction profiles 1-2, 2-3, A20-A2S, A20-

A2E, 20-21, and 18-19. Our study focuses on the profiles over “standard” oceanic crust 

typical of abyssal plains. This removes profiles 20-21, CDP 1, and more than half of line 

18-19 from the inversion methods. A thrust fault cuts through the end of line 18-19, 

which would affect thickness and velocity values. However, profiles 2-3, A20-A2S, and 

A20-A2E provide unaltered crustal thicknesses and velocities for comparison.  

From: Hussong et al. (1976) 
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Figure 1.7.   Cross section generated from the refraction profile A2S-A2O that was used 

for comparison of results for this study.  

From: Hussong et al. (1976) 

A2S A2O 
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Layer 1 

Leger and 

Louden 

(1990) 

Houtz 

(1976) 

Ewing and 

Ewing 

(1959) 

Le Pichon 

et al. 

(1968) 

 

Hamilton 

(1976) 

Mithal and 

Mutter 

(1989) 

Tenzer and 

Gladkikh 

(2014) 

Vp 

(km/s) 
2.1 1.81 1.8242 1.965 - 2.025 - 

range 
1.6-2.6 

1.71-

1.93 
1.7-2.6 

1.682-

2.192 
- 1.8-2.3 - 

Vs 

(km/s) 
- - - - - 1.169 - 

range - - - - - 1.039-1.212 - 

ρ (g/cm3) 1.876 - - - 1.865 - 1.7 

range 1.64-2.15 - - - 1.53-2.2 - 1.4-2.0 

Z (km) 0.41 0.29 0.694 - - 0.256 - 

range 0.17-0.65 0.6-0.33 0.35-0.97 - - - - 

Table 1.1.   List of parameters for sediment layer 1 taken from various literary sources. Ranges are included below averaged 

or general parameters for the layer. 
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Layer 

2A 

Houtz & Ewing 

(1976)  Purdy 

(1983) 

Carlson 

and 

Herrick 

(1990) 

Hooft 

et al. 

(1996) 

Carlson 

(2004) 

Houtz 

(1976) 

Au and 

Clowes 

(1984) 

Christeson 

et al. 

(2010) 

Krishna et 

al. (2001) 

(on axis) (Atlantic) (Pacific) 

Vp 

(km/s) 
3.74 3.47 4.05 3.7 - 4.21 3.772 4.2 - 4.014 

range 3.6-3.8 
3.38-

3.56 

3.95-

4.15 
3.3-4.1 - 

4.13-

4.29 
- - - 3.8-4.4 

Vs 

(km/s) 
- - - - - - - 2.2 - - 

range - - - - - - - - - - 

ρ 

(g/cm3) 
2.208 2.084 2.331 2.3 - 2.69 - - - - 

range 2.15-2.26 
2.03-

2.14 

2.28-

2.38 
- - 

2.52-

2.82 
- - - - 

z (km) 0.3 0.44 0.1 - 0.575 - 0.475 - 0.420 0.6 

range 0.28-0.32 
0.42-

0.46 

0.08-

0.12 
- 0.3-0.8 - - - 

0.330-

0.51 
- 

Table 1.2.   List of parameters for layer 2A taken from various literary sources. Ranges are included below averaged or general 

parameters for the layer. 
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Layer 

2B 

Houtz & Ewing 

(1976) 

Christensen 

and 

Salisbury 

(1985) 

Purdy 

(1983) 

Carlson 

and 

Herrick 

(1990) 

Grevemeyer 

et al.  

(1998) 

Carlson 

(2014) 

Houtz 

(1976) 

Leger 

and 

Loudon 

(1990) 
Atlantic Pacific 

Vp 5.59 5.7 6.2 5.74 5.7 6.5 6.25 5.678 6.1 

  range 4.8-6.5 4.8-6.5 5.79-6.46 
5.6-

5.88 
4.8-6.4 5.4-6.6 5.8-6.7 

4.99-

6.28 
5.6-6.6 

Vs - - 3.29 - - - - - 3.4 

  range - - 3.09-3.5 - - - - - 3.3-3.5 

ρ 2.73 2.75 2.89 2.76 2.74 - 2.91 - - 

range 
2.61-

2.85 

2.65-

2.86 
2.77-2.95 

2.66-

2.86 
2.64-2.86 - - - - 

z 1.88 1.81 - 2 - 1.6 - 1.791 2.3 

range 
1.74-

2.01 

1.61-

2.06 
- 

1.94-

2.06 
- 1.4-1.8 - 

1.53-

2.05 
- 

Table 1.3.   List of parameters for layer 2B taken from various literary sources. Ranges are included below averaged or 

general parameters for the layer. 
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Layer 

3 

Houtz & Ewing 

(1976)  Raitt 

(1963) 

Shor 

(1971) 

Christensen 

and 

Salisbury 

(1985) 

Purdy 

(1983) 

Spudich 

and 

Orcutt 

(1980) 

Carlson 

and 

Herrick 

(1990) 

Au and 

Clowes 

(1983) 

Leger 

and 

Loudon 

(1990) 
(Atlantic) (Pacific) 

Vp 6.83 6.9 6.69 6.81 6.73 6.96 6.95 6.85 6.65 7.05 

range 6.62-7.04 
6.73-

7.07 

6.43-

6.95 

6.65-

6.97 
6.54-6.92 - 

6.87-

7.02 
6.7-7 6.4-6.9 6.7-7.4 

Vs - - - - - - 3.95 - 3.65 4.1 

range - - - - - - 
3.89-

4.0 
- 3.6-3.7 3.9-4.3 

ρ 2.93 2.94 2.91 2.93 2.92 2.95 - 2.945 - 2.98 

range 2.89-2.97 
2.91-

2.97 

2.87-

2.95 

2.9-

2.96 
2.88-2.96 

2.91-

2.99 
- 

2.92-

2.97 
- - 

z 4.97 4.97 4.86 4.62 4.97 4.7 - 5 - 5.3 

range 3.72-6.22 
3.72-

6.22 

3.44-

6.28 

3.32-

5.92 
3.72-6.22 - - - - - 

Table 1.4.   List of parameters for layer 3 taken from various literary sources. Ranges are included below averaged or 

general parameters for the layer. 
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Line Position Lat., S Long., W 1 2A 2B 2C 3 Mantle Water 1 2A 2B 2C 3

1 10°59' 81°30' 4 0.5 1.9 1.1 2.7

1-2 1.7 5.6 6.7 7.2 8.1

2 10°14' 82°08' 4.5 0.3 1.1 1.9 2.0

2 10°14' 82°08' 4.5 0.3 0.5 1.2 2.9

2-3 1.7 5.6 6.6 7.1 8.1

3 10°32' 83°04' 4.5 0.2 1.0 1.0 3.2

A2S 8°44' 82°19' 4.3 0.4 0.9 1.6 5.8

A2S-A20 1.7 5.9 6.4 7 8.5

A20 7°51' 82°37' 4.3 0.2 0.4 2.2 3.8

A20 7°51' 82°37' 4.3 0.2 0.4 1.6 5.1

A20-A2E 1.7 5.8 6.3 7.3 8.5

A2E 7°33' 81°41' 4.6 0.2 0.9 2.2 3.8

20 8°38' 79°18'

1.9/2.5

/4.5 5.2 5.9 0.1 1.0/0.2/0.7 2.0 3.4 9.4 13.1

20-21 6.8 7 8.2

21 7°20' 80°03'

2.0/2.4

/4.8 5.3 6 0.1 0.6/0.1/0.5 0.8 10.4 2.8 15.2

Position Velocities, (km/s) Thickness, km

Table 1.5.   Position, velocities, and thicknesses for refraction profiles. 1-2, 2-3, A20-A2S, A20-A2E, and 

20-21. Profile 20-21 is located on the continental shelf and has 3 values for both the sediment velocity and 

thickness. Modified from Hussong et al. (1976) 
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CHAPTER II 

METHODOLOGY 

To determine the accuracy of the PP-bounce point waveform inversion method 

developed in this thesis, we generated a synthetic seismogram with oceanic crust model 

parameters (velocity, layer thickness, and density) determined from published literature 

and data from the Deep Sea Drilling Project (DSDP), the Ocean Drilling Program (ODP), 

and the Integrated Ocean Drilling Program (IODP). Tables 1.1-1.4 are compilations from 

a literature review of the average values and ranges for possible P-wave velocity (Vp), S-

wave velocity (Vs), density (ρ), and thickness (Z) for each layer in oceanic crust. Because 

the studies were conducted on different oceanic plates and structures, values taken from 

abnormal locations or structures (e.g., the Mid-Atlantic Ridge or hotspots) were excluded 

from estimates of the mean values and were not included in the tables. Once values were 

averaged, they were saved as a reference model, which was used to compute the synthetic 

seismograms to test the inversion method and to bound the region of model space 

searched by the inversion algorithm.  

To build a synthetic seismogram, we calculated arrival times and amplitudes for 

all possible ray paths (reflections and multiples) down to a given minimum amplitude 

tolerance level. The tolerance level is the amplitude that will be used to stop computing 

additional multiples once the value of the amplitude of the phase falls below this 

threshold. A time cutoff was also applied to stop computing phases once their arrival time 

was outside the window that was used to cut data from real seismograms.  

Because the waveform does not change over the deep mantle ray path, we can 

model the PP phase by producing the synthetic by ray tracing from a depth of 20 km 
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beneath the Moho of the oceanic crust at the PP bounce point (Figure 2.1). For our model 

we assumed isotropic layers because our data would not be sensitive to anisotropy. P-

wave velocity, S-wave velocity, and density values were required to calculate amplitudes 

along the ray path for the forward model. 

Equations from Lay and Wallace (1995) were used to determine reflection and 

transmission coefficients for the interfaces between layers. The synthetics were produced 

assuming a delta function source of amplitude 1.  

Travel time through a layer was calculated by  

𝑡 = ℎ

(

 
𝑈𝑝
2

√(𝑈𝑝2 − 𝑝2))

                                                                          (1) 

where 𝑈𝑝 is P-wave slowness, 𝑝 is the ray parameter, and ℎ is the layer thickness 

(Shearer, 2009).  

The seismogram was first computed assuming a delta function source with 

normalized amplitudes and was then convolved with a 1 Hz Gaussian wavelet. Two tests 

were conducted to determine how each layer in the basic model affected the seismogram 

(Figure 2.2).  

The first test involved stripping the model to the top 2 layers (from the 5 total 

layers and not including half spaces) and adding individual layers one at a time to see 

how each layer contributed to the waveform (Figure 2.3). Doing this allowed us to 

determine the sensitivity of the seismogram to each layer in the hypothetical model based 

on average velocities and layer thicknesses from the literature (Figure 2.4). Table 2.1 

shows the amplitudes, amplitude differences, and percent differences calculated for the 
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first four major arrivals in the seismogram. We shifted the seismogram in Figure 2.4 so 

that the PP-phase, which is reflected from the top of the water column, is at 20 seconds. 

Analysis of Figure 2.3 leads to the following observations and conclusions: 

1) The PP precursor from the water bottom (arriving at 12 seconds in Figure 2.4a) is 

much larger when the water and layer 1 are the only layers on top of a mantle half 

space. This means that, a water column with a layer 1 alone will not fit the 

seismic data. 

2) As seen in Figure 2.4b, a synthetic with layers 1 and 2A does a much better job of 

matching amplitudes of the PP and water bottom precursor, but the errors in the 

amplitude still suggest that more layers are needed to improve the match to the 

seismic data. This also resulted in reverberations of the water bottom multiple in 

layers 1 and 2A that are too large (i.e. the positive phase at 28 s and negative 

phase at 42 sec). 

3) As seen in Figure 2.4c, synthetics produced from a model with only layers 1, 2A 

and 2B over a half space matches the amplitudes of the reference synthetics much 

better (including the reverberations, Table 2.2). However, the match may be better 

for synthetics, but worse for noisy data. As a result, inversion methods hopefully 

will be sensitive to layers 1 and 2A owing to the distinction in amplitude 

matching, but do not expect to be sensitive to layer 2B. 

4) By comparing Figure 2.4c with 2.4d (which includes all layers), one can see that 

the Moho precursor that arrives at 10.5 seconds is small. It is not certain if this 

phase will be resolvable in real data with noise. 
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The second test explores errors that would be introduced by removing individual 

layers and comparing the resultant seismogram to the seismogram computed from the 

complete model (Figure 2.5). 

