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ABSTRACT 
We presented the analysis of the amplitude variation in the P410P phases to 

develop a better understanding of the nature of the 410 km discontinuity. There is 

debate as to whether it is a phase change in the olivine system or if there is a slight 

change in mantle chemistry across this boundary. Mineral physicists show that the 

phase change expected for the olivine system at the depth of 410 km should result in a 

solid solution of the two phases over a 10 km interval. We therefore produced 

synthetics to model the expected shape of the P410P phase for different possible 

velocity gradients that might accompany the gradational phase change. Although we 

produced synthetics for a 10, 20 and 30 km gradient, the only one expected for the 410 

is a 10 km gradient.  This modeling was repeated for data low pass filtered at 0.25, 0.5, 

0.75 and 1.0 Hz to investigate the frequency response for each of the different 

gradational boundaries. Real data were analyzed using beam formed data recorded by 

the EarthScope Transportable array. The P410P functions were produced by 

simultaneous iterative deconvolution, modified to allow moveout corrections to the 

cross-correlation functions during each iteration before summing and picking the 

largest amplitudes.  
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CHAPTER I 

BACKGROUND STUDY 

1.1. Previous PP Study Methods and Results 

Underside reflections from mantle discontinuities provide us a very powerful method 

to study mantle discontinuities on a global scale. There are many studies that have 

been focused on using these types of reflections (i.e., PdP, where P represents P wave 

phase and d represents reflection depth) to explore mantle transition zone properties. A 

number of studies have confirmed the global existence of 410-km and 520-km 

discontinuities using PP precursors (Schäfer et al., 2009; Shearer et al., 1999), but the 

660-km discontinuity was not found in these data. This might be due to interference of 

P660P phase with other phases. However, Deuss' (Deuss et al., 2006 and 2009; 

Chambers et al., 2005) results show the existence of P660P in specific regions.  

Schäfer (2009) simply stacked the seismograms to improve signal to noise ratio of PP-

phase data. Band pass filtering from 8s to 75s is used in this study. In his study, 

Schäfer (2009) used broadband data for IRIS and GEOFON seismic networks, which 

include 195 broadband stations worldwide with most bounce points restricted  Asia 

and the Pacific plate (Figure 1.1). To further ensure a sufficient signal to noise ratio, 

he only included earthquakes with magnitude greater than 6 in Richter scale and with 

epicentral distances between 60° and 180°. He claimed that both 410km and 520km 
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discontinuities were clearly identified in the result. However, his results only show a 

clear 410km arrival, a less continuous 520km arrival, and a hardly visible 660km 

arrival (Figure 1.2). The PKiKP interferes with these phases. The P410P and P520P 

beneath the Pacific appear to be reflected at a greater depth (418km and 531km) than 

the global average, but beneath Asia, while the 410km remains deep (418km),the 

520km discontinuity is found at the expected average depth (519km) (Figure 1.2).  

`

Figure1.1 Bouncepoints of PP phase for the dataset Schäfer (2009) used in his 
study. Green dots represent bouncepoints for Asia and blue dots for the Pacific. 

(Schäfer et al., 2009) 
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Figure 1.2 The stackedseismograms result for Asia (left) and the Pacific(right). The 

black lines are theoretical travel times which are calculated by Schäfer using modified 
IASP91 earth model. (Schäfer et al., 2009) 

 
Shearer and Flanagan (1999) used the observed PP and SS reflection amplitudes from 

410 and 660 discontinuities to measure the density and velocity difference across the 

boundaries. These reflections are precursors which occur before main PP and SS 

arrivals in seismograms. They used 13,469 transverse components (SS) and 24,667 

vertical components (PP) of seismograms from the global digital seismic network (i.e. 

GDSN, IRIS and Geoscope). The method they used was to align the normalized cross 

correlation functions of each seismogram on the maximum amplitude of PP and SS 

and then to stack their data in 1 degree bins. The frequency they used can go up to 

0.048Hz for PP and 0.033Hz for SS data. Their result shows that 410 and 660 

discontinuities are clear in their transverse stacking data, but 410 discontinuity only 

shows up in vertical-component PP stacking data, as shown in Figure 1.3, whereas the 

P660P has too many interfering phases (i.e. PKP,Pdiff, …). 
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Figure 1.3 SS stacking result (left) and PP stacking result (right). The precursors 
amplitude here is relative to reference to main phases. Blue represents positive 
amplitudes and red represents negative amplitudes. (Schäfer et al., 2009) 

They measured the relative amplitude of precursors with respect to the main phases for 

both PP and SS. But they did not include earthquakes with epicentral distances 

between 118° and 130°because of the interference of PKP phase. They noticed that the 

amplitudes of discontinuity reflection were smaller than the theoretical reflection 

amplitudes based on the velocity contrast in the PREM velocity model, which treats 

410 and 660 boundaries as sharp interfaces. So, they assumed that the velocity and 

density discontinuities at those depths may involve gradational change in certain 

intervals instead of abrupt changes. They observed that, when comparing with 

precursor amplitudes for a sharp discontinuity, the amplitude for a linear gradient 

discontinuity would reduce by 1 to 2% for a 10-km interval, 3 to 7% for a 20-km 

interval, and 6 to 13% for a 30-km interval. This thesis uses our forward modeling 

technique to test the amplitude variation for linear and nonlinear boundaries. 
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They used bootstrap resampling method to estimate the error bounds where they 

repeated the stacking 200 resampling the data set, with repetition each iteration. The 

result in Figure1.4 shows that the S410S and S660S reflection amplitudes are more 

concentrated and increase in amplitude as distance increases. The P410P results are 

more scattered while P660P data seems missing. 

Figure 1.4 Observed SS and PP precursor amplitudes (relative to SS and PP)with error 
bars for S410S/SS, P410P/PP, S660S/SS and P660P/PP. Dashed line represents 
amplitudes predicted by PREM and the solid lines represent predicted amplitudes for 
authors best fitting model. (Shearer and Flanagan 1999) 

They explained that their model assumption is a simple first order velocity and density 

change across the 410 and 660 discontinuities. Based on their result with data low pass 

filtered at 0.048 Hz, one cannot distinguish the reflections between a sharp and 

gradational change boundary with 20 km interval thickness. In our study, we will 
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repeat this type of analysis for PP phases in different frequency bands to try to better 

understand the nature of the 410 km discontinuity source and discuss how the 

frequency affects signal for precursor reflections for different models with different 

thickness intervals. 

Among all the previous PP studies, the P660P phases were not clearly observed in the 

results of Schäfer et al. (2009) and Shearer et al. (1999). But, Deuss et al. (2006) found 

interesting results which others had not found before. Their result (Figure 1.5) shows 

very clear P660P phases between depth 650 km and 750 km in many different regions 

of the mid-West Pacific and India. They explained that the result did not show P660P 

precursors in most previous studies because the discontinuity is highly variable on a 

regional scale. They speculate that other studies using larger areas to stack the data 

together may cause the positive and negative pulses to cancel out each other.  

Figure 1.5 Stacked data for synthetic using PREM, the whole data, mid-West Pacific 
and India (Deuss et al., 2006) 

The other interesting result (Figure 1.6) they found was that 660 discontinuity has 

double peaks beneath Canada. They used two different time bands which are 8s-75s 

and 15s-75s (Figure 1.6). Apparently, the time band significantly affects their result. 



Texas Tech University, Ailiyasi Ainiwaer, August 2014 

7 

They claimed these indicate the existence of multiple reflectors due to either phase 

transition or subducted, basaltic crust at the bottom transition zone (negative 

Clapeyron slope). But this result contradictsothers where the 660 shows a negative 

Clapeyron slope (Bina et al., 1994). In our study, different models that generate 

multiple reflectors will also be tested and discussed. 

Figure 1.6 A: The global distribution of P660P ,B: Stacked traces for 15s to 75s band 
C: Stacked traces for 8 to 75s ( ▲: P660P less than 700km;▼:P660P larger than 
700km;＋:double P660P and ○: no P660P , Deuss et al., 2006) 

1.2. Previous SS Study Methods and Results 

Much more work has be done using SS phase precursors (Shearer et al.,1993; 

Chambers et al.,2005; Deuss 2009) than PP precursors. Unlike the PP precursors, 

which interfere with PKP in the epicentral distance range between 110° and 180°,the 

SdS phase does not overlap with other phases (Shearer et al.,1999; Shearer 1993). 

Shearer (1993) used seismograms with SS signal-to-noise ratio (S/N; SS amplitude 

divided by preceding noise) greater than 3 which resulted in 5884 traces with event 

depths less than 75km. They found, even for SS arrivals with S/N as low as 2 to 3, the 
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expected amplitude of SdS arrival is typically less than 10 percent of SS. The data 

period is around 25s in this study. In their method, SdS arrivals are identified by 

computing the cross-correlation function between SS and the remainder of the 

seismogram. This obtains traveltimes and amplitudes of SdS arrivals relative to SS. 

They converted the SS-SdS arrival time difference obtained from these seismograms 

with an assumedreference radial velocity model. 

Then, they corrected the SS-SdS times for bounce-point topography and crustal 

thickness. The SS arrivals are delayed on the continents relative to the ocean, due to 

higher elevation and thicker crust on the continents. So, the average correction they 

used was -2.8s. Furthermore, by using two different shear velocity models SH10C and 

SH8WM13, they corrected the mantle heterogeneity. Their result (Figure 1.7) shows 

that the global average of discontinuity depths for the raw data (406 and 646 with no 

topographic or crustal thickness correction) are less than the average depths for 

corrected data (413 and 653). 
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Figure 1.7 (a): Raw 410 and 660 depth topography without correction (b): Corrected 
410 and 660 depth topography with crust thickness and mantle model SH10C 
correction (c): Corrected 410 and 660 depth topography with crust thickness and 
mantle model SH8WM13 correction (Shearer 1993) 
 
Flanagan et al. (1998) stacked the long-period (0.06Hz), transverse component 

seismograms. Events with magnitudes greater than 5.5 and focal depths less than 75 

km were used. The stacking procure included: 1) manually align the cross-correlated 

SS pulses, 2)keep the seismograms equal or greater with signal to noise ratio,3) apply 

a low-pass filter and deconvolve each trace by the SS reference pulse prior to stacking, 

and 4) apply correction for upper mantle heterogeneity using a new crustal model and 

improved S wave velocity model. Then they measured the differential travel times 

between the precursors and SS arrival in each stack. Uncertainty was estimated by 

bootstrap resampling method, then time converted to depth using the PREM earth 

model. Their results (Figure1.8) show clear 410 and 660 discontinuities on a global 

scale, while the 520 discontinuity only showed in a few regions. The global average of 
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410 is 418, 520 is 515, and 660 is exact after correction. The mean thickness of the 

transition zone is 241 km.  

 
Figure 1.8 Global 410, 520, 660 and transition zone thickness topography (Flanagan et 

al. 1998) 
 

They explained that, at high pressure and temperature, the increase of velocity and 

density within the transition region correlates with pressure-induced phase 

transformations in olivine, which are believed to be the major mineralogical 

component of the upper mantle. The phase transitions include the α olivine to β olivine 

(modified spinel) structure near 410km, β to γ-spinel near 520km and γ-spinel to 

silicate perovskite and magneisowusite at 660km depth. The Clapeyron slope for the 

410 is positive, and it is negative for the 660km discontinuities. In the next section, we 
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will discuss the nature of these discontinuities from mineral physics view summarizing 

previous work that use experimental data.     

Chambers et al. (2005) did a similar study on reflectivity of the 410 discontinuity from 

PP and SS precursors. They pointed out that the precursor amplitudes are affected by 

the discontinuity thickness, impedance contrast, intrinsic attenuation and anisotropy. 

In their study, they mainly focused on impedance contrast and discontinuity thickness. 

They explained variation in reflection amplitudes for short-period data can be due to 

changes in discontinuity thickness, while changes in impedance contrast may explain 

amplitude variations in long-period (low frequency) data. The author also claimed the 

data they used were long period so only discontinuity gradients over a large interval 

will affect the amplitudes. They stacked the PP and SS data with signal to noise 

greater than 3 and calculated the global precursors amplitudes. (Figure 1.9). Their 

result showed the mean amplitudes were 0.032 for P410P and 0.047 for S410S. The 

mean P410P amplitude is slightly smaller than expected value while S410S is larger. 
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Figure 1.9 (A) P410P reflection amplitudes (B) S410S reflection 

amplitudes(Chambers et al. 2005) 
 

Chambers reemphasized that the main factors affect the precursors amplitudes are 

impedance contrast and discontinuity thickness. A number of previous studies 

modeled the 410 discontinuity as a gradationaly increasing boundary rather than a 

sharp boundary with an interval between 4 to 30km (Helffrich et al., 1996; van der 

Meijide et al., 2003). In next chapter, synthetic test result will compare with these 

authors’ conclusions. 
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1.3. The Clapeyron Slope 

The Clapeyron slope describes the temperature and pressure conditions required for a 

phase transformation and is simply the change in pressure with respect to temperature: 

𝐶𝐶𝑑𝑑 = ∆𝑃𝑃/∆𝑇𝑇        (1.1) 

where the subscript d represents the approximate transformation depth. Positive slopes 

indicate exothermic reactions (releases heat) and, conversely, negative slopes indicate 

endothermic reactions (absorbs heat). Upper mantle phase transitions(410km and 

520km) involving the transformation of olivine to wadsleyite or ringwoodite shows 

positive Clapeyron slopes (Figure 1.10) so that a rise in temperature results in an 

increase in the pressure(depth) of the phase change(Akimoto et al., 1987; Katsura et 

al., 1989). On the other hand, for lower mantle phase changes (660km) Clapeyron 

slope shows negative value, so that rise in temperature results in a decrease in the 

pressure(depth)(Ito et al., 1982).   
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 Figure 1.10 Positive and negative slope for cold and hot regions. Blue represents cold 
region and red represents hot region. 
(http://www.public.asu.edu/~sshim5/images/mantle_transitions.html)  

The other interesting result found by Bina et al., (1987) was that the α-β transitions at 

410km become sharper at higher temperatures, while broader at lower temperatures. 

On other hand, the 660km transition appears to be sharp over a broad range of 

temperatures without being affected. Thus hot mantle should yield a sharp, depressed 

410 and a sharp, uplifted 660; cold mantle should yield a diffuse, uplifted 410 and a 

depressed 660 as shown in figure above (Bina et al., 1994).  
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1.4. The Transition Zone Interpreted by Mineral Physics Studies 

The upper mantle and its transition zone have well known and documented 

discontinuities (sharp increases in seismic velocity) at a few depths.  The 

discontinuities with the largest velocity and density contrasts occur at depths of 410 

and 660 km which is why they are globally detectable in most of the seismic data as 

discussed above. 

There are two major hypothesis about what causes the upper mantle discontinuities. 