1) If the sedimentary layer is missing, the water bottom precursor (at ~12 

seconds in Figure 2.6a) is too large and the PP phase (at ~20 seconds) is too 

small. We also find that the absence of the sedimentary layer multiples of the 

water bottom multiple (the phases following the water bottom multiple at ~26, 

32, and 46 seconds) causes quite a bit of misfit between these two synthetics. 

2) The absence of layer 2A (Figure 2.6b) has almost all the same problems as 

described for the synthetics missing layer 1.  

3) When layer 2B is the only layer missing (Figure 2.6c), there are still 

amplitude errors in the water bottom precursor and PP phase, but the largest 

multiples of the water bottom reverberations are now present with small 

amplitude errors. Sometimes there is a large misfit, like at ~28 seconds, but 

sometimes there is a small misfit, as in the phase at ~34 seconds. 

4) The absence of layer 3 results in amplitude errors in the PP phase but errors in 

the amplitudes of the rest of the phases and reverberations are much smaller. 

This indicates that we are likely to have problems modeling layer 3 

5) Observations 1, 2 and 3 above, as well as the discussion of Figure 2.4, suggest 

that the PP waveform inversion will be most sensitive to layers 1 and 2A and 

to a slightly lesser degree layer 2B. However, there is still trouble modeling 

layer 3. 
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Considering that most of the signal in the synthetics was modeled by layers 1 and 

2A alone, when applied to real data, our method should be most sensitive to layer 1 and 

2A as well. The Moho phase (base of layer 3) can only be modeled by the PP precursor, 

but has very little effect on the amplitudes of other phases and reverberations, as 

compared to the contribution of other layers. We may, therefore, have trouble modeling 

layer 3.  

The next step in method development was to produce a “realistic” set of 

synthetics to use, test, and further modify the methodology. To produce the realistic set of 

synthetic seismograms, we convolved the delta function synthetic with several real 

seismic source functions cut from real PP bounce point data. PP bounce points were 

collected from data acquired from the IRIS data management center (DMC). We combed 

through these data to find events with high signal to noise ratio and that were relatively 

impulsive. To assure clean source functions we beam-formed seismograms from many 

neighboring stations to reduce noise levels (random noise and signal generated noise, 

scattering from 3-D structure, and noise near the seismic stations). 

The source functions used to produce the realistic synthetics were cut from data 

with bounce point elevations greater than 500 m (land events above coastal plains) to 

avoid including source functions with signal from oceanic crust. A total of 69 events 

were found to be suitable to use for source functions for the “realistic” synthetics. We 

then cut these events where the signal seemed to naturally fade, and convolved them with 

a synthetic delta function seismogram. 
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2.1 ERROR APPROXIMATION 

We assumed that velocity and density in our models increase with depth, which is 

typical of oceanic crust that is not near a volcanic source (such as the ridge or a hot spot 

island). We penalized models with velocity or density models that contained inverted 

values. In deep ocean basins like abyssal plains, a model with monotonically increasing 

velocities and densities is generally expected for oceanic crust and we would only expect 

to see a velocity inversion in regions of partial melt such as in hotspots, ridges, or 

trenches. 

The 69 source functions were sampled at 40 samples per second to match the 

observed data. To match the sample rate of our synthetics, we interpolated the source 

function to 1000 samples per second. We produced the synthetics at 1000 samples per 

second to introduce no more than 0.001 seconds for error in arrival times when placing 

the amplitudes into the delta function synthetic, which is far below the resolution of PP 

data. After convolution of the source functions with the delta function synthetic, the 69 

synthetic seismograms were resampled back down to 40 samples per second to match the 

observed seismogram. The synthetics and observed seismograms have the same sample 

rates to compute the misfit between the new synthetics computed from the assumed 

model from each iteration of the inversion. In each iteration of the inversion, we 

produced a temporary synthetic as described above and then cross-correlated it with the 

reference synthetic to shift the new synthetic to align with the observed data. After 

aligning the major peaks of the observed and theoretical seismograms, the theoretical 

seismogram was subtracted from the observed seismogram to calculate the misfit. The 

inversion methods repeat the above process making small changes to the velocity model 



Texas Tech University, Tyler Goodell, August 2016 

31 

for each iteration before producing the synthetic until a crustal model is found that 

minimizes the misfit. 

To estimate errors due to noise in the data and raytracing we used a bootstrap 

method of error estimation. This involved running the inversion for a subset of the 

observed (or realistic synthetics) and storing the model from that iteration and then 

repeating the inversion after resampling the data for the same number of seismograms 

(with replacement). By inverting for many different models of our data, we are able to 

estimate errors caused by our sampling through a statistical analysis of all the resulting 

models.  

2.1.1 Genetic Algorithm 

 Misfits were calculated and saved using  

𝚫𝑺 = 𝑺𝑒𝑠𝑡 − 𝑺𝑜                                                                      (2) 

𝜺 =∑|𝚫𝑺𝒏|

𝑛

𝑖=1

                                                                      (3) 

where 𝚫𝑺 is the difference between the estimated seismogram, 𝑺𝑒𝑠𝑡 (computed from the 

model in the given iteration), and an observed seismogram, 𝑺𝑜 (in the synthetic test above 

the reference synthetic seismogram that served as a hypothetical observed seismogram), 

𝑛 is the number of source functions used in the misfit approximation, and 𝜺 is the error.  

 We chose to use a genetic algorithm (GA) for the inversion that will iteratively 

sample model space and find the model that best fits the data. The GA stores this misfit 

between the synthetic seismogram and observed for an input crustal model used to 

calculate the synthetics in each iteration. The genetic algorithm then randomly selects 
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different model values within the specified range and computes the misfit for those 

values. Once this process has been repeated ‘x’ number of times, called the population, 

the GA then takes the members of that population that yielded the lowest misfit and 

randomly modifies those models to produce the next generation of possible models. This 

second generation is then used to produce another generation of “offspring” of randomly 

adjusted model values to determine if they yield a smaller misfit between observed and 

theoretic seismograms. Members of the population with large misfit are “selected 

against”, and those with a smaller misfit survive to produce a new generation of 

estimated model values (Figure 2.6). This is repeated for many generations, reducing the 

size of the random changes to the model in subsequent iterations, until the change in 

misfit is less than the tolerance, the number of allowable generations is exceeded, a time 

limit is reached, or magnitude of changes are smaller than the computer’s precision 

(Mathworks, 2016). The GA randomly assigns variables across the entire range of 

allowed values, which avoids inverting for local minima, unlike the simplex method, for 

example. 

Once the GA determines the best possible match, it saves the model values. For 

each test, we calculated the error approximation using error formulas 

𝛿 =  |
𝑃𝑡ℎ − 𝑃𝑒𝑥𝑝

𝑃𝑡ℎ
|                                                       (4) 

∆P =  |𝑃𝑡ℎ − 𝑃𝑒𝑥𝑝|                                                       (5) 

Where δ is percent error, 𝑃𝑡ℎ is the original model parameter used to produce the realistic 

synthetics, and 𝑃𝑒𝑥𝑝 is the calculated experimental parameter from the GA.  
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2.1.2 Misfit Modifier 

 For the first test, we determined if there was a difference in error approximation 

using different methods (model norms) to compute misfit. One method of calculating the 

misfit was summing the absolute values of the errors (1-norm), and the other was by least 

square error (the sum of squared errors, 2-norm). When both methods were tested against 

each other, no significant differences in the resulting models were found using the two 

model norms. Figure 2.8 shows the percent errors in the estimates of model parameters 

(Vp, Vs, density, ρ, and thickness, Z) using the 1 and 2-norm error approximations and 

the numbers used to make this figure are summarized in Table 2.3. When we discuss all 

model parameters as a set (Vp, Vs, Z and ρ) we will simply refer to them as model 

parameters (P).  The percent error (δ) in estimated thickness (Z) is higher using 2-norm 

than using the 1-norm for all layers, especially layer 2A. Differences for the percent 

errors in estimated values for Vp, Vs, and ρ, were observed but they were not 

systematically positive or negative. Percent error in estimated values of Vp, Vs, and Z are 

higher using the 1-norm than when using the 2-norm for layers 1, 2A, and 2B, but the 

opposite is found for estimates of ρ for all layers. Layer 3 and the mantle half space both 

exhibit low error, which is less than 5%, in estimates for Vp, Vs, and ρ. Absolute value 

differences (|ΔP|) are given in Table A.1 to demonstrate the magnitude of the errors. In 

the end we favored the 1-norm (sum of the absolute values of the errors) on a theoretical 

basis because it penalizes small and large misfits equally whereas the 2-norm least 

squares disproportionately penalizes large values. Although our testing of these two 

norms showed mixed results, the only time that errors were much larger than 15% were 

values estimated using the 2-norm (which were almost 40% for Z in layer 2).  
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2.1.3 Amplitude Tolerance  

  We needed to decide at what point to stop calculating multiples while producing 

the synthetic seismograms from the forward model (raytracing) during each iteration of 

the inversion algorithm. A simple criterion was to stop when the multiples came at 

arrivals times past the end of the observed data samples. However, even for a 4-layer 

model there can be thousands of different ray paths for multiples of each phase before the 

time threshold cutoff. Calculating these multiples is computationally expensive, so 

additional criteria were needed to stop raytracing. We stopped including multiples once 

they had reached an amplitude that was small enough to contribute insignificantly to the 

misfit, or in the case for real data, when they were likely below noise levels.  We 

computed the synthetics used as hypothetical observed data to pass phases to the next 

iteration of computed multiples with amplitudes down to 0.001 of the amplitude of the 

source phase (this means that phases were included with amplitudes as small as 

0.000001). The early tests of the inversion algorithm used a very low tolerance, assuming 

it would minimize misfit, but this caused an increasing run time and would be impractical 

when applied to real data. We tested various tolerances for the amplitude cutoff in 

computation of multiples (i.e., tolerances of 0.001, 0.002, 0.004, 0.006, 0.008, 0.01, and 

0.02, Figure 2.9). We see that for even our largest tested tolerance values, there were few 

differences in estimates of Vp, Vs, ρ, or Z in any layer (Table 2.4). As we found in the test 

of the 1-norm vs the 2-norm, errors in Z for each layer introduce a greater amount of 

error percentage than any other model parameter in the same layer except for layer 1, 

where Vs yields a 20 to 30% error. Errors in the estimated values of model parameters for 
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the different tolerance levels were generally similar. Percent errors (δ) in model 

parameters for the different values of tolerance were: 

1)  Exceptionally low, falling below 5% for layer 3 and mantle [Figure 2.9(d) and 

2.9(e)].  

2) Below 5% for layer 2B model parameters. 

3) Higher for Layer 1 and 2A than for the other layers. This is because the percent 

error equation can be more sensitive to smaller numbers and will give a higher 

δ even for small ΔP values. The ΔP values for layer 1 and 2A are still 

considerably small (around 0.1 for Z, Table A.2). 

Because the GA is computationally expensive and a higher tolerance decreases 

the run time considerably, we changed the tolerance to 0.006 as the amplitude cut-off. 

Phases with amplitudes smaller than 0.006 were not passed to the next iteration of 

computing multiples in the synthetic computation. This resulted in a minimum value of 

any reflection or reverberation (multiple) in the synthetic of 0.0062 (0.000036).  

2.1.4 Number of Source Functions 

 It is well known that stacking reduces noise in data. Likewise, by including more 

seismograms in the inversion, we are essentially stacking the misfit from each 

seismogram and reducing the effect of noise in the observed seismograms. In the case of 

errors in the inversion of the “realistic” synthetics, each source function has internal 

complexity that may correlate one with another. Interferences appear as the wrong phase 

in our modeling, which can also be minimized by including several events in the 

inversion. To determine the ideal number of source functions to use in the GA inversion 

and minimize the effects of source complexity in the inverse modeling, we repeated the 
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test with the realistic synthetics for many different numbers of events to be included in 

each iteration. The test for each different numbers of source functions to be included in 

the inversion was repeated 30 times to enable a bootstrap estimate of a mean and standard 

deviation of the estimated model values. These mean values for each test (with different 

numbers of source functions included) were then compared with the reference parameters 

to determine the smallest number of source functions needed in an inversion to 

adequately estimate model parameters. Percent error values for Vp, Vs, ρ, and Z were 

plotted against results from using 2, 4, 8, 16, and 32 real source functions convolved with 

the synthetic response for the reference model (Figure 2.10). Like in the previous tests, 

layer 3 and the mantle half-space error values are below 5%. Errors in estimates of Z for 

layers 1, 2A, and 2B are variable and have no specific trend in the errors. Errors in 

estimates of Vp, Vs, and ρ for layers 2A and 2B were all less than or equal to 5%. All 

layer 1 error estimates are extremely variable and scattered except for density, which is 

below 5% for all layers. There is no trend of decreased error with increased number of 

source functions included in the inversion. It should be noted, however, that these 

seismograms have no added noise (the noise in the real source function was convolved to 

the synthetics and acts like the signal), which is not representative of real data. Adding 

more source functions significantly increases computation time, so it is beneficial to 

know that the effect of different number of events needed to produce a reliable model is 

not significant. Therefore, we can choose a number based on noise level and number of 

available events. It also gives an estimate on the best result we can expect when applied 

to real data (i.e. real data results cannot exceed the accuracy of noise free synthetics). 
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While these methods do not show improvement one over another, increased 

resolution through the greater number of convolved source functions proved useful in 

eliminating noise from the seismograms. 