One is phase transition and the other is compositional change. Most geologists believe 

that the observed seismic discontinuities are caused by a reorganization of the atoms 

into a more compact structure; a phase change due to the increased pressure rather 

than a change in composition. They assumed the transition zone discontinuities are 

caused by phase transition in olivine only (Ringwood 1975; Frost 2005). At around 

410km depth and 14 Gpa, olivine transforms (Figure 1.11) into wadsleyite (also 

referred as β olivine or modified spinel), which transforms to ringwoodite at 17.5 Gpa 

around 520km depth and finally to perovskite and magnesiowudite at 24 Gpa around 

660 km depth.    
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Figure 1.11 Mineral volume fractions for the top 1000km of pyrolite mantle.(Frost 
2008) 

A number of methods have been used to estimate upper-mantle composition. Most of 

the studies (Ringwood 1991; Deschamps et al., 2002) assume pyrolite for the mantle 

composition.  

Akaogi (1989) calculated boundaries of α-β-γ olivine transitions (Figure 1.12) at 

different temperatures using thermochemical data. From the figure below, with 

increasing temperature, region β moves toward higher pressure and expands iron rich 

portion. According to the graph, α transforms to β through the α+β without passing 
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through the α+γ region at temperatures higher than 1473k with a composition of 

(Mg0.89, Fe0.11)2SiO4 (which represents mantle olivine in pyrolite from Ringwood 

[1974]) . 

 
Figure 1.12 Calculated boundaries α-β-γ transitions at 1473 and 1873K. Dashed 
curves represent experimental result from Akimoto (1987) (Akaogi et al., 1989) 
 
Then, they used anα-β-γ transition phase diagram to compute the depths of transitions. 

They studied both the normal (average) mantle and the descending slab. They 
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explained that temperature in descending lithosphere is much lower than that in the 

surrounding normal mantle. From figure 1.13, the temperatures at 390 km and 650 km 

depths were estimated to be about 1674K and 1873K which correspond to 410 km and 

660 discontinuity, respectively. The width of the α-β transition (410 discontinuity 

thickness) is 18±5km, which is close to 5-15km suggested by Fukao (1977). 

Figure 1.13 Calculated boundaries α-β-γ transitions with converted depth for the 
composition of (Mg0.89,Fe0.11)2SiO4 ( Akaogi et al., 1989) 
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At 520 km, the wadsleyite (β olivine) phase changes through another mixed phase 

region into ringwoodite (γ olivine). This occurs at a pressure of about 17.5 GPa 

(Deuss, 2009; Frost 2009) and a temperature of about 1500 K (Figure 1.14). Density 

only increases about one to two percent (Yonggang et al., 2008), so this might be the 

reason why 520 discontinuity is harder to be resolved beneath certain regions. It is an 

exothermic reaction with a Clapeyron slope of about 3.6 MPa K-1 (Katsura and Ito, 

1989). On the other hand, the 520 km discontinuity is more complicated compared to 

410 km discontinuity. There are two phase transitions from the mineral physics view. 

One is the well known wadsleyite to ringwoodite transformation and the other is the 

garnet to Ca-perovskite transition (Deuss et al., 2009). This might explain the double 

peak observed from Duess' result in their SS precursor study (Deuss et al., 2001). The 

520km discontinuity thickness is roughly 25-30km,as shown in the picture below; this 

might explain why most of the previous studies did not observe it in their stacked data. 

The reason might be if the impedance contrast between boundaries is small and spread 

out over a 30 km wide discontinuity, this will result very small value in amplitude. If 

the result is lower than the noise level, the 520 km discontinuity may not be detectable 

by bounce precursors. We will further explore how discontinuity thickness affects the 

resultant shape and amplitude. 
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Figure 1.14 Phase diagram for pyrolitic mantle at 500-600 km depth from Saikia et 
al.(2008). The shaded area represents transition zone from Wadsleyite to Ringwoodite. 
Wd is abbreviation for wadsleyite, Rw for ringwoodite, Mj for majorite garnet and Ca-
Pv for calcium perovskite. (Deuss , 2009) 

At 660 km (a pressure of about 24 GPa and a temperature of about 

2000K),ringwoodite changes to a post-spinel structure; perovskite (Mg,Fe)SiO3 and 

magnesiowustite (Mg, Fe)O (Frost 2009). Among the three discontinuities, the 660 km 

is the most complicated (Weidner et al., 1998). At this discontinuity, multiple phase 

transformations occur at different temperatures. The dominant transitions are from 
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ringwoodite to perovskite and garnet to ilmenite at low temperatures (Figure 1.15). 

These two different phase transitions might explain double peaks observed in some 

previous studies (Deuss et al., 2006; Simmons and Gurrola, 2000). The majorite garnet 

to perovskite transition becomes dominant at higher temperature. This transition 

thickness is much broader than other transitions, which might explain absence of 

P660P in certain regions 

Figure 1.15 Phase diagram for a pyrolitic mantle at 600-700km depth. Wd is 
abbreviation for wadsleyite, Rw for ringwoodite, Mj for majorite garnet, Il for ilmenite 
and Ca-Pv for calcium perovskite. The shaded area represents for transition zone for 
660km discontinuity. (Deuss, 2009) 
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Frost (2008) pointed out that, rather than being discontinuities step functions, the 

transition zone mineral phase transformation should produce velocity and density 

changes over depth intervals. The reason is that the mantle minerals are all multi-

component solid solutions with Fe and Mg. The unequal partitioning of Fe and Mg 

results in transforming minerals coexisting over a pressure interval. Most mineral 

physics studies model the bulk composition of the mantle aspyrolotic 

((Mg0.89,Fe0.11)2SiO4). For mantle olivine with Fe/(Fe+Mg)≈0.1 under dry 

conditions, the phase change associated with the 410 discontinuity will occur over 

a~7km interval, but 0.4wt % water in the mantle olivine will result in a  11km 

thickness to the 410 km discontinuity (Figure 1.16). So water content might affect the 

amplitude of precursors since it changes discontinuity thickness. 
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Figure 1.16 The olivine-wadsleyite transformation in the (Mg2SiO4- Fe2SiO4) system 
calculated at 1400 degrees under dry and wet conditions. (Frost, 2008) 

The different discontinuities thickness at the 410km and 660km were reported from 

previous studies. Xu et al., (2003) observed a 7km width for the 410km discontinuity 

and as low as 2km thick for the 660 km in their high-frequency results(1Hz).They 

used high frequency precursors of the reflected phase PKPPKP to estimate 

discontinuity sharpness. In some localities it is apparently less than 4km thick(Benz et 

al., 1993, from their PKPPKP precursor reflection study), while in other regions it 

shows as broad as 30km for the 410km discontinuity(Van der Meijde et al., 2003, 

from receiver function study). Akaogi (1989) calculated the thickness of the 410km 

discontinuity as 18km using their phase diagram from mineral physics calculations. 



Texas Tech University, Ailiyasi Ainiwaer, August 2014 

24 

Deschamps et al.,(2001) computed relative Vs anomalies (δVs/Vo) and density 

anomalies(δρ/ρo) as a function of variations of temperature (δT), global volumetric 

fraction of iron(δFe) and volumetric fraction of olivine (δXol), with respect to the 

reference model. When they used a pyrolite model for the mantle, the volumetric 

fraction of olivine is 61.7%, and non-olivine components are clinopyroxene(13.3%), 

orthpyroxene (5.2), garnet(15.3%) and jadeite(4.5%). From Figure 1.16, a velocity 

anomaly equal to 1% requires an anomaly of -4% in olivine, and the same anomaly 

can be obtained with a temperature anomaly of -60k. The distribution of the Vs 

anomaly should impose relatively strong constraints on the temperature. The other 

observation from the graph is that the influence of the global iron content is stronger 

than the olivine fraction, but it remains weak compared to temperature (which has the 

largest potential effect on velocity).The iron content has a strong influence on density 

anomalies. For example, a depletion in iron of 2% induces the same density anomalies 

as an increase of temperature of 180 or an enrichment in olivine of 17%.From 

Deschamps et al., (2001) we find that density and seismic velocity both decrease as 

temperature is increases. If the rock is enriched in iron, Vs decreases whereas density 

increases.It's also clear that δVs/Vo is much more sensitive to temperature variation 

than to mineralogical variations. 
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Figure 1.17 Relative anomalies of S-wave velocity (solid curve) and density(dashed 
curve) as a function of anomalies of temperature (a), anomalies of the volumic fraction 
of olivine (b), and anomalies of the global volumic fraction of iron(c). (Deschamps et 
al., 2001) 

Lab results by Irifune et al. (2008) indicated that a pyrolite mantle would have a larger 

velocity jump at 410km than a piclogite mantle (Figure 1.18). They suggested that the 

upper mantle has a pyrolite composition with about 60% olivine and lesser amount of 

pyroxene plus a small amount of Al-rich phases such as spinel and garnet, depending 

on pressure. The chemical composition of pyrolite vs piclogite is shown in Table 

1.1(Ito et al., 1982). 
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Figure 1.18 Velocity model of Pyrolite vs Piclogite 

 

Table 1.1 Chemical Composition of Pyrolite vs Piclogite 

 Pyrolite mol% Piclogite mol% 

SiO2 38.29 41.94 

MgO 49.33 42.32 

FeO 6.27 5.29 

CaO 3.27 8.67 

Al2O3 2.22 1.78 

Na2O 0.33 ... 

Cr2O3 0.15 ... 

Ti2O 0.14 ... 
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CHAPTER II 

 METHODOLOGY 

The time domain iterative deconvolution method is to build a receiver function (RF) 

through cross correlation and construct the RF by picking one peak at a time 

iteratively (Kikuchi et al.1982; Ammon et al. 1999). So, we will introduce receiver 

function study with our improved prewhitening techniques first. Inspired from receiver 

function by iterative deconvolution, we modified this method for a PP precursors 

study. 

The receiver function is the time series that, when convolved with the vertical 

component seismogram, reproduces the horizontal component seismogram (Ammon et 

al. 1999). In a PP precursor study, PP functions are convolved with a source function 

to get the vertical component seismogram.  

In the end, the traveltime calculation using ray tracing method and the synthetic 

amplitude calculation for 410km discontinuity will be discussed. 
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2.1. Frequency Domain Water Level Deconvolution with Linear and 

Curved Prewhitening Techniques using Receiver Function Study 

Receiver function analysis was applied to isolate the P-S (P compression wave to S 

shear wave, Ps) converted phase from the structure beneath a three-component 

seismometer. Due to the shearing effect, the energy of the oblique incidence P wave 

will partially convert to an S wave at a velocity or a density boundary (discontinuities 

like the Moho, 410 and 660 etc.). A three component seismometer normally records 

ground motion in the North-South, East-West and vertical directions. The radial and 

transverse horizontal components are acquired by rotating the N-S and E-W 

components towards the backazimuth (direction from receiver to source) respectively. 

Deconvolving the radial and transverse components by the vertical component 

produces a receiver function which isolates the P-S converted phases and other 

reverberations (Langston, 1979 and Ammon et al., 1991). Langston (1979) presents 

anusual convolution model for ground displacement of an incident P wave recorded 

by three components at a single station: 

𝐷𝐷𝑉𝑉(𝑡𝑡) = 𝐼𝐼(𝑡𝑡) ∗ 𝑆𝑆(𝑡𝑡) ∗ 𝐸𝐸𝑉𝑉(𝑡𝑡) 

𝐷𝐷𝑅𝑅(𝑡𝑡) = 𝐼𝐼(𝑡𝑡) ∗ 𝑆𝑆(𝑡𝑡) ∗ 𝐸𝐸𝑅𝑅(𝑡𝑡)                                                                                      (2.1) 

where: 

𝐷𝐷𝑉𝑉 is the vertical-component seismogram; 

𝐷𝐷𝑅𝑅is the radial-component seismogram; 

𝑆𝑆is the source time function; 
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𝐼𝐼is instrument response; 

𝐸𝐸𝑉𝑉and𝐸𝐸𝑅𝑅  are the Earth transfer functions (or receiver function, RF) 

for vertical, radial, and tangential components, respectively. 

Langstion(1979) also showed that, 𝐸𝐸𝑉𝑉  is close to a delta function, which means𝐷𝐷𝑉𝑉  

equals to𝐼𝐼 ∗ 𝑆𝑆, 

𝐷𝐷𝑉𝑉(𝑡𝑡) = 𝐼𝐼(𝑡𝑡) ∗ 𝑆𝑆(𝑡𝑡)                                                                                                  ( 2.2) 

So, 

𝐷𝐷𝑅𝑅(𝑡𝑡) = 𝐷𝐷𝑉𝑉(𝑡𝑡) ∗ 𝐸𝐸𝑅𝑅(𝑡𝑡)                                                                                             (2.3) 

and𝐸𝐸𝑅𝑅  (the radial RF) can be isolated by deconvolving the vertical component of the 

seismogram (𝐷𝐷𝑉𝑉) from the radial (𝐷𝐷𝑅𝑅). Same method applies for𝐸𝐸𝑇𝑇  to produce the 

tangential component of the RF. 

Since convolution in time domain is equal to multiplication in frequency domain, after 

applying fast Fourier Transformation (FFT), the Eqs. 2.3 become 

𝐷𝐷𝑅𝑅(𝜔𝜔) = 𝐷𝐷𝑉𝑉(𝜔𝜔) ∙ 𝐸𝐸𝑅𝑅(𝜔𝜔)                                                                                         (2.4) 

ThenER(w)can be estimated by 

𝐸𝐸𝑅𝑅(𝜔𝜔) = 𝐷𝐷𝑅𝑅(𝜔𝜔)/𝐷𝐷𝑉𝑉(𝜔𝜔)                                                                                          (2.5) 

By applying inverse FFT, we can get receiver functions𝐸𝐸𝑅𝑅(𝑡𝑡)in time domain. 

Frequency domain deconvolution by spectral division of the horizontal components by 

the vertical (discussed above) is one of the oldest methods of deconvolution applied to 

receiver functions (Owens, 1988). However, there is a problem that the vertical 

component may have near zero values, which will cause singularities in the division. 

The prewhitening before the deconvolution will mitigate the singularities in 
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deconvolution. The “water level method” of pre-whitening applies a water level 

analogy to fill holes in the vertical component seismogram before deconvolution 

(Ammon, 1991). Inspired from receiver function deconvolution, oursimilar method 

will be applied to PP precursor deconvolution. 

2.1.1. Water level deconvolution  with linear prewhitening 

The detailed information of algorithm derivation is introduced in last section of this 

chapter (for receiver function study), from Eqs. 2.5 we have: 

𝐸𝐸𝑅𝑅(𝜔𝜔) = 𝐷𝐷𝑅𝑅(𝜔𝜔)∙𝐷𝐷𝑉𝑉∗(𝜔𝜔)
𝜑𝜑(𝜔𝜔)

(2.6) 

where: 

𝜙𝜙(𝜔𝜔) = 𝑚𝑚𝑚𝑚𝑚𝑚{𝐷𝐷𝑉𝑉(𝜔𝜔) ∙ 𝐷𝐷𝑉𝑉∗�(𝜔𝜔)�, 𝑐𝑐 ∙ 𝑚𝑚𝑚𝑚𝑚𝑚{𝐷𝐷𝑉𝑉�(𝜔𝜔)𝐷𝐷𝑉𝑉∗(𝜔𝜔)}�}.                                      (2.7) 

Value c determines the minimum amplitude allowed in the denominator of Eqs.1.6. 