2.2 REAL DATA TESTS 

 There was little difference in the results of synthetic seismogram tests using the 1-

norm vs the 2-norm, but the 1-norm may have resulted in slightly smaller errors. In our 

initial modeling we assumed that we knew the location of the bounce points as the 

midpoint between the shot and receiver, which would be true for the shallow events that 

we used if ray paths computed from a 1-D Earth model were correct, and did not invert 

for water depth since this is a known value. Some of the testing discussed below is a 

review of results using the assumption that water depths are known in the modeling. This 

assumption is probably sufficient in the abyssal plain and over much of the Pacific, which 

does not have much variation in water depth over a small area, especially when we 

consider that Duncan (2012) was able to use these known depths to effectively remove 

water bottom multiples in PP modeling of the 410 km discontinuity. But Duncan did find 

that this assumption failed in a few locations. In our final modeling we found that we 

could not model the data correctly unless we included water depth in our inversion. Only 

the final test in this chapter includes water depth in the inversion. We review the many 

methods that we employed using a “known” water level to demonstrate that despite many 

efforts to make these methods work, the assumption of using a “known” water depth 

causes the inversion to fail for our study area. Because of the proximity of the Nazca 

Ridge, water depth can change sufficiently to affect the reverberation in the data over a 

relatively short distance range (as little as 50 km). This implies that our assumed bounce 
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point locations were wrong by 50 km or more, but considering ray paths for PP phases 

can be 7,000 to 20,000 km, an error in the bounce point location of 50 km is very 

plausible.        

We used the 1-norm in computing misfit in our inversion with real data. 

Generally, the 1-norm penalizes small and large misfits equally so we prefer this norm, 

given the large difference in amplitude of the reflections from the different layers. We 

also used the 0.006 cutoff in the amplitudes of reflections and reverberations that were 

passed to the next iteration of the computation of multiples in our data. Since phases 

passed to the next iteration are used to compute one more set of reverberations with 

amplitudes of 0.006, this results in a 0.000036 cutoff in the minimum phase amplitude to 

be included in the computed multiples. We also used only 8 source functions in real data 

modeling because the difference was small between results with 8 and 32 events in the 

synthetics. Many of the stacking bins used in our modeling area also had 18 events or 

less, and using 8 events is much faster than using 32 recordings. We used a fixed 

Vp/Vs=1.78 for the upper mantle and a tightly constrained range of allowable Vp/Vs ratios 

based on known values from literature (Krishna et al., 2001; Morris et al., 1993).  

 Because there are likely crustal variations between our area and that of the 

refraction profile, refraction profile values were included for regional comparison.  

Each test was repeated 30 times, from which the medians were calculated. Model 

parameters (with emphasis on Vp and Z, thickness) were estimated by median values, 

because a median is a better estimate of the center of a distribution in small sample sizes 

and minimizes the effect of outliers. We conducted tests on real data by modifying the 
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input variables and comparing our results with the results from Hussong et al. (1976, 

Table 1.5).  

Lack of detailed information about the magnetic structure of the abyssal plain in 

our study region prevented us from knowing exactly where the bounce point region 

corresponds to similarly aged crust of the A2S-A2O profile. To determine if we can 

resolve differences in the structure of the oceanic crust of different ages, we divided the 

data points up by 2º longitude bins from 80º to 86º W (of which each included the entire 

14º to 19º S latitude), and in tabulating results, we identified the method by labeling them 

as ‘80-82’ if the bin covered 80º to 82º W, ‘82-84’ for 82º to 84º W, and ‘84-86’ for 84º 

to 86º W (Figure 2.11). 

 Another test comparing longitude was bin size. This test determines if the size of 

each bin affects the estimated values by averaging events over a larger area. We 

compared Vp and Z from bins 80-82, 82-84, and 84-86, with a bin for the entire region, 

80-86. Each test compared bins sizes and locations and are tabulated in Tables 2.6 and 

2.7.  

2.2.1 Hardwired Water Depth Modeling 

 Our first test on real data involves using the previously mentioned constraints on 

the inversion: a 1-norm misfit modifier, 0.006 tolerance cutoff in the amplitude of 

reverberation that was passed to the next iteration, 8 source functions, hardwired mantle 

Vp/Vs, and water depth included in the bounce point data. 

Figure 2.12 and Tables 2.6 and 2.7 show that little variation in Vp and Z values 

occurs for this test, and the standard deviations for all layer thicknesses and Vp for layer 3 

and the upper mantle are very low. It should be noted that the low standard deviations 
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and variability in model parameters can be attributed to Vp, Vs, ρ, and Z, because all 

reach the upper or lower boundary limit that we set on these parameters based on the 

range of possible values from the literature (we did allow the inversion to search model 

space a little larger than the range of such plausible values from the literature). For 

example, the median thicknesses for all layer 2B bins are 2.197, 2.198, 2.199, and 2.200 

km with standard deviations of 0.006, 0.004, 0.013, and 0.001 for the 80-82, 82-84, 84-

86, and 80-86 bins, respectively, and the upper limit of possible values for layer 2B 

thickness was set at 2.2 km. For all of the tests, the estimated median values for Vp, Vs, ρ, 

and Z all reached their respective limits. Because Vp, Vs, ρ, and Z values reached the 

boundaries we set for the respective model parameters, this indicated that the inversion 

could not find satisfactory model values within the range of plausible values. We 

compared the theoretical and the calculated seismogram (Figure 2.13) and noticed that 

even though the early major peaks and troughs were aligned, the later calculated 

seismogram peaks (red) were poorly matched and even destructively interfered with the 

theoretical seismogram troughs (blue) and vice versa.  

2.2.2 Dynamic Water Depth 

We knew from the synthetic tests that the greatest control on peak/trough 

alignment and misfit is the water depth. Even though these depths were already provided 

with the bounce point location data, we determined from bathymetric data from our study 

area that moving the bounce point by as little as 50 km changes the water depth by 0.2 to 

0.4 km, which is significant enough to misalign all the reverberations. From the axis of 

the Nazca Ridge to a location 100 km off-axis, the water depth changes by approximately 

1 km. Given these short range changes in water depths, we found that it is necessary to 
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include water depth in our inversion. This implies that our results must be applied to 

locations closer to the Nazca Ridge than first assumed. Since this paper focuses on 

demonstrating the feasibility of modeling PP data for oceanic crustal structure, we will 

show that the method can result in plausible velocity models for certain layers, and we 

will leave it to later work with larger data sets to do more detailed modeling.     

To determine the amount of error possible in the computed locations of the 

midpoints we raytraced a PP phase through the GYPSUM 3-D velocity model of Earth 

(Simmons et al., 2010). We traced a ray through the 3-D velocity model from a source in 

the Scotia Trench (the source’s area for most events used our study area) to two station 

locations—one in the Basin and Range Province (known to have low mantle velocities) 

and the other in the center of the Great Plains (known to have low mantle velocities). The 

difference between the expected locations of the bounce points for these two ray paths 

were 2 km and 105 km, respectively. We did not try to correct our assumed midpoint 

locations using GYPSUM because the resolution for velocity anomalies in this model is 

over 1,000 km, the velocity anomalies beneath the Scotia ridge are on the 10 to 100 km 

length scale, and our purpose is to show that PP waveform inversion can be used to 

model some of the layers in the oceanic crust. The miss-location demonstrated that even 

averaged velocity anomalies can be large enough to relocate bounce points 50 km or 

more from the assumed locations.  Because of the uncertainty in the location of the 

bounce points, we decided to include the water depth in our inversion algorithm.  

Because Vp and Z medians were close to their boundary limits for the assigned 

water depth method, we decided to increase these parameter boundary limits for the 

dynamic water depth inversion method to ranges not normally found in abyssal plains, 
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but ranges that are still consistent with Vp and Z ranges found near volcanic hotspot 

islands. We allowed the constraints to be larger than the plausible values so that if they 

do fall in the plausible range we will know that the modeling was effective. 
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Figure 2.1.   The 4-layer model used in generation of synthetic seismograms and 

inversion methods. This to-scale model illustrates the relative thicknesses for “generic” 

oceanic crust, and it assumes isotropic velocities, densities, and near vertical incidence 

(not shown) of ray paths.  
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(e) 

Figure 2.2.   Delta function synthetic highlighting the first arrivals in the seismogram. 

The arrows in Fig 2.2a-e point to the peaks corresponding to the underside reflections of 

each layer in the 4-layer model (Figure 2.1). Fig 2.2 (a) points to the first arrival of the 

Moho underside reflection, (b) points to the underside reflection of layer 3, (c) points to 

the underside reflection of layer 2B, (d) points to the underside reflection of 2A, and (e) 

points to the reflection of layer 1. The air/water underside reflection is not shown in 

Figure 2.2 because of its arrival at approximately 20 seconds.  
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Figure 2.3. (a) The basic model has been stripped down to just layer 1 in order to see the 

effect of the resolution of layer 1 on the seismogram. (b) Layers 2B and 3 have been 

stripped to see the effect of layer 2B on the seismogram. (c) Only layer 3 has been 

removed from the seismogram with all other layers and half spaces present. Layers have 

been drawn to scale. 
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Figure 2.4. Delta function synthetic seismograms convolved with Gaussian wavelets. 

Each subplot contains the full 5-layer basic model shown in black. Fig. 2.4 (a) 

corresponds to the model in Fig 2.3a where only the water layer and layer 1 are present. 

Fig 2.4 (b) corresponds to Fig 2.3b where the water layer, layer 1, and layer 2A are 

present. Both Figures 2.4 (a) and (b) exhibit high amplitude differences between their 

respective models and the basic model. Fig. 2.4 (c) corresponds to Fig 2.3 (c), which has 

only layer 3 missing from the basic model. These amplitudes match closely with the basic 

model (black). Figure 2.3 (d) is the basic model without any stripped-layer models 

overlain. 
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Figure 2.5. (a) The basic model has been stripped of layer 1 in a different method in order 

to see the effect of the resolution of layer 1 on the seismogram. In Fig. 2.5 (b) Layer 2A 

has been stripped to see how it affects the seismogram. In Fig. 2.5 (c) Layer 2B has been 

removed. In Fig. 2.5 (d) the absence of layer 3 clearly affects the size of the model and 

we can subsequently expect timing to be off in the synthetic. Layers have been drawn to 

scale. 

(a) (b) 

(c) (d) 
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Figure 2.6. Individual layer removal from the basic model. Figures 2.6 (a), (b), (c), and 

(d) show the removal of layer 1 (blue), layer 2A (red), layer 2B (green), and layer 3 

(orange) from the basic model, respectively. The layer 1 removal (a) exhibits large 

amplitudes differences whereas layer 2B removal (c) exhibits great arrival time offsets. 

Figure 2.6 (e) is a compilation of Fig 2.6 (a)-(d) and serves to demonstrate the fitness of 

each layer removal model to the basic model. The layer 1 removal demonstrates the 

greatest divergence as differences in both timing and amplitude are further from the basic 

model than the other layers, with few exceptions in late arrivals (past 40 seconds).  

(e) 
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Figure 2.7.   Example of the process of a genetic algorithm. The theoretical seismogram 

is submitted to the algorithm with bounds for potential values and the GA makes initial 

guesses (Gen. 1). Of these initial estimates, a few are deemed acceptable due to low 

misfit values and a second generation is then created with parameters relatively close to 

the acceptable estimates of Gen. 1. This process is repeated for Gen. 2 and 3 until n 

generations have passed or the error is below a predefined threshold. The population for 

this example would be considered 5, since for each acceptable estimate, 5 more estimates 

are created. This model is comparable to natural selection, hence the name genetic 

algorithm. 