In the frequency domain, water level deconvolution acts like a frequency filter and 

attenuates especially higher frequencies because the vertical component has small 

amplitudes. It replaces small amplitude values with larger ones. As shown in Figure 

2.1 and Figure 2.2, application of a traditional (linear prewhitening) water level leaves 

the energy spectral density (ESD) identical to its original spectrum, except it becomes 

a flat line where values are smaller than the water level. As shown in Figure 2.1, all 

the low, blue amplitude values replaced by the largervalue, which is represented by a 

flat, red line. The amplitude is not normalized.  
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     Figure2.1 Linear prewhitening energy spectrums with water level 0.01 

Figure 2.2 Linear prewhitening energy spectrums with water level 0.001 
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  If the water level is too high, many low amplitudes will be replaced. After using a 

lower water level, more frequencies are included.   

Figure 2.3 Receiver function result using different water level top with linear 
prewhitening : water level=0.1 middle: water level=0.001 bottom: water level=0.0001 

  By comparing the results of these three water level deconvolutions (linear 

prewhitening), one can conclude that the bottom figure in Figure 2.3 (WL=0.0001) 

shows the best balance of resolution and noise reduction among all water levels. In 
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allthe panels of Figure 2.3, the P and Ps phases are clearly separated (two strong 

positive peaks), and the sidelobes become large with larger water levels as a result of 

reduction in frequency content.  

2.1.2. Water level deconvolution with curved prewhitening 

To overcome the loss of frequency content in linear prewhitening, we introduce new 

curved prewhitening for water level deconvolution. The curved prewhitening fills 

holes in the spectra through a fitting curve along the spectra of vertical component, as 

shown in Figure 2.4. 

Figure 2.4 Energy spectrum of curved prewhitening method (WL=0.3) 
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In Figure 2.4, the amplitude of individual frequencies was not changed significantly, 

so the frequency content will not be significantly affected by different water levels for 

curved prewhitening, as shown in Figure 2.5. In Figure 2.5, three water levels values 

are selected as the same in Figure 2.3 for comparison. 

Figure 2.5 Receiver function result using different water level top with curved 
prewhitening : water level=0.1 middle: water level=0.001 bottom: water level=0.0001 

  The result shows that even using different water levels the deconvolution result does 

not change for the shape of the curve.  

-5 0 5 10 15 20 25
-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5
WL=0.1

amp
litud

e

time

 

radial-component
transverse-component

-5 0 5 10 15 20 25
-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5
WL=0.001

amp
litud

e

time

 

radial-component
transverse-component

-5 0 5 10 15 20 25
-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5
WL=0.0001

time

amp
litud

e

 

radial-component
transverse-component



Texas Tech University, Ailiyasi Ainiwaer, August 2014 

35 

2.2. Time-Domain Iterative Deconvolution 

Originally, the time domain iterative deconvolution method is to build a receiver 

function through cross correlation and construct the RF by picking one peak at a time 

iteratively (Kikuchi et al.1982; Ammon et al. 1999). We borrowed this idea and 

modified it for PP precursors study. In PP precursor study, PP functions are convolved 

with a source function to get the vertical component seismogram. So, the PP function 

can be considered as a spike train representing the reflection coefficients separated by 

delay times between PdP reflections. 

First, the data is cross correlated with the estimated source(CC), and the largest peak is 

found to add to the receiver function.  However, because of the cross correlation, the 

amplitude of the arrival is typically over-estimated.  This is resolved by using the 

autocorrelation of the source(AC) to normalize the peak before it is added to the 

receiver function. The largest peak's delay time and amplitude are identified(TS and 

AS) from the auto correlation of the source function. The data set is moveout 

corrected(𝐶𝐶𝐶𝐶𝐶𝐶𝑛𝑛) and stacked(𝐶𝐶𝐶𝐶𝑆𝑆) in the middle of the deconvolution process (after 

each iteration). To find further discontinuities, the data contributed from the current 

receiver function (𝑆𝑆𝑖𝑖 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 ) is predicted by convolving the receiver function and 

source.  This synthetic data is then removed from the original data(𝐷𝐷𝑜𝑜).  The second 

iteration may then be cross correlated with this residual data and the source.  In further 

iterations, each peak must be normalized before adding to the receiver function, and 

the synthetic data generated must be removed from the original data, not the previous 

residual data.  Figure 2.6 shows the flow chart for the whole deconvolution procedure. 
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Figure 2.6 Flow chart for iterative time domain deconvolution 
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2.3. Ray Tracing and Travel Time Calculation 

Knowing the seismic travel time difference between PP phases and precursors, 

it is necessary to correctly convert it to depth. To do this, one must calculate travel 

times for the direct PP and subtract it from the travel times for PP precursors; this 

difference in time is called delay time.   

The slowness (𝑚𝑚) of the earth is defined as inverse of velocity (𝑚𝑚): 

𝑚𝑚(𝑧𝑧) = 𝑚𝑚−1(𝑧𝑧)                                                                                                (2.8) 

where z corresponds to depth. The two components of slowness are: 

𝑚𝑚ℎ = 𝑝𝑝 = 𝐶𝐶𝑖𝑖𝑛𝑛𝑠𝑠 ∗ 𝑚𝑚−1 = 𝑚𝑚 ∗ 𝐶𝐶𝑖𝑖𝑛𝑛𝑠𝑠                            (2.9) 

and 

𝑚𝑚𝑚𝑚 = 𝑞𝑞(𝑝𝑝, 𝑧𝑧) = (𝑚𝑚2(𝑧𝑧) − 𝑝𝑝2)1/2                                                (2.10) 

where the subscriptsℎand 𝑚𝑚 refer to the horizontal and vertical slowness, respectively. 

The ray parameter is represented by 𝑝𝑝, and the ray path angle from vertical incidence 

is represented by 𝑠𝑠. When 𝑚𝑚𝑚𝑚 = 0or 𝑚𝑚 = 𝑝𝑝, a ray has reached its turning point, and 

will bend back towards the earth’s surface. Intuitively, travel time and distance can be 

calculated by simply using: 

𝑑𝑑 = 𝑚𝑚 ∗ 𝑡𝑡                             (2.11) 

where 𝑑𝑑 is the ray path length, 𝑚𝑚 is velocity, and 𝑡𝑡 is time. When taking into account 

ray path angle and individual layers, we come to: 

𝑑𝑑 = 𝑑𝑑𝑧𝑧 ∗ 𝑐𝑐𝑜𝑜𝐶𝐶𝑠𝑠−1 = 𝑚𝑚 ∗ 𝑑𝑑𝑧𝑧 ∗ 𝑞𝑞−1               (2.12) 

where 𝑑𝑑𝑧𝑧 denotes a layer, 𝑠𝑠 denotes the ray path angle, and 𝑚𝑚 and 𝑞𝑞 are slowness and 

vertical slowness. The travel time through layer 𝑑𝑑𝑧𝑧 then becomes: 
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𝑡𝑡 = 𝑚𝑚 ∗ 𝑑𝑑 = 𝑚𝑚2 ∗ 𝑑𝑑𝑧𝑧 ∗ 𝑞𝑞−1                (2.13) 

Though we have the ray paths through the earth, we must also know where they 

correspond to along its surface. By using the same angle 𝑠𝑠 and other values described 

above, the equation for arc distance becomes: 