Gen. 1 

Gen. 2 

Gen. 3 
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Figure 2.8.   Graphs of results of 1-norm vs. 2-norm values listed in Table 2.3. No 

noticeable trend between the misfit modifiers and percent error is found within layers or 

for specific parameters. Layers 1 (a) and 2A (b) have high error percentages for Vp, Vs, ρ, 

and Z. On average, Vs and Z error for all layers is higher than all other parameters in that 

layer. Error percentages for layer 3 (d) and the mantle half space (e) are considered low.  

(e) 
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Figure 2.9.   Graphs of results of the tolerance values 0.001, 0.002, 0.004, 0.006, 0.008, 

0.01, and 0.02 that correspond with Table 2.4. There is no relationship between tolerance 

level and percent error for synthetics. Thickness error for every layer was greater than for 

Vp, Vs, and ρ, except for layer 1, where Vs ranged from approximately 20 to 30% error. 

Layers 2B, 3, and the mantle half space errors were exceptionally low for Vp, Vs , and ρ. 

Layer 2A density values were similar to layer 2B densities. Because of the computational 

expense of using a low tolerance, we decided to use 0.006 as the tolerance cutoff, as it 

provided moderate resolution and faster computation times. 

(e) 
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(e) 

 

Figure 2.10.   Graphs of results of the number of source functions vs. percent error that 

correspond with Table 2.5. We expected to see a decrease in error with an increase of the 

number of source functions used. As with the previous tests of norm and tolerance, layers 

1 (a) and 2A (b) demonstrate a higher percent error than the rest of the layers. Also, error 

was greater for Z than for Vp, Vs, and ρ, for all layers. Layers 2B (c), 3 (d), and the 

mantle half space (e) errors were exceptionally low (less than 5%) for Vp, Vs, ρ, and, 

except in 2B, Z. Because we saw no comprehensive change in error percentage 

depending on the number of source functions used, we know that using more sources will 

eliminate more error. 



Texas Tech University, Tyler Goodell, August 2016 

66 

  

10° 
S 

15° 
S 

20° 
S 

80-82° 
W 

82-84° 
W 

84-86° 
W 

Figure 2.11. Map of the bounce point data with 2-degree longitudinal bin spacing starting 

at 80°W and ending at .86°W. Data was binned at 2 degree intervals because of sparse 

data coverage to the west and to determine of structural changes could be observed with 

increasing crustal age.  
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Figure 2.12. Graphs of the calculated P-wave velocities (a) and layer thicknesses (b) 

using the hardwired water level method. Both plots show the little variation between 

estimated Vp and Z values. All bin locations for layer 3 and the mantle half-space in Fig. 

2.12 (a) are tightly clustered around the lower and upper velocity limit, respectively. In 

Fig. 2.12 (b) layer 1 values are against the lower limit and layers 2A, 2B, and 3 are all 

against the upper limit of possible inversion values. Standard deviations for Fig 3.3b are 

very small, as shown by the lack of vertical error bars for all layers except 2A. 
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Figure 2.13. Graph of the calculated seismogram (red) on top of the theoretical 

seismogram (blue). The inversion algorithm attempted to match the blue seismogram but 

mismatched many of the later arrivals (later than 30 seconds). The red seismogram was 

calculated using a hardwired water depth, which has the greatest effect on the timing of 

the peaks and troughs. From this figure we decided to allow the algorithm to invert for 

water depth.  
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Model Synthetic Diff % Diff 

Layer 1 Amplitudes 

0.741 0.8434 0.102 12.93 

0.04 0.1725 0.133 124.71 

0.200 0.412 0.212 69.281 

0.000 0.259 0.259 200 

        

Layer 2A Amplitudes 

0.843 0.8434 0.0008 0.095 

0.105 0.1725 0.068 48.65 

0.401 0.412 0.011 2.706 

0.000 0.259 0.259 200 

      

Layer 2B Amplitudes 

0.84205 0.8434 0.00135 0.160 

0.168 0.1725 0.004 2.643 

0.410 0.412 0.002 0.487 

0.258 0.259 0.001 0.387 

Table 2.1.   List of amplitudes of the first 4 arrivals for each stripped layer model. Layer 1 corresponds to 

Figure 2.3 (a), layer 2A with 2.3b, etc. As seen from the amplitude differences and percent differences, as 

layers are added to the stripped model, the amplitudes more closely match the original synthetic.  
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Model Synthetic Diff % Diff 

Layer 1 

0.229 0.258 0.029 11.866 

1 0.8435 0.157 16.979 

0.116 0.1723 0.057 39.472 

0.969 0.412 0.557 80.640 

12.28 11.96 0.32 2.640 

13.26 12.97 0.29 2.211 

14.22 13.72 0.5 3.579 

20.4 20.39 0.01 0.049 

Layer 2A 

0.262 0.258 0.0038 1.462 

1 0.8435 0.157 16.979 

0.141 0.1723 0.031 20.051 

0.261 0.412 0.151 44.910 

12.24 11.96 0.28 2.314 

13.02 12.97 0.05 0.385 

13.76 13.72 0.04 0.291 

20.39 20.39 0 0 

Layer 2B 

0 0.258 0.258 200.000 

1 0.8435 0.157 16.979 

0.149 0.1723 0.023 14.370 

0.531 0.412 0.119 25.164 

- 11.96 - - 

12.87 12.97 0.1 0.774 

13.68 13.72 0.04 0.292 

20.37 20.39 0.02 0.098 

Layer 3 

0.386 0.258 0.128 39.78 

0.842 0.8435 0.001 0.142 

0.203 0.1723 0.031 16.41 

0.412 0.412 0.0003 0.073 

11.96 11.96 0 0 

12.97 12.97 0 0 

13.73 13.72 0.01 0.073 

20.39 20.39 0.003 0.015 

Table 2.2.   List of amplitudes of the first 4 arrivals for each individually stripped layer model. Layer 1 

corresponds to Figure 2.5 (a), layer 2A with 2.5 (b), etc. The percent amplitude (first 4 values) and arrival 

time differences (second 4 values) in the layer 1 removal are on average higher than the other arrival 

amplitudes, with the exception of the first arrival in the layer 2B removal (which is due to an amplitude 

summation with another arrival). Layer 2A removal is similar in that it exhibits high percent differences.  
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Value Layer 
Avg. Values Actual 

Values 

% Error 

Norm 1 Norm 2 Norm 1 Norm 2 

Vp 

1 2.134 2.012 1.900 12.321 5.873 

2A 4.068 3.659 3.740 8.774 2.178 

2B 5.182 5.405 5.240 1.102 3.141 

3 6.798 6.709 6.850 0.756 2.061 

Mantle 8.108 8.025 8.000 1.350 0.317 

Vs 

1 1.003 1.076 0.864 16.133 24.621 

2A 2.317 2.149 2.078 11.530 3.443 

2B 2.906 3.163 3.025 3.940 4.543 

3 3.894 3.861 3.955 1.533 2.374 

Mantle 4.573 4.582 4.619 0.999 0.792 

ρ 

1 1.617 1.671 1.700 4.878 1.689 

2A 2.276 2.172 2.230 2.065 2.604 

2B 2.695 2.642 2.680 0.548 1.406 

3 2.960 2.931 2.930 1.024 0.044 

Mantle 3.207 3.193 3.200 0.209 0.214 

Z 

1 0.267 0.256 0.300 11.084 14.795 

2A 0.415 0.305 0.500 17.095 39.034 

2B 1.596 1.471 1.870 14.662 21.315 

3 5.140 5.279 4.910 4.677 7.510 

Table 2.3.   Percent error calculated from the 1 and 2-norm tests. 
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Value Layer 
Tolerance Level (% Error) 

0.001 0.002 0.004 0.006 0.008 0.01 0.02 

Vp 

1 12.97 6.46 11.61 3.98 14.19 10.11 10.79 

2A 10.52 8.59 7.28 6.23 3.14 7.29 11.20 

2B 2.20 2.00 1.04 1.37 2.63 0.03 0.58 

3 1.78 0.59 1.76 0.77 0.38 0.85 0.08 

Mantle 0.41 0.48 0.09 0.36 0.24 0.39 0.04 

Vs 

1 25.11 18.70 28.45 18.54 32.78 31.34 24.03 

2A 12.08 9.94 7.68 9.98 6.78 9.26 12.14 

2B 2.35 2.08 0.74 0.50 2.18 2.07 2.18 

3 0.70 1.71 0.62 2.10 0.55 0.38 0.20 

Mantle 1.55 1.86 1.02 0.65 0.45 0.46 2.38 

ρ 

1 4.59 1.83 5.26 0.21 6.33 3.17 4.12 

2A 4.78 2.21 1.71 2.17 5.97 4.43 3.51 

2B 1.82 3.63 3.76 3.35 4.38 0.72 0.96 

3 1.27 0.92 0.07 1.02 0.54 0.09 2.86 

Mantle 1.11 0.30 1.28 0.24 0.87 1.30 0.02 

Z 

1 21.23 11.38 15.62 6.98 19.25 16.61 17.74 

2A 12.49 13.91 8.78 10.24 4.91 5.68 16.20 

2B 2.76 6.40 3.61 3.68 5.31 2.61 3.94 

3 3.27 0.20 2.14 0.57 0.63 0.57 0.16 

Table 2.4.   Percent error calculated from various tolerance levels. 
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Value Layer 
 Number of Sources (% Error) 

2 4 8 16 32 

Vp 

1 12.95 9.65 11.41 8.43 13.32 

2A 0.83 0.20 0.94 1.34 3.03 

2B 4.20 2.75 1.09 5.21 0.56 

3 1.83 0.86 1.27 1.21 1.06 

Mantle 0.65 0.92 1.51 0.62 1.42 

Vs 

1 5.98 17.38 11.21 8.96 11.90 

2A 5.81 1.13 2.70 4.22 6.21 

2B 1.69 1.54 0.34 2.20 3.08 

3 4.10 1.85 2.27 3.88 2.06 

Mantle 0.86 0.86 0.22 1.25 0.17 

ρ 

1 2.17 3.21 1.36 1.72 2.50 

2A 3.52 1.16 0.93 3.43 2.33 

2B 3.22 0.82 2.38 2.80 2.95 

3 1.28 0.71 1.23 0.86 1.27 

Mantle 0.98 0.60 1.08 0.83 1.02 

Z 

1 26.16 1.74 12.55 15.69 22.19 

2A 10.66 14.12 3.02 16.48 4.74 

2B 6.73 10.19 12.11 8.59 10.39 

3 0.85 3.61 2.59 0.44 2.04 

Table 2.5.   Percent error calculated from numbers of source functions used. 
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Vp StD Bin Location 

Layer 80-82 82-84 84-86 80-86 

1 0.435 0.462 0.011 0.503 

2A 0.791 0.789 0.387 0.699 

2B 0.494 0.150 0.136 0.519 

3 0.176 0.017 0.029 0.017 

Mantle 0.025 0.001 0.008 0.012 

Z StD Bin Location 

Layer 80-82 82-84 84-86 80-86 

1 0.216 0.003 0.002 0.004 

2A 0.063 0.336 0.248 0.061 

2B 0.006 0.004 0.013 0.001 

3 0.017 0.012 0.007 0.032 

Vp 

(km/s) 
Bin Location 

Layer 80-82 82-84 84-86 80-86 

1 1.796 2.470 2.499 2.452 

2A 4.914 4.558 4.088 4.659 

2B 5.216 5.318 6.201 5.042 

3 6.238 6.201 6.212 6.203 

Mantle 8.284 8.300 8.299 8.299 

Z (km) Bin Location 

Layer 80-82 82-84 84-86 80-86 

1 0.102 0.100 0.102 0.101 

2A 0.897 0.888 0.392 0.896 

2B 2.197 2.198 2.199 2.200 

3 6.996 6.989 6.998 6.992 

Table 2.6.  Table of P-wave velocity and thickness values binned by location and size. Water depths were 

hardwired for this test. 

Table 2.7.  Table of P-wave velocity and thickness standard deviations binned by location and size. Water 

depths were hardwired for this test. 
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 CHAPTER III 

RESULTS 

We estimated velocities and thicknesses for the layers in the abyssal plain of the 

Nazca Plate, near the coast of South America by wave-form inversion of PP phases 

(Figure 3.1). We chose to focus on a region off the coast of South America as a real data 

test area for modeling oceanic crust because it is near a series of refraction lines, and we 

have recordings of the same events with PP bounce points beneath land. A large part of 

our method depends on modeling reverberations and precursors from the water bottom, 

but recordings of PP-phases with continental bounce points do not have such 

reverberations. Therefore, we can use the PP data from continental regions as analogues 

to the source functions in modeling the PP data with oceanic bounce points. PP 

precursors in the continental data from deep sedimentary basins and continental Moho 

may reduce the efficiency of using these phases as source functions to compute synthetics 

in the inversion, but to avoid such artifacts we will average the continental PP phases 

from many stations across South America. The crustal structure and depth to Moho is 

very different at the continental bounce points (they include bedrock stations with deep 

Moho in the Andes and other stations with various sediment depths and shallow Moho), 

so when they are stacked, the precursors from crustal features should be reduced 

significantly, leaving a reasonable approximation of the earthquake source function. 

 We will also compare our results to those of refraction profiles approximately 400 

km to the north of our study region. From Figure 1.5 we see that the northwestern 2/3 of 

line 18-19 lies on top of the Peru-Chile trench and accretionary wedge; consequently, we 

ignore that portion of the profile because it does not sample the abyssal plain (Hussong et 
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al.; 1975, 1976). Lines 1-2 and 2-3 lie farther into the abyssal plain but cross the 

Mendana Fault Zone, making the structure across this line more complex. Profile A2E-

A2O avoids the Peru-Chile trench, but A2E is located less than 20 km from the trench 

and may be affected by trench-related structure. Profile A2S-A2O runs parallel to the 

trench and is far enough away from the trench and accretionary wedge (~130 km) to be 

considered to have sampled “generic” oceanic crust. Figure 1.7 shows the relatively flat 

structure of line A2S-A2O. Even though the profile’s distance is approximately 400 km 

from the region with bounce point data, we will use it as a representation of what we may 

expect in our study area, and therefore expect to be able to use the models from A2S-

A2O refraction profile for comparison with our results. 

 The teleseismic bounce points extend from 12º to 20º S and 80º to 86º W (Figure 

3.1), a region that is located directly south of the results presented by Hussong et al. 

(1975; 1976). The bounce points coincidentally straddle the Nazca Ridge, a volcanic 

seamount chain. Because the 1200 km long and 300 km wide seamount chain (Woods 

and Okal, 1994) runs right through the area sampled by PP-bounce point data (PPBPD, 

Figure 3.1), we will only invert PPBPD from areas that we believe are far enough from 

the Nazca Ridge to avoid hot spot related structure. We believe that by only modeling 

PPBPD west of 80º W, we will sample regions far enough away from the ridge to 

minimize the effect of the Nazca Ridge. However, a lack of geochronological and 

geochemical data for the Nazca Ridge makes it difficult to determine the exact extent and 

regional effect of the hotspot-altered crust (Ray et al., 2012). Therefore, direct 

comparison to the refraction results may be problematic because of our proximity to the 

Nazca Ridge and the distance to the refraction results. 
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3.1 REAL DATA RESULTS 

Layer 1 median velocities for all the bins ranged from 1.9 to 2.2 km/s, which are 

well within the range of values found in global data (Table 1.1) and is not far from the 

refraction profile velocity of 1.7 km/s for this layer (Table 1.5). Median thicknesses 

ranged from 0.2 to 0.4 km (Figure 3.5), and are within the range of values found in the 

nearby refraction profile values and global averages. This is slightly larger than the 

sediment layer thickness of 0.2 km estimated from the refraction profile, but this may be 

due to proximity to the Nazca Ridge.  

Layer 2A median velocities ranged from 3.8 to 4.5 km/s. These velocities closely 

match velocities determined by various studies, as listed in Table 1.2. Hussong et al. 

(1976) do not provide layer 2A velocities in the A2S-A2O profile, but from the ASPER 

profile’s 5-layer model (that includes layer 2C), velocities around 4.0 km/s were present 

below the sediment layer. The algorithm-estimated thicknesses for 2A lie between 1.5 

and 1.9 km, which are not common in standard oceanic crust. Typical ranges for 2A 

thickness vary anywhere from 0.1 to 1 km thick, with the latter condition rarely occurring 

(Table 1.2). Again, because of the proximity to the Nazca Ridge, this value may be 

higher than normal. 

Layer 2B median velocities range from 5.6 to 6.1 km/s, which are consistent with 

velocities found in other oceanic crustal studies and by Hussong et al. (1976) using 

refraction modeling (Tables 1.3 and 1.5). Thicknesses for 2B range from 1.96 to 2.5 km. 

This range is slightly higher than the global range (1.6-2.1 km), but these values are still 

plausible. 
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Median velocities for layer 3 (6.01 to 6.13 km/s) were estimated by the algorithm 

to be approximately 1 km/s slower than typical global velocities and the refraction profile 

velocities. This range is unrealistic for layer 3, as the lowest measured range velocity is 

no lower than 6.5 km/s and as high as 7.1 km/s (Table 1.4). Layer 3 median thicknesses 

are much higher than global values, which range from 3.3 to 6.2 km. Our estimated 

values from the algorithm range from 6.12 to 6.91 km, which barely overlaps the global 

range and suggests a much thicker layer 3.  

The upper mantle half-space median velocities found by our PP inversion ranged 

from 8.46 to 8.49 km/s. While a value of 8.5 km/s was calculated for one of the profiles 

reported by Hussong et al. (1976), our range reaches the uppermost imposed values found 

in the global data (Tables 3.3 and 1.5), which is similar to what occurred with the 

hardwired water depth tests mentioned previously. This means that the algorithm 

attempted to use a value higher than 8.5 km/s but was unable to do so due to the thickness 

restrictions.  
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3.2 DISCUSSION OF RESULTS 

After comparing the assumed water depth results with the dynamically assigned 

water depths, it is clear that there were errors in the inversion model for fixed water 

depths. The errors were caused by the assumption of knowing the depths/locations of the 

bounce points to within a few kilometers. 

 In every test conducted, the forward model assigned an initial water depth of 3 

km, which is much too shallow for our study area. After many iterations, the inversion 

algorithm approached a water depth that was different from the one assumed from the 

theoretical bounce point and was close to the expected value and similar to values 

observed no more than 100 km from the assumed bounce points. This indicates that not 

only does the inversion algorithm function properly, but it also approaches realistic 

values. 

3.2.1 Analysis of Numerical Results 

The results show that the upper layers (1, 2A, 2B) yield more realistic values than 

lower layers (3, upper mantle). We increased the range of limits for both layer 1 Vp and 

Z, and the genetic algorithm was still able to estimate values that closely match global 

and refraction profile Vp and Z values. The algorithm also determined velocities for 2A 

and 2B that are very close to global values. Median thicknesses estimated by PP 

waveform inversion for 2B were relatively close to global values, but thicknesses for 2A 

were much higher than expected. The algorithm poorly estimated layer 3 velocities and 

thicknesses, which greatly differed from global and refraction profiles ranges. Mantle 

velocities were poorly estimated because the algorithm assigned velocities against the 
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upper limit for all the longitudinal bins, which created low variance and standard 

deviations for the value.  

Just as with the synthetics tests, as shown in Figures 2.4 and 2.6, our inversion 

technique is most sensitive to layer 1 and 2A. We expected our PP waveform inversion to 

be most effective in estimating similar ranges of Vp and Z to global ranges for layer 1 and 

to decrease in similarity of velocities and thicknesses for layers 2A and 2B. 

3.2.2 Interpretation of Results 

Estimated thicknesses for all layers seemed to run slightly higher than typical 

values. Because of these greater thicknesses, we determined that the refraction profile to 

the north of our study area might not have been the closest analog to our data. The 

locations of our bounce points (which may slightly differ from projected locations) are 

within 300 km of the Nazca Ridge, and the majority fall within 150 km of the ridge. 

Because the refraction profile is 700 km from the ridge, our original assumption of being 

located far enough from the hot spot island chain and expecting results similar to those 

found in the near-by refraction work is wrong. Watts and ten Brink (1989) analyzed the 

geometry of the flexure of the Hawaiian Islands using reflection profiles, and determined 

that crustal thickening may occur (due to basaltic flows and sediment infill) within at 

least 200 km from the island seamount chain crests (Figure 3.4). Layer 2A can be 

especially thick near a volcanic island owing to the larger amount of volcanic activity. 

This means that our irregularly high values for layer 2A thickness and slightly higher 

layers 1, 2B, and 3 thicknesses could be attributed to crustal thickening near a hot spot 

island. Layer 2A basalts could be thicker due to increased regional volcanism, causing 

greater amounts of extrusives to form. Layer 1 may have a slightly larger thickness due to 
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volcanic ash fallout or sediment deposition from the seamount chain (Figure 3.5). Layer 

2B and 3 thicknesses may be larger due to flexural bending in the region, making the 

layers seem thicker (Figure 3.4 and Figure 3.5). White and McKenzie (1989) showed that 

amount the melt doubled with 100°C increase above normal lithosphere temperatures, 

and quadrupled when temperatures were 200°C above normal. Because the Nazca Ridge 

is a seamount chain, this could also account for thicker layers 2B and 3.  

Talandier and Okal (1987) modeled a refraction dataset from near the Society 

Islands and produced crustal models based on hotspot geometry. Their layer 1 velocity 

and thickness values were 1.9 km/s and 0.4 km, respectively. A few of the bins had 

median Vp and Z values for layer 1 that were 2.0 km/s and 0.39 km. Their “basalt” layer 

velocity and thickness values were 4.37 km/s and 1.8 km, respectively. They do not 

specify what they included in this layer—whether they included layer 2B with layer 2A 

or with the gabbroic layer 3—but the velocity they estimated (4.37 km/s) is within the 

range typically found for layer 2A. Hence we assume their “basaltic layer” is equivalent 

to layer 2A, and their results suggest layer 2A is thicker near a hot spot island than 

typically observed for “generic” oceanic crust. Our layer 2A thickness ranged from 1.5 to 

1.9 km and is similar to the thickness found for the “basaltic” layer thickness of 1.8 km 

near the Society Islands. The next layer they included was the “gabbro” layer (layer 3). 

Their layer 3 velocities are much higher than velocities obtained by our inversion 

algorithm, and their layer 3 thickness estimate is considered to be on the higher end of the 

range of common thicknesses. Even though we did not anticipate our inversion algorithm 

being sensitive to layer 3, it should be noted that the median velocities that our algorithm 

estimated for layer 3 are similar to our velocities for layer 2B. It is possible that because 
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the algorithm is not sensitive to the boundary between layer 2B and layer 3, it attempted 

to combine velocities between these layers, which results in a low estimate in the 

velocity. 
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Figure 3.1. Map of the region containing both the principal refraction profile line 18-19 

and the locations of the bounce points (blue dots), which straddle the Nazca Ridge 

(compare Figure 1.5). Lines of latitude and longitude are spaced in increments of 5º. The 

uppermost latitude line begins at 10º S. 
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Figure 3.2. This shows the relative Nazca Plate motion. The principal purpose of this 

figure is to demonstrate the direction of movement near our study area, off the coast of 

Peru and Chile. 

Taken from: Wölbern (2016) 
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(b) 

(a) 
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Figure 3.3. Graphs of the calculated P-wave velocities (a) and layer thicknesses (b) using 

the dynamic water level method. Velocities and thicknesses for the dynamic water level 

method did not reach the imposed boundary limits, except layer 3 and upper mantle Vp. 

The standard deviations for layer 3 and upper mantle Vp are small compared to velocities 

for the other layers seen in (a), and this is caused by the boundary limits. Layer 

thicknesses in (b) were not stopped by the boundary limits as seen by the greater standard 

deviations but still had low variability in values, except for layer 3 (Table 3.1 and 3.2). 
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80-82°W 82-84°W 84-86°W 80-82°W 

1.99± 0.3 km/s 0.22± 0.3 km 

4.49± 0.6 km/s 1.81± 0.3 km 

5.57± 0.3 km/s 2.39± 0.3 km 

6.01± 0.05 km/s 6.12± 0.5 km  

8.50± 0.2 km/s 

2.24± 0.2 km/s  0.39 ± 0.2 km 

3.79± 0.2 km/s  1.90 ± 0.3 km 

5.99± 0.2 km/s 1.96 ± 0.5 km  

6.09± 0.2 km/s 6.14± 0.2 km  

8.48± 0.04 km/s  

2.04± 0.2 km/s 0.34± 0.07 km 

3.89± 0.2 km/s 1.92 ± 0.2 km  

6.13± 0.1 km/s  2.46± 0.3 km 

6.13± 0.1 km/s 6.91± 0.1 km 

8.47± 0.1 km/s  

Figure 3.4. Layer cake model of median values tabulated in Table 3.1. Velocities and 

standard deviations for each bin are located on the left side of the layer and thicknesses 

with standard deviations are on the right. Layer 1 values are located slightly above the 

depicted layer. The 80 to 86 bin was not included because it was used to average the 

entire region, not compare structure versus the age of the crust. Cartoon layer thicknesses 

are not to scale. 
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Figure 3.5. Two-dimensional flexural model of a transect over the island of Oahu. The 

numbers indicate different curves. The primary purpose of this figure is to demonstrate 

crustal thickening around the moat of Oahu from basaltic flows and sediment infill as far 

away as 350 km from the island seamount chain axis. This model is based on a joint 

project refraction profile conducted by the Lamont-Doherty Geological Observatory and 

the Hawaii Institute of Geophysics. It should be noted that the 1, 2, and 3 in this figure do 

not correspond to layers 1, 2, and 3 in our models. 