𝑚𝑚 = 𝑑𝑑 ∗ 𝐶𝐶𝑖𝑖𝑛𝑛𝑠𝑠 = 𝑑𝑑𝑧𝑧 ∗ 𝐶𝐶𝑖𝑖𝑛𝑛𝑠𝑠 ∗ 𝑐𝑐𝑜𝑜𝐶𝐶𝑠𝑠−1 = 𝑑𝑑𝑧𝑧 ∗ 𝑡𝑡𝑚𝑚𝑛𝑛𝑠𝑠 = 𝑝𝑝 ∗ 𝑑𝑑𝑧𝑧 ∗ 𝑞𝑞−1                      (2.14) 

where𝑚𝑚  is our arc distance. For complete determination of travel times and arc 

distances, we must integrate 𝑡𝑡 and 𝑚𝑚 over the entire ray path:  

𝑇𝑇(𝑝𝑝) = ∫ 𝑚𝑚2(𝑧𝑧) ∗ 𝑞𝑞(𝑝𝑝, 𝑧𝑧)−1𝑑𝑑𝑧𝑧𝑧𝑧𝑝𝑝
0                (2.15) 

and 

𝑋𝑋(𝑝𝑝) = 𝑝𝑝 ∫ 𝑞𝑞(𝑝𝑝, 𝑧𝑧)−1𝑑𝑑𝑧𝑧𝑧𝑧𝑝𝑝
0                 (2.16) 

where𝑋𝑋(𝑝𝑝) and 𝑇𝑇(𝑝𝑝) are arc distance and total travel time as a function of ray 

parameter (Buland and Chapman, 1983). 

When velocity gradients are present, a ''layer cake'' model with a large number of 

homogeneous layers will be used for calculating arc distance with travel time. So, we 

need to parameterize the velocity model at a number of discrete points in depth and 

evaluate the integrals (Eqs.2.15) and (Eqs.2.16) by assuming an appropriate 

interpolation function between the model points. For a linear velocity gradient 

between model points of the form 𝑚𝑚(𝑧𝑧) = 𝑚𝑚 + 𝑏𝑏𝑧𝑧, the slope of the gradient,b, between 

𝑚𝑚1(𝑧𝑧1) and 𝑚𝑚2(𝑧𝑧2) is given by 

𝑏𝑏 = (𝑚𝑚2 − 𝑚𝑚1) ∗ (𝑧𝑧2 − 𝑧𝑧1)−1                                                                                   (2.17) 

Evaluating the integrals for 𝑡𝑡(𝑝𝑝)and 𝑚𝑚(𝑝𝑝), we can obtain (Shearer, 1999) 
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𝑚𝑚(𝑝𝑝) = 𝜂𝜂
𝑏𝑏𝑚𝑚1𝑝𝑝

− 𝜂𝜂
𝑏𝑏𝑚𝑚2𝑝𝑝

(2.18) 

and 

𝑡𝑡(𝑝𝑝) = 1
𝑏𝑏
�ln �𝑚𝑚1+𝜂𝜂

𝑝𝑝
� − 𝜂𝜂1

𝑚𝑚1
� − 1

𝑏𝑏
�ln �𝑚𝑚2+𝜂𝜂

𝑝𝑝
� − 𝜂𝜂2

𝑚𝑚2
� + 𝑚𝑚(𝑝𝑝) ∗ 𝑝𝑝     (2.19) 

where the vertical slowness 𝜂𝜂 = (𝑚𝑚2 − 𝑝𝑝2)1
2�  . If the ray turns within the layer, then 

there is no contribution to these integrals from the lower point. 

Using algorithm above, we wrote a travel time calculation program which allows us 

calculate travel time and arc distance with different ray parameters for PP, P410P and 

P660P phases.  

Figures 2.7, 2.8 and 2.9 were calculated by using our travel time calculation program 

to calculate the expected arrival times for PP, P410P and P660P, respectively, across 

the teleseismic range (30° to 180°). 
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Figure 2.7  Traveltime curve for PP and P410P (Blue: PP, Red:P410P) 
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Figure 2.8  Traveltime curve for PP and P660P (Blue: PP, Black:P660P) 
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Figure 2.9  Traveltime difference between PP and P410P, and P660P 
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2.4. Synthetic Amplitude Calculation 

To compare the reflected amplitudes found in the observed data to those expected for 

earth models, it is necessary to be able to calculate reflection and transmission 

coefficients that describe the partitioning of energy when a seismic wave strikes a 

boundary between elastic materials. The reflection coefficient depends on the 

velocities and densities on either side of the boundary and ray parameter. At an elastic 

boundary, an incident P wave results in four phases waves, two reflected (Rps and 

Rpp) and two transmitted waves (Tpp and Tps), as illustrated in Figure 2.10. 

Figure 2.10 Notation used to identify reflection and transmission coefficients. R 
identifies reflected waves, T represents transmitted waves. 

We used the equations 2.20 and 2.21 from Aki and Richards (2002) to compute these 

four coefficients below, 

Rps Rpp 

Tpp 

Tps 
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𝑅𝑅𝑝𝑝𝑝𝑝 = ��𝑏𝑏
cos 𝑖𝑖1
𝛼𝛼1

− 𝑐𝑐
cos 𝑖𝑖2
𝛼𝛼2

� 𝑃𝑃 − �𝑚𝑚 + 𝑑𝑑
cos 𝑖𝑖1
𝛼𝛼1

cos 𝑗𝑗2
𝛽𝛽2

�𝐻𝐻𝑝𝑝2� /𝐷𝐷 

𝑅𝑅𝑝𝑝𝐶𝐶 = −2
cos 𝑖𝑖1
𝛼𝛼1

�𝑚𝑚𝑏𝑏 + 𝑐𝑐𝑑𝑑
cos 𝑖𝑖2
𝛼𝛼2

cos 𝑗𝑗2
𝛽𝛽2

� 𝑝𝑝𝛼𝛼1/𝛽𝛽1𝐷𝐷 

𝑇𝑇𝑝𝑝𝑝𝑝 = 2𝜌𝜌1
cos 𝑖𝑖1
𝛼𝛼1

𝑃𝑃𝛼𝛼1/𝛼𝛼2𝐷𝐷 

𝑇𝑇𝑝𝑝𝐶𝐶 = 2𝜌𝜌1
cos 𝑖𝑖1
𝛼𝛼1

𝐻𝐻𝑝𝑝𝛼𝛼1/𝛽𝛽2𝐷𝐷 (2.20) 

where 

𝐸𝐸 = 𝑏𝑏
cos 𝑖𝑖1
𝛼𝛼1

+ 𝑐𝑐
cos 𝑖𝑖2
𝛼𝛼2

𝑃𝑃 = 𝑏𝑏
cos 𝑗𝑗1
𝛽𝛽1

+ 𝑐𝑐
cos 𝑗𝑗2
𝛽𝛽2

𝐺𝐺 = 𝑚𝑚 − 𝑑𝑑
cos 𝑖𝑖1
𝛼𝛼1

cos 𝑗𝑗2
𝛽𝛽2

𝐻𝐻 = 𝑚𝑚 − 𝑑𝑑
cos 𝑖𝑖2
𝑗𝑗1

cos 𝑗𝑗1
𝛽𝛽1

𝐷𝐷 = 𝐸𝐸𝑃𝑃 + 𝐺𝐺𝐻𝐻𝑝𝑝2 

𝑚𝑚 = 𝜌𝜌2(1 − 2𝛽𝛽2
2𝑝𝑝2) − 𝜌𝜌1(1 − 2𝛽𝛽1

2𝑝𝑝2) 

𝑏𝑏 = 𝜌𝜌2(1 − 2𝛽𝛽2
2𝑝𝑝2) + 2𝜌𝜌1𝛽𝛽1

2𝑝𝑝2 

𝑐𝑐 = 𝜌𝜌1(1 − 2𝛽𝛽1
2𝑝𝑝2) + 2𝜌𝜌2𝛽𝛽2

2𝑝𝑝2 

𝑑𝑑 = 2(𝜌𝜌2𝛽𝛽2
2 − 𝜌𝜌1𝛽𝛽1

2) (2.21) 

Noted that 𝑖𝑖1 is the p wave incident angle,𝑖𝑖2 is the p wave refracted angle while 𝑗𝑗1and 

𝑗𝑗2  represent these for the SV wave. The α, β and ρ components represent p wave 

velocity, SV wave velocity and ray parameter respectively. 
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Using an algorithm based on Eqs 2.25 and 2.26, we computed the P410P/PP amplitude 

for the 410 km discontinuity as shown in Figure 2.11.  

Figure 2.11 P410P/PP synthetic amplitude for 410 km 
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CHAPTER III 

 DATA PROCESSING FOR PP DECONVOLUTION 

Due to weak amplitudes, PP precursors are usually are hard to see through the 

noise. Since the stability of deconvolution can be heavily dependent on the noise 

levels, it is desirable to process the data before deconvolution to try to reduce noise 

levels. The passing of the EarthScope transportable array has made array processing 

possible to reduce the noise in these data by prestacking in small bins. 

Figure 3.1 shows the basic flow for our processing for PP precursor studies. It 

necessary that, before applying beamforming and deconvolution, the data have to go 

through several other steps, such as data acquisition, converting to mat files, cutting 

data, filtering and sample interpolation. 

The beamforming is to improve the signal to noise ratio. It stacks the data 

acquired by multiple stations within a given radius. Then, time domain iterative 

deconvolution modified to include moveout corrections will be applied to isolate PP 

precursors from raw data. 
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Figure 3.1 Data processing flow chart 
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3.1. Data Acquisition 

The JWEED program, provided by Incorperated Research Institutions for Seismology 

(IRIS), was used to download seismograms from EarthScope Transportable Array 

stations and any other networks active in the western US during this time. The TA 

provides a network of stations with a nominal 70 km spacing, which means beam 

forming performed at different bin sizes will have many stations included. All 

Earthquakes with magnitudes of 6.0 or greater that were recorded at these stations 

from great circle arcs of more than 60°were included in the initial data set. These 

stations belong to seven arrays (Fig.3.2): the ANZA digital network (AZ), Berkeley 

Digital Seismic Network (BK), the Southern California Seismic Network (CI), the 

IRIS/IDA Network (II), the IRIS/USGS Network (IU), the USArray Transportable 

Array (TA), and the US National Seismic Network (US). The data were cut to include 

180 s of data from before the expected PP phase to 90 seconds after. The selected data 

was recorded from 1995 to 2011. Data were converted from sac to our in house matlab 

format. 
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Figure 3.2 Stations selected in this study. Purple dots represent stations, black dots 
represent earthquakes and white dots represent bouncepoints. 

3.2. Beamforming 

Beamforming is used as a definition for many techniques that improve the signal to 

noise ratio in seismic data for a selected raybeam by shifting data to the incoming 

angle for that beam and then stacking multiple traces into one. For our purposes, we 

beam to the raypath of the expected incoming PP phase.  This includes more stations 

in the beam, but the large beam radius will average structure at the bouncepoint. The 

beaming radiuses we chose were chosen to take advantage of the station spacing in the 

Transportable Array (Fig 3.3). In Figure 3.3, one can see that the 80 km beam will 

typically include 5 stations. The 120 km beam will include 9 and the 300 km beam 

will include 75 to 80 stations, depending on the final placement (they were given a 10 
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km radius around the 70 km grid point to find a good location). We also used a 500 

km beam which would include over 150 stations. The radius of averaging at the 

bouncepoint will be half that of the radius at the beam. 

Figure 3.3 Array illustrating the beam sizes. The red triangle show the nominal 70 km 
spacing of the EarthScope Transportable array. The black, red and blues circles show 
the size of the 80, 120 and 300 km beams respectively.  

In figure 3.4 and 3.5, we show the 80km(blue), 120km(black), and 300km(purple) 

beam data for a particularly clean event. The red trace in figures 3.4 and 3.5 shows 

what we typically use as the source function, the 500km beamed data with ocean 
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bottom correction and precursors removed. It is clear that as the beam radius increases 

the signal to noise ratio increases as well. 

Figure 3.4Comparisons data stacked with different beam radii indicated by color: 
blue:80km beam, black:120km, and purple:300km. The beamed source function 
beamed over 500 km (red). 
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Figure 3.5Comparisons data stacked with different beam radii indicated by color: blue: 
80km beam, black:120km, and purple:300km. The beamed source function beamed 
over 500 km (red). 
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3.3. Ocean Bottom Multiples Removal 

There was a strong positive arrival throughout the entirety of the data in higher 

frequencies along with a PP precursor arrival. These double peaks are believed to be 

due to the ocean bottom-seawater contact and the seawater-air contact. This causes the 

source to be a double arrival, instead of just the singular PP.  This causes all peaks 

identified in deconvolution to have a double arrival, as the true arrival of data is 

deconvolved with a PP arrival and a ghost created by the seawater-air contact.  To 

solve this, a channel of data is saved as this initial deconvolution (channel 8).  While 

this causes arrivals to have a ghost, the two PP impulses will collapse to a single PP 

pulse. This channel is used as the denominator in deconvolution, thereby taking its 

single PP as the source for the original data and eliminating the ghost (Kenneth 2013).  

3.4. Source Function Creation and Band Pass Filtering 

The estimation of the source function and the band-pass filtering are the preparation 

for deconvolution. In our data, we need to isolate the PP arrival by using a travel time 

table and cutting the PP phase 2 seconds before the expected arrival time and 40 to 45 

seconds after the expected arrival time. This signal will be used as the source function 

in deconvolution, so the amplitude of precursors is relative amplitude with respect to 

amplitude of PP. The final step is to re-filter the data to the low-pass frequencies of 

our choosing.  In the previous filtering step (cutting step), the data was filtered 

between .02 and 8 Hz. The data are refiltered at the desired resolution before TID. 
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Since TID results in a delta function wave train, it is necessary to low pass filter these 

data to look like a realistic PP-function. We do this by computing the Gaussian filter 

in frequency domain and then converting it to time domain and then to spatial domain 

for a 9 km/sec velocity (that at ~410 km depth). The PP-functions are then convolved 

by this pulse.  
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CHAPTER IV 

SYNTHETIC TEST AND ANALYSIS OF REAL DATA 

AMPLITUDE 

In this chapter, we will focus on two parts which are an analysis of factors 

affecting the amplitude of P410P phases using synthetic modeling and analysis of 

amplitudes of the P410P phase in real data. 

The Fourier Method applied to elastic wave propagation (Kosloff et al., 1984) was 

used to produce synthetics to identify the theoretically reflected pulse shape from 

different types of interfaces (sharp vs various gradational boundaries) as a function of 

frequency. A set of synthetics were produced for a Ricker wavelet with each of the 

following frequency responses: 0.25, 0.5, 0.75 and 1. At each frequency, we computed 

a set of synthetic responses for different velocity gradient types (sharp, linear gradient, 

cosine gradient, 2 sharp steps and a quarter circle) spread over different boundary 

thicknesses (10 km, 20 km and 30 km) for modeling the reflected P wave. 

In the section on amplitude analysis of real data, the amplitudes and the depths of 

the 410km discontinuity are mapped over the part of the Pacific Ocean where TA data 

enabled array processing. These results are interpreted by comparison to the synthetic 

result. Also, the effect of frequency and great circle distance on the reflection 

amplitude are analyzed. Other discontinues like 320km and 520km are also shown in 

our real data, but we will focus here on analysis of the 410 km discontinuity.     
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4.1. Amplitude Analysis of 410km Reflection P Wave using Synthetic 

  The forward modeling method by Kosloff et al. (1984) is used to construct the 

synthetic reflection P-waveform. They present a new approach for solving two-

dimensional elastic wave propagation problems, which is based on a Fourier or 

pseudo-spectral method(Kosloff and Baysal, 1982). The method uses a spatial grid for 

calculation. It calculates the spatial derivatives with the use of the Fast Fourier 

Transform (FFT).  