Modified from Watts and ten Brink (1989). 
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Figure 3.6. Topographic map of the Nazca Ridge and surrounding oceanic crust. The 

contour lines indicate that the elevation of the abyssal plain is affected by the nearby 

Nazca Ridge. The scale bar (100 km for upper bar and 60 miles for lower bar) shows that 

this bathymetry on the seafloor changes as much as 300 km away from the ridge axis 

(measured to the 4500 m contour line). 

From: NOAA (2015) 
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Vp StD Bin Location 

Layer 80-82 82-84 84-86 80-86 

1 0.291 0.230 0.246 0.262 

2A 0.621 0.232 0.224 0.620 

2B 0.256 0.217 0.108 0.230 

3 0.049 0.173 0.107 0.061 

Mantle 0.168 0.042 0.140 0.081 

Z StD Bin Location 

Layer 80-82 82-84 84-86 80-86 

1 0.300 0.223 0.067 0.263 

2A 0.339 0.305 0.225 0.414 

2B 0.304 0.490 0.314 0.286 

3 0.510 0.489 0.131 0.343 

Vp 

(km/s) 
Bin Location 

Layer 80-82 82-84 84-86 80-86 

1 1.990 2.244 2.039 2.179 

2A 4.488 3.788 3.890 4.053 

2B 5.569 5.986 6.129 5.861 

3 6.011 6.091 6.129 6.044 

Mantle 8.495 8.476 8.466 8.474 

Z (km) Bin Location 

Layer 80-82 82-84 84-86 80-86 

1 0.224 0.399 0.338 0.390 

2A 1.806 1.899 1.920 1.458 

2B 2.389 1.956 2.457 2.114 

3 6.120 6.140 6.910 6.451 

Table 3.1.  Table of P-wave velocity and thickness values binned by location and size. Water depths were 

dynamically assigned for this test. 

Table 3.2.  Table of P-wave velocity and thickness values binned by location and size. Water depths were 

dynamically assigned for this test. 
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CHAPTER IV 

CONCLUSIONS 

Conclusions from synthetics: 

1. Tests of the of the contribution of each layer in the oceanic crust to the PP 

waveform show that layers 1 and 2A contribute the greatest amount to the overall 

amplitudes in the PP waveform. Therefore, modeling of PP waveforms will be 

most sensitive to layers 1 and 2A. These tests also showed that we have the lowest 

sensitivity to layer 3. 

2.  There exists little to no distinguishable improvement in resolution by decreasing 

the amplitude cutoff in modeling reverberation values (e.g., changing value from 

0.01 and 0.001).  

3. Tests for using a genetic algorithm to invert for synthetic PP-waveforms for Vp, 

Vs, ρ, and Z values were successful and encouraged us to model real data. 

Conclusions from real data results: 

1. Beam forming PP bounce point data to model the upper oceanic crust is a 

plausible method. The method is not a viable replacement for closely measuring 

layer velocities and thicknesses possible in reflection/refraction surveys and 

borehole measurements, but it potentially offers a first-order investigation of 

regional averages for P-wave velocities and thicknesses of oceanic crustal layers.  

2. Using hardwired water depths based on bounce point locations is an ineffective 

technique for PP waveform inversion because very small velocity anomalies 

along the PP ray path (especially near the earthquake source or the seismic 

station) can result in large enough errors in the assumed PP bounce point location 
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to place the real bounce point in an area with a different water depth. Water depth 

should be included in the inversion algorithm because the PP-waveform is 

extremely sensitive to small differences in water depth. In many parts of the 

ocean, a variation in water depth can occur with PP bounce point misallocation of 

less than 1 degree, which is significant enough to affect our modeling.  Because 

we may only know the location of the modeled crust to within one degree, PP 

waveform modeling can only be used map average crustal properties over a large 

area that are yet unexplored. This will provide first order information to guide 

more detailed work.  

3. The PP waveform inversion technique was able to invert for layer 1 velocity and 

thickness with geologically reasonable values as determined by DSDP/ODP and 

scant refraction work (2.1 km/s and 0.4 km, respectively).  

4. The layer 2A velocity modeled from our inversion method closely match globally 

averaged and refraction profile 2A velocities. 2A thicknesses estimated by this 

inversion technique (~1.8 km) are considerably higher than thicknesses given by 

global and refraction values for “generic” oceanic crust. Talandier and Okal 

(1987) posit that layer 2A within 200 km of the Society Islands have 

approximately the same thickness as our estimated values, which were also from a 

region close to a hot spot island chain. 

5. Layer 2B velocities also closely match global and refraction profile velocities, but 

our thicknesses are slightly greater than global averages and may be plausible for 

a region near a hot spot island track.  
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6. The velocities modeled for layer 3, which are almost the same as our layer 2B 

velocities, were lower than expected based on global and profile data. This means 

that the layer 3 velocities were most likely poorly modeled. We had difficulty 

modeling layer 3 based on observations in modeling the synthetic data.  

7. Our modeling also failed to model mantle velocities to within well-known 

geological limits. 

8. We found that PP waveform inversion can contribute to developing models for 

the vast unexplored regions of the ocean floor and to models of the distribution 

and variations in the properties of layers 1 and 2A (and layer 2B to a lesser 

extent), but it will not contribute significantly to modeling the Moho of the 

oceanic crust.  

Potential further work: 

1. The genetic algorithm may have been appropriate for inversions, but the 

comparison of various inversion techniques would be insightful as to the utility of 

each process.  

2. Because our study area and that of refraction profiles differed by about 400 km, 

differences in structure over that distance prevented the direct comparison of 

velocities and thicknesses. Using bounce points that cover the same area will 

improve the method. At the time of this work we only were able to process the 

first half of the EarthScope transportable (TA) array data. Future work with the 

entire TA data set (once acquisition is completed) may provide bounce point data 

closer to previous refraction work, which can then be used test the effectiveness 

of our inversion method. 
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3. PP waveform inversion is most sensitive to values of Vp and Z (layer thickness), 

but errors in the values of Vs and density can affect our inversion results. Joint 

inversion of PP and SS waveforms may be able to reduce errors in our models. 
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APPENDIX A 

SYNTHETIC RESULTS 

This appendix contains |ΔP| error graphs and tables as an addendum to the percent 

error graphs and tables used in the methodology chapter. These values show the absolute 

value of the difference between theoretical and calculated estimates on Vp, Vs, ρ, and Z 

for layers 1, 2A, 2B, 3, and the upper mantle and do not favor larger values, as δ does.   
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Figure A.1.   Graphs of results of 1-norm vs. 2-norm values listed in Table A.1. No 

noticeable trend between the misfit modifiers and difference error is found within layers 

or for specific parameters. Layers 1 (a) and 2A (b) have high difference error for Vp and 

Vs. On average, Z error for all layers is higher than all other parameters in that layer and 

densities are low. Error difference for layer 3 (d) and the mantle half space (e) appear 

higher than the error percentages given in chapter 2.  
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Figure A.2.   Graphs of results of the tolerance values 0.001, 0.002, 0.004, 0.006, 0.008, 

0.01, and 0.02 that correspond with Table A.2. There is no relationship between tolerance 

level and ΔP for synthetics. Because of the computational expense of using a low 

tolerance, we decided to use 0.006 as the tolerance cutoff, as it provided moderate 

resolution and faster computation times. 
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Figure A.3.   Graphs of results of the tolerance values 0.001, 0.002, 0.004, 0.006, 0.008, 

0.01, and 0.02 that correspond with Table A.3. There is no relationship between tolerance 

level and percent error for synthetics. Because of the computational expense of using a 

low tolerance, we decided to use 0.006 as the tolerance cutoff, as it provided moderate 

resolution and faster computation times. 

(e) 
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Value Layer 
Avg. Values Actual 

Values 

|ΔP| 

Norm 1 Norm 2 Norm 1 Norm 2 

Vp 

1 2.134 2.012 1.900 0.234 0.112 

2A 4.068 3.659 3.740 0.328 0.081 

2B 5.182 5.405 5.240 0.058 0.165 

3 6.798 6.709 6.850 0.052 0.141 

Mantle 8.108 8.025 8.000 0.108 0.025 

Vp 

1 1.003 1.076 0.864 0.139 0.213 

2A 2.317 2.149 2.078 0.240 0.072 

2B 2.906 3.163 3.025 0.119 0.137 

3 3.894 3.861 3.955 0.061 0.094 

Mantle 4.573 4.582 4.619 0.046 0.037 

Rho 

1 1.617 1.671 1.700 0.083 0.029 

2A 2.276 2.172 2.230 0.046 0.058 

2B 2.695 2.642 2.680 0.015 0.038 

3 2.960 2.931 2.930 0.030 0.001 

Mantle 3.207 3.193 3.200 0.007 0.007 

Z 

1 0.267 0.256 0.300 0.033 0.044 

2A 0.415 0.305 0.500 0.085 0.195 

2B 1.596 1.471 1.870 0.274 0.399 

3 5.140 5.279 4.910 0.230 0.369 

Table A.1.   |ΔP| calculated from the 1 and 2-norm tests. 
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Value Layer 
Tolerance Level (|ΔP|) 

0.001 0.002 0.004 0.006 0.008 0.01 0.02 

Vp 

1 0.246 0.123 0.221 0.076 0.270 0.192 0.205 

2A 0.393 0.321 0.272 0.233 0.117 0.273 0.419 

2B 0.115 0.105 0.054 0.072 0.138 0.002 0.030 

3 0.122 0.040 0.121 0.053 0.026 0.058 0.005 

Mantle 0.033 0.038 0.007 0.029 0.019 0.031 0.003 

Vp 

1 0.217 0.161 0.246 0.160 0.283 0.271 0.208 

2A 0.251 0.207 0.160 0.207 0.141 0.192 0.252 

2B 0.071 0.063 0.022 0.015 0.066 0.063 0.066 

3 0.028 0.067 0.025 0.083 0.022 0.015 0.008 

Mantle 0.072 0.086 0.047 0.030 0.021 0.021 0.110 

ρ 

1 0.078 0.031 0.089 0.004 0.108 0.054 0.070 

2A 0.107 0.049 0.038 0.048 0.133 0.099 0.078 

2B 0.049 0.097 0.101 0.090 0.117 0.019 0.026 

3 0.037 0.027 0.002 0.030 0.016 0.003 0.084 

Mantle 0.036 0.010 0.041 0.008 0.028 0.042 0.001 

Z 

1 0.064 0.034 0.047 0.021 0.058 0.050 0.053 

2A 0.062 0.070 0.044 0.051 0.025 0.028 0.081 

2B 0.052 0.120 0.068 0.069 0.099 0.049 0.074 

3 0.161 0.010 0.105 0.028 0.031 0.028 0.008 

Table A.2.  |ΔP| calculated from various tolerance levels. 
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Value Layer 
Number of Sources (|ΔP|) 

2 4 8 16 32 

Vp 

1 0.246 0.183 0.217 0.160 0.253 

2A 0.031 0.008 0.035 0.050 0.113 

2B 0.220 0.144 0.057 0.273 0.030 

3 0.125 0.059 0.087 0.083 0.073 

Mantle 0.052 0.074 0.121 0.049 0.113 

Vp 

1 0.052 0.150 0.097 0.077 0.103 

2A 0.121 0.024 0.056 0.088 0.129 

2B 0.051 0.046 0.010 0.066 0.093 

3 0.162 0.073 0.090 0.154 0.082 

Mantle 0.040 0.040 0.010 0.058 0.008 

ρ 

1 0.037 0.054 0.023 0.029 0.043 

2A 0.078 0.026 0.021 0.077 0.052 

2B 0.086 0.022 0.064 0.075 0.079 

3 0.038 0.021 0.036 0.025 0.037 

Mantle 0.031 0.019 0.034 0.027 0.033 

Z 

1 0.078 0.005 0.038 0.047 0.067 

2A 0.053 0.071 0.015 0.082 0.024 

2B 0.126 0.191 0.227 0.161 0.194 

3 0.042 0.177 0.127 0.022 0.100 

Table A.3.   |ΔP| calculated from numbers of source functions used. 
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APPENDIX B 

MATLAB CALCULATIONS 

  

 Two types of MATLAB code is set forth. The first type uses a hardwired water 

depth that is included with the bounce point information. The second inverts for water 

depth and is given a range of possible thicknesses. The order of these programs is that the 

first program calls the second one listed, the second calling the third, and so forth until 

the last function in that set. The second set of 3 functions are modified versions of the 

first set of 3 functions. Functions 7 through 9 are the same programs that both modified 

functions use.  
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Hardwired Water Depth Script 

a=clock; 

randi(10,round(10*a(5)+10*a(6)),1) 

nsynths=8 

ccc=clock; 

junk=randi(10,1,round(prod(ccc(4:6))+sum(ccc))); 

tol=0.006 

DATATYPE = 6; 

 

lonmin=278 

lonmax=280 

load('keepsyn6.mat'); 

SYNin = KEEPSYN 

 

m=0; 

for i=1:length(SYNin) 

    if SYNin(i).MLLZ(2) >= lonmin && SYNin(i).MLLZ(2) < lonmax 

       m=m+1; 

       SYNBIN(m) = SYNin(i); 

    end 

end 

 

GenSYN=SYNBIN; 

nsynths=min([nsynths length(GenSYN)]) 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_10] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_11] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_12] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_13] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 
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for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_14] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_15] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_16] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_17] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_18] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_19] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1  
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function [M] =GA_PP_BP_sourceDN2C(tolin,SYNin,normin) 

%UNTITLED Summary of this function goes here 

%   Detailed explanation goes here 

 

global T1 T2 norm SYN f tlen dt tol ccc Tpad Vp1 Vs1 z1  z2 counter 

 

counter=0 

 

norm=normin; 

SYN=SYNin; 

Vp1=[.343 1.5 ] ; % ad air layer and half space 

Vs1=[10e-99 10e-90]; 

for i=1:length(SYNin) 

   z1(i)=abs(SYNin(i).MLLZ(3)); 

end 

 

z2=[20 ]; 

 

%       sediment   pillow    dikes  crust  mantle 

     Vp=[  2.0      3.7     5.3      6.8     8.0]; 

  Vpmin=[  1.5       3      4.9      6.2     7.9]; 

  Vpmax=[ 2.5      5.6      6.6      7.6     8.3]; 

     K=[  3       1.85      1.78    1.78]; 

  Kmin=[   1.8    1.68      1.7     1.72]; 

  Kmax=[   6       2.1      1.85    1.85]; 

 

   den=[  1.7      2.3      2.75     2.95     3.2]; 

denmin=[  1.3      2.1      2.6      2.85     3.0]; 

denmax=[  2.2      2.7      2.95     3.1      3.3]; 

 

     z=[  .4        .5     1.8        5]; 

  zmin=[ .1        .2      1.0        2]; 

  zmax=[ 0.5       0.9     2.2        7]; 

tlen=50; dt=1/1000; tol=tolin; ccc='r'; nl=length(Vp); f=1; Tpad=10; 

M=[Vp K den z]; 

 

Mmin=[Vpmin Kmin denmin zmin]; 

Mmax=[Vpmax Kmax denmax zmax]; 

 

mrange=(Mmax-Mmin)/2; 

M=M+mrange.*(rand(size(M))-0.5); 

 

M=max([M; Mmin]); 

M=min([M; Mmax]); 

 

T1=10; T2=10; 

[M,FVAL,EXITFLAG] = ga(@(M) model_PP_BP_GA_SourceDN2C(M),length(M),[],[],[],[],Mmin,Mmax) 

%[fmod_2]=model_PP_BP_GA_SourcePHW(M) 

 

end 
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function [misfitout] = model_PP_BP_GA_SourceDN2C(M) 

%UNTITLED Summary of this function goes here 

%   Detailed explanation goes here 

 

global T1 T2 norm SYN f tlen dt tol ccc Tpad Vp1 Vs1 z1 z11  z2 counter 

 

%nl=round((length(M))/4); 

misfitout=0; 

misfitout_t=zeros(1,length(SYN)); 

Vp=M(1:5); 

K=M(6:9); 

den=M(10:14); 

z=M(15:18); 

Vs=Vp./[K 1.78]; 

 

 

dt=SYN(1).dt; 

dVp=Vp(2:end)-Vp(1:end-1); 

dVs=Vs(2:end)-Vs(1:end-1); 

 

invtest=min(min(dVp)); 

seismogramO=length(SYN)*SYN(1).seismogram; 

misfitout=0; 

misfitf=seismogramO; 

if norm == 2, misfit=misfitf*misfitf'; end % 2 norm 

if norm == 1, misfit=sum(abs(misfitf)); end % 1 norm 

 

if invtest<0 

    misfitout=misfit*10^10; 

end 

 

if misfitout ==0 

    for ijk=1:length(SYN) 

        z11=z1(ijk)/1000; 

        p=SYN(ijk).p; 

        seismogramO=SYN(ijk).seismogram; 

        [SYNTH]=runRTreflectionD(den,Vp,Vs,z,p,1/1000); 

        dshift=(SYNTH.shift*(1/dt)); 

        

source=interp1(SYN(ijk).STime,SYN(ijk).source,[SYN(ijk).STime(1):1/1000:SYN(ijk).STime(en

d)]); 

        seismogramTH=conv(SYNTH.seismogram,source); 

        seismogramTH=interp1([0:(length(seismogramTH)-

1)]*(1/1000),seismogramTH,[0:1/40:((length(seismogramTH)-1)*(1/1000))]); 

        ac=conv(seismogramTH,fliplr(seismogramTH)); 

        [junk,iac]=max(ac); 

 

        cc=conv(seismogramO,fliplr(seismogramTH)); 

        [junk,icc]=max(cc); 

        shift=icc-iac; 

        if shift>0 

            seismogramO=seismogramO(shift:end); 

        elseif shift<0 



Texas Tech University, Tyler Goodell, August 2016 

120 

            seismogramO=[zeros(1,abs(shift)) seismogramO]; 

        end 

 

        st1=round(dshift-(T1/dt)); 

        st2=round(dshift+(T2/dt))+length(SYN(ijk).source); 

        seismogramTH=seismogramTH(st1:st2); 

        seismogramO=seismogramO(st1:st2); 

 

        seismogramO=seismogramO*(1/max(seismogramO)); 

        seismogramTH=seismogramTH*(1/max(seismogramTH)); 

 

        misfit=(seismogramO-seismogramTH); 

        if norm == 2, misfitout_t(ijk)=misfitout_t(ijk)+misfit*misfit'; end % 2 norm 

        if norm == 1, misfitout_t(ijk)=misfitout_t(ijk)+sum(abs(misfit)); end % 1 norm 

    end 

    misfitout=sum(misfitout_t); 

end 

 

counter=counter+1; 

if (counter-1)/200 == round((counter-1)/200) 

    disp(counter/100) 

    show=[Vp; den; [K  0/0]; [ z 0/0]] 

    nowis=clock 

    figure(1) 

    plot([1:length(seismogramO)]*(1/40),seismogramO,'b') 

    hold on 

    plot([1:length(seismogramTH)]*(1/40),seismogramTH,'r') 

    hold off 

    pause(0.02) 

end 

end 
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Dynamic Water Depth Script 

a=clock; 

randi(10,round(10*a(5)+10*a(6)),1) 

nsynths=8 

ccc=clock; 

junk=randi(10,1,round(prod(ccc(4:6))+sum(ccc))); 

tol=0.006 

DATATYPE = 6; 

 

lonmin=278 

lonmax=280 

load('keepsyn6.mat'); 

SYNin = KEEPSYN 

 

m=0; 

for i=1:length(SYNin) 

    if SYNin(i).MLLZ(2) >= lonmin && SYNin(i).MLLZ(2) < lonmax 

       m=m+1; 

       SYNBIN(m) = SYNin(i); 

    end 

end 

 

GenSYN=SYNBIN; 

nsynths=min([nsynths length(GenSYN)]) 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_10] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_11] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_12] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_13] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 
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save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_14] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_15] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_16] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_17] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_18] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 

 

for i=1:nsynths 

    isyn=randi(length(GenSYN),1,1) 

    SYNtemp(i)=GenSYN(isyn); 

end 

[MREAL8_80to82_DN2C_19] =GA_PP_BP_sourceDN2C(tol,SYNtemp,1) 

save MREAL8_80to82_DN2C_1 
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function [M] =GA_PP_BP_sourceDN2C(tolin,SYNin,normin) 

%UNTITLED Summary of this function goes here 

%   Detailed explanation goes here 

 

global T1 T2 norm SYN f tlen dt tol ccc Tpad Vp1 Vs1 z1  z2 counter 

 

counter=0 

 

norm=normin; 

SYN=SYNin; 

Vp1=[.343 1.5 ] ; % ad air layer and half space 

Vs1=[10e-99 10e-90]; 

for i=1:length(SYNin) 

   z1(i)=abs(SYNin(i).MLLZ(3)); 

end 

 

z2=[20 ]; 

 

%            sediment   pillow    dikes  crust  mantle 

     Vp=[      2.0      3.7      5.3      6.8     8.0]; 

  Vpmin=[      1.5       3       4.9      6.0     7.9]; 

  Vpmax=[      2.5      5.6      6.6      7.6     8.5]; 

     K=[       3       1.85      1.78    1.78]; 

  Kmin=[       1.8     1.68      1.7     1.72]; 

  Kmax=[       6       2.1      1.85     1.85]; 

 

   den=[       1.7      2.3      2.75     2.95    3.2]; 

denmin=[       1.3      2.1      2.6      2.85    3.0]; 

denmax=[       2.2      2.7      2.95     3.1     3.3]; 

 

     z=[ 4.2   .4        .5      1.8        5]; 

  zmin=[ 3     .05       .2      1.0       2]; 

  zmax=[ 6     1         2       2.5        7]; 

tlen=50; dt=1/1000; tol=tolin; ccc='r'; nl=length(Vp); f=1; Tpad=10; 

M=[Vp K den z]; 

 

Mmin=[Vpmin Kmin denmin zmin]; 

Mmax=[Vpmax Kmax denmax zmax]; 

 

mrange=(Mmax-Mmin)/2; 

M=M+mrange.*(rand(size(M))-0.5); 

 

M=max([M; Mmin]); 

M=min([M; Mmax]); 

 

T1=10; T2=10; 

[M,FVAL,EXITFLAG] = ga(@(M) model_PP_BP_GA_SourceDN2C(M),length(M),[],[],[],[],Mmin,Mmax) 

 

 

end 

  



Texas Tech University, Tyler Goodell, August 2016 

124 

function [misfitout] = model_PP_BP_GA_SourceDN2C(M) 

%UNTITLED Summary of this function goes here 

%   Detailed explanation goes here 

 

global T1 T2 norm SYN f tlen dt tol ccc Tpad Vp1 Vs1 z1 z11  z2 counter 

 

%nl=round((length(M))/4); 

misfitout=0; 

misfitout_t=zeros(1,length(SYN)); 

Vp=M(1:5); 

K=M(6:9); 

den=M(10:14); 

z=M(15:19); 

Vs=Vp./[K 1.78]; 

 

 

dt=SYN(1).dt; 

dVp=Vp(2:end)-Vp(1:end-1); 

dVs=Vs(2:end)-Vs(1:end-1); 

 

invtest=min(min(dVp)); 

seismogramO=length(SYN)*SYN(1).seismogram; 

misfitout=0; 

misfitf=seismogramO; 

if norm == 2, misfit=misfitf*misfitf'; end % 2 norm 

if norm == 1, misfit=sum(abs(misfitf)); end % 1 norm 

 

if invtest<0 

    misfitout=misfit*10^10; 

end 

 

if misfitout ==0 

    for ijk=1:length(SYN) 

        z11=z1(ijk)/1000; 

        p=SYN(ijk).p; 

        seismogramO=SYN(ijk).seismogram; 

        [SYNTH]=runRTreflectionD(den,Vp,Vs,z,p,1/1000); 

        dshift=(SYNTH.shift*(1/dt)); 

        

source=interp1(SYN(ijk).STime,SYN(ijk).source,[SYN(ijk).STime(1):1/1000:SYN(ijk).STime(en

d)]); 

        seismogramTH=conv(SYNTH.seismogram,source); 

        seismogramTH=interp1([0:(length(seismogramTH)-

1)]*(1/1000),seismogramTH,[0:1/40:((length(seismogramTH)-1)*(1/1000))]); 

        ac=conv(seismogramTH,fliplr(seismogramTH)); 

        [junk,iac]=max(ac); 

 

        cc=conv(seismogramO,fliplr(seismogramTH)); 

        [junk,icc]=max(cc); 

        shift=icc-iac; 

        if shift>0 

            seismogramO=seismogramO(shift:end); 

        elseif shift<0 
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            seismogramO=[zeros(1,abs(shift)) seismogramO]; 

        end 

 

        st1=round(dshift-(T1/dt)); 

        st2=round(dshift+(T2/dt))+length(SYN(ijk).source); 

        seismogramTH=seismogramTH(st1:st2); 

        seismogramO=seismogramO(st1:st2); 

 

        seismogramO=seismogramO*(1/max(seismogramO)); 

        seismogramTH=seismogramTH*(1/max(seismogramTH)); 

 

        misfit=(seismogramO-seismogramTH); 

        if norm == 2, misfitout_t(ijk)=misfitout_t(ijk)+misfit*misfit'; end % 2 norm 

        if norm == 1, misfitout_t(ijk)=misfitout_t(ijk)+sum(abs(misfit)); end % 1 norm 

    end 

    misfitout=sum(misfitout_t); 

end 

 

counter=counter+1; 

if (counter-1)/200 == round((counter-1)/200) 

    disp(counter/100) 

    show=[0/0 [Vp]; [0/0 den]; [0/0 K  0/0]; [ z 0/0]] 

    nowis=clock 

    figure(1) 

    plot([1:length(seismogramO)]*(1/40),seismogramO,'b') 

    hold on 

    plot([1:length(seismogramTH)]*(1/40),seismogramTH,'r') 

    hold off 

    pause(0.02) 

end 

end  
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function [Synthetic]=runRTreflectionD(deni,Vpi,Vsi,zi,p,dt) 

% [Time,seismogram]=runRTreflectionPQ2(50,1/1000,0.06,0.0001,'r'); 

% ran in 21 second on my laptop 

% [Time,seismogram]=runRTreflectionPQ2(50,1/1000,0.06,0.0005,'b'); 

% ran in 4 seconds on my laptop 

% [Time,seismogram]=runRTreflectionPQ2(50,1/1000,0.06,0.001,'g'); 

% ran in 1.6 sec on ,y laptop 

%tlen = trace length 

 

global tlen tol Tpad Vp1 Vs1 z11  z2 

 

Vp=[Vp1 Vpi Vpi(end)+0.001 ];  % ad air layer and half space 

Vs=[Vs1 Vsi Vsi(end)+0.001]; 

den=[0.00128 1 deni deni(end)+0.001]; 

% den=0.32*Vp+0.77; 

% den(1)=0.00128; 

% den(2)=1; 

z=[ zi z2 ]; 

 

 

color='gcbmrkgcbmrkgcbmrkgcbmrkgcbmrkgcbmrkgcbmrkgcbmrkgcbmrkgcbmrkgcbmrk'; 

nsamples=round(tlen/dt); 

seismogram=zeros(1,nsamples); 

 

ipnew=0; 

lz=length(z); 

for a=1:lz 

    path1=[lz+1 a]; 

    path2=[a lz+1]; 

    [tt1,amp1] = RTreflectionP(Vp,den,z,path1,Vs,p,1,0); 

    [tt2,amp2] = RTreflectionP(Vp,den,z,path2,Vs,p,1,1); 

    PR(1,a).path1(1,:)=path1; 

    PR(1,a).tt1(1)=tt1; 

    PR(1,a).amp1(1)=amp1; 

    PR(1,a).path2(1,:)=path2; 

    PR(1,a).tt2(1)=tt2; 

    PR(1,a).amp2(1)=amp2; 

    PR(1,a).ipr(1)=1; 

    path=[PR(1,a).path1(1,:) ]; 

    tt=PR(1,a).tt1(1)+PR(1,a).tt2(1); 

    amp=PR(1,a).amp1(1)*PR(1,a).amp2(1); 

    if tt < tlen 

        nsample=round(tt/dt); 

        seismogram(nsample)=seismogram(nsample)+amp; 

        if abs(amp)>tol 

            ipnew=ipnew+1; 

            path_temp(ipnew,:)=path; 

            amp_temp(ipnew)=amp; 

            tt_temp(ipnew)=tt; 

            a_temp(ipnew)=a; 

        end 

    end 

    if a==1 
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        Tdirect=tt1+tt2; 

    end 

end 

 

for a=1:lz 

    ia=find(a_temp==a); 

    PR(1,a).path1=path_temp(ia,:); 

    PR(1,a).tt1=tt_temp(ia)-PR(1,a).tt2(1); 

    PR(1,a).amp1=amp_temp(ia)/PR(1,a).amp2(1); 

    PR(1,a).ipr(1)=length(ia); 

end 

go_on=length(tt_temp); 

path_temp=[]; tt_temp=[]; amp_temp=[]; a_temp=[]; 

 

for a=1:lz-1 

    iabc=0; 

    for b=a+1:lz 

        for c=1:b-1 

            path=[a b c]; 

            [tt,amp] = RTreflectionP(Vp,den,z,path,Vs,p,0,0); 

            iabc=iabc+1; 

            ABC(a).paths(iabc,:)=path; 

            ABC(a).tt(iabc)=tt; 

            ABC(a).amp(iabc)=amp; 

            ABC(a).c(iabc)=c; 

        end 

    end 

    ABC(a).iabc=iabc; 

end 

go_on=10; 

iw=0; 

 

while go_on >= 1 

    iw=iw+1; 

    ipnew=0; 

    for a=1:lz-1 

        for ipr=1:PR(iw,a).ipr 

            for iabc=1:ABC(a).iabc 

                path=[PR(iw,a).path1(ipr,:) ABC(a).paths(iabc,2:end) ]; 

                tt=PR(iw,a).tt1(ipr)+ABC(a).tt(iabc)+PR(1,ABC(a).c(iabc)).tt2(1); 

                amp=PR(iw,a).amp1(ipr)*ABC(a).amp(iabc)*PR(1,ABC(a).c(iabc)).amp2(1); 

                if tt < tlen 

                    nsample=round(tt/dt); 

                    seismogram(nsample)=seismogram(nsample)+amp; 

                    if abs(amp)>tol 

                        ipnew=ipnew+1; 

                        path_temp(ipnew,:)=path; 

                        amp_temp(ipnew)=amp; 

                        tt_temp(ipnew)=tt; 

                        a_temp(ipnew)=ABC(a).c(iabc); 

                    end 

                end 

            end 
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        end 

    end 

    for a=1:lz 

        ia=find(a_temp==a); 

        PR(iw+1,a).path1=path_temp(ia,:); 

        PR(iw+1,a).tt1=tt_temp(ia)-PR(1,a).tt2(1); 

        PR(iw+1,a).amp1=amp_temp(ia)/PR(1,a).amp2(1); 

        PR(iw+1,a).ipr(1)=length(ia); 

    end 

    go_on=length(tt_temp); 

    path_temp=[]; tt_temp=[]; amp_temp=[]; a_temp=[]; 

end 

 

seismogram=[zeros(1,round(Tpad/dt)) seismogram]; 

Time=[1:length(seismogram)]*dt; 

Time=Time-Tdirect+Tpad; 

shift=Tdirect+Tpad; 

% plot(Time,seismogram,ccc,'linewidth',2) 

 

Synthetic.seismogram=seismogram; 

Synthetic.Time=Time; 

Synthetic.Tdirect=Tdirect; 

Synthetic.Vp=Vp; 

Synthetic.Vs=Vs; 

Synthetic.den=den; 

Synthetic.z=z; 

Synthetic.PR=PR; 

Synthetic.dt=dt; 

Synthetic.shift=shift;  
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function [tt,Amp] = RTreflectionP(Vp,den,h,path,Vs,p,set,ender) 

%This program will raytrace through a model 

% 

% [S] = RTreflection(vp,den,z,path)%to run this program type: 

 

% where: 

% S = output seismogram 

% vp= are your p velocities for each layer 

% den=density of each layer 

% z=thickness of each layer 

% path=the raypath to trace named by the interfaces it reflects off of 

%      if the layer is an underside reflection put a negative sign on it 

% 

 

persistent t Rcd Rcu Tcd Tcu RFS 

%figure(1) 

%clf 

%hold on 

 

if set==1 

    for i=1:(length(Vp)-1); 

        mbottom = [Vp(i+1) Vs(i+1) den(i+1)]; 

        mtop = [Vp(i) Vs(i) den(i)]; 

        COEF_UP(i,:)= PSVRTmatrix(p,mbottom,mtop); % reflection and transmission 

coefficients for an upward traveling wave 

        COEF_DOWN(i,:) = PSVRTmatrix(p,mtop,mbottom); % reflection and transmission 

coefficinets for a downward traveling wave 

    end 

 

    Ss=1./Vs(2:end-1); 

    Sp=1./Vp(2:end-1); 

 

    Rcu=COEF_UP(:,1)'; 

    Tcu=COEF_UP(:,5)'; 

 

    Rcd=COEF_DOWN(:,1)'; 

    Tcd=COEF_DOWN(:,5)'; 

 

    t=h.*(Sp.^2./sqrt(Sp.^2-p^2));  % correct equation for reflected rays 

 

    set=1; 

end 

 

Amp=1; % amplitude of the phase 

tt=0;  % total traveltime for the phase 

 

for i=1:(length(path)-1) 

    p1=path(i); 

    p2=path(i+1); 

    if path(i)<path(i+1) 
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        tt=tt+sum(t([p1:+1:p2-1])); 

        Amp=Amp*prod(Tcd([p1+1:+1:(p2-1)]))*Rcd(p2); 

    else 

        tt=tt+sum(t([p1-1:-1:p2])); 

        Amp=Amp*prod(Tcu([(p1-1):-1:p2+1]))*Rcu(p2); 

    end 

end 

 

if ender==1 

    if path(end-1) < path(end) 

        Amp=Amp/Rcd(path(end)); 

    else 

        Amp=Amp/Rcu(path(end)); 

    end 

end 

end 
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function [RTmatrix] = PSVRTmatrix(p,mi,mt) 

% 

% p = ray parameter (a scalar or row vector) 

% 

% mi = model of incident wave [Vp Vs Rho] 

% mt = model of transmitted wave [Vp Vs Rho] 

% 

% vertical slownesses 

etaai = sqrt(1/(mi(1)*mi(1)) - p.*p); 

etaat = sqrt(1/(mt(1)*mt(1)) - p.*p); 

etabi = sqrt(1/(mi(2)*mi(2)) - p.*p); 

etabt = sqrt(1/(mt(2)*mt(2)) - p.*p); 

% 

a = mt(3)*(1-2*mt(2)*mt(2)*p.*p)-mi(3)*(1-2*mi(2)*mi(2)*p.*p); 

b = mt(3)*(1-2*mt(2)*mt(2)*p.*p)+2*mi(3)*mi(2)*mi(2)*p.*p; 

c = mi(3)*(1-2*mi(2)*mi(2)*p.*p)+2*mt(3)*mt(2)*mt(2)*p.*p; 

d = 2*(mt(3)*mt(2)*mt(2)-mi(3)*mi(2)*mi(2)); 

% 

E = b .* etaai + c .* etaat; 

F = b .* etabi + c .* etabt; 

G = a - d * etaai .* etabt; 

H = a - d * etaat .* etabi; 

D = E.*F + G.*H.*p.*p; 

% 

Rpp = ( (b.*etaai-c.*etaat).*F - (a + d*etaai.*etabt).*H.*p.*p)./D; 

Rps = -(2 * etaai .* (a .* b + d * c .* etaat .* etabt) .* p * mi(1)/mi(2) )./D; 

Rss = -((b.*etabi-c.*etabt).*E-(a+d.*etaat.*etabi).*G.*p.*p)./D; 

Rsp = -(2*etabi.*(a.*b+d*c.*etaat.*etabt).*p*(mi(2)/mi(1)))./D; 

Tpp = (2*mi(3)*etaai.*F*(mi(1)/mt(1)))./D; 

Tps = (2*mi(3)*etaai.*H.*p*(mi(1)/mt(2)))./D; 

Tss = 2*mi(3)*etabi.*E*(mi(2)/mt(2))./D; 

Tsp = -2*(mi(3)*etabi.*G.*p*(mi(2)/mt(1)))./D; 

% 

RTmatrix = [ Rpp' Rps' Rss' Rsp' Tpp' Tps' Tss' Tsp']; 

 