In addition to the original sharp boundary model, four different boundary models 

(linear, sine, curved and 2 step function) are studied. The different models are built 

using IASP91 reference model parameters (Kennett etal.1991). Ricker wavelets (at 

0.25, 0.5, 0.75 and 1 Hz) are used as source wavelets for all four hypothesized model 

types (sharp boundaries, linear gradients, and different curved gradients) with 10km, 

20km and 30km boundary thickness for modeling the reflected P wave. The reflection 

results for these synthetic data are deconvolved by the Ricker source wavelets using 

water level frequency domain deconvolution, since this will be very stable with noise 

free synthetics. 

4.1.1. Hypothesized Velocity Models 

In this section, the four hypothesized velocity model types (a double sharp boundary 

and various gradient types; linear, sine, and half circle curved) for 3 different 

boundary thicknesses (10, 20 and 30 km) were used in comparison to a sharp 
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boundary for a total of 13 different models used to produce synthetic responses to later 

compare to the observed data to determine properties of the boundary resulting in the 

410 km discontinuity. The majority of the available 1-D Earth velocity models (such 

as PREM and IASPI91) define these discontinuities as sharp boundaries, but they were 

modeled using data of much lower frequency content that this work and so would not 

be able to distinguish between a sharp or gradational boundary. 

4.1.1.1. Sharp Velocity Model 

The sharp velocity model is defined as an abrupt change in velocity and density at the 

boundary, as shown in Figure 4.1.The velocities and the densities on either side of the 

boundary were taken from the ISAP91 reference model (Kennett et al., 1991). 

Figure4.1 Sharp velocity model 

4.1.1.2. Linear Velocity Model 

The linear velocity model is defined as a linear change in velocity and density between 

intervals as shown in Figure 4.2.  
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Figure 4.2 Linear Velocity Model (Blue) for a 20 km boundary thickness comparing 
with Linear Model(Red) 

Using a forward modeling program, we construct the synthetic reflection waveform of 

P waves for a linear gradient spread over 10km, 20km, and 30 km, as shown in Figure 

4.3. The top figure with a 10km boundary interval has strong amplitude (not 

normalized). In the middle and bottom of Fig.4.2, the amplitude decreases as the 

boundary thickness increases to 20 and 30 km, respectively. The reason is that the 

velocity contrast over a given interval becomes smaller, which results decreasing in 

amplitude. We also see the there is an interference between phases generated over the 

interval for the 10 km gradient, which, for the larger gradient interval, result in a 

broader, more diffuse boundary and appear to split into two phases for the 30 km 

interval. The appearance of two phases for the 30 km gradient is caused by the largest 

reflection having sharp edges at the two ends of the boundary.  
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Figure 4.3 Reflected P wave for the hypothesized 410km discontinuity with linear 
model. Top: 10km boundary thickness, Middle: 20km boundary thickness, Bottom: 

30km Boundary thickness 

4.1.1.3. Sine Velocity Model 

The sine velocity model gradient (Figure 4.4) has smoother velocity gradients that 

transition at the two ends. 
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Figure 4.4 Sine Velocity Model (Blue) for a 20 km boundary thickness comparing 
with Linear Model (Red) 

In Figure 4.5, the reflected P wave for the sine velocity model with 10km, 20km and 

30km boundary thicknesses from top to bottom. The 10km boundary thickness 

waveform looks almost identical to the linear model result, but there is a difference in 

amplitude. The quantitative amplitude of these reflected response functions will be 

discussed in next section. The waveform for 20km and 30km boundary thicknesses 

does not appear to split into two pulses as with the linear gradient, because the 

velocity gradient at the two ends are not as sharp as those of the linear gradient. 
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Figure 4.5 Reflected P wave for the hypothesized 410km with sine model. Top:10km 
boundary thickness, Middle:20km boundary thickness, Bottom:30km Boundary 

thickness 
 

4.1.1.4. Curved Velocity Model 

Unlike the other models, the curved velocity model has very different velocity 

contrasts at the two ends. This curved model is not as symmetric as previous models 

were. As shown in Figure 4.6, the velocity contrast at the bottom side is bigger than 

topside. 
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Figure 4.6 Curved Velocity Model (Blue) for a 20 km boundary thickness comparing 
with Linear Model(Red) 

The corresponding underside reflected waveforms for curved models with 10km, 

20km and 30km thicknesses are showed in Figure 4.7. The 10km thickness result 

again shows similar features as other models except a slight difference in amplitude. 

There are two different waveforms with different magnitudes in front and at the end in 

the 30km thickness figure. The magnitude of the one in front is bigger than the one 

after. It is also observed that the 30km waveform comes in earlier than the other two. 

The reason is that the wave travels with faster velocity for a longer distance.  
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Figure 4.7 Reflected P wave for the hypothesized 410km with curved model. 
Top:10km boundary thickness, Middle:20km boundary thickness, Bottom:30km 

Boundary thickness 

4.1.1.5. 2-Step Model 

The 2-step model has two sharp velocity changes at each end of the boundary, instead 

of one sharp velocity jump (Fig.4.8). The middle interface velocity is chosen as half of 

the upper and bottom boundary values. 
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Figure 4.8The 2-Step Velocity Model (Blue) and the single step Model (Red) 

In Figure 4.9, two clear reflection waveforms result in each discontinuity thickness. As 

boundary thickness increases, the two waveforms start to split and become 

distinguishable as waveforms but have almost the same amplitude. 
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Figure 4.9 Reflected P wave for the hypothesized 410km with 2-Step model. 
Top:10km boundary thickness, Middle:20km boundary thickness, Bottom:30km 

Boundary thickness 

4.1.2. Synthetic P410P Reflection Amplitude with Different 

Frequencies 

In this section, 0.25, 0.5, 0.75 and 1 Hz Ricker wavelets are used as source functions 

to generate reflected P waveforms. The four hypothesized velocity models with 

10km,20km and 30km discontinuity thicknesses are used to compare with the sharp 

boundary model from IASP91.The reflection’s results are deconvolved by a Ricker 

source wavelet using water level frequency domain deconvolution.  Then, we will 
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discuss how frequency and boundary thickness affect the amplitude of reflection by 

comparing with the deconvolution result.  

4.1.2.1. 0.25 Hz Ricker Wavelet Result 

The figures 4.10, 4.11, and 4.12below are the deconvolution results of different 

models at three different boundary thicknesses with a 0.25Hz Ricker wavelet.  At 10 

km thickness (Figure 4.10), all the deconvolved results are hard to differentiate from 

each other in shape, differing only in amplitude, except the 2 step model which has a 

clear split pulse for all separation distances tested.  At 20 km thickness (Figure 4.11), 

the pulses start to have different shapes that may be distinguishable from that of the 

sharp boundary. The pulses from the sine and curved gradients are slightly wider than 

that of the sharp model but significant enough to be distinguishable in noisy data. But 

these gradients result in a response with nearly half the amplitude of the direct wave.  

The response from the linear gradient is much wider than that of the sharp boundary to 

an extent that should be distinguishable in real data. At 30 km thickness (Figure 4.12), 

differences in the shape of the response to all models are observable. The response to 

the sine function model appears low pass filtered compared to that of the sharp model. 

The response to the curved model has the sharpest pulse appearing to arrive earlier, 

since the model has an abrupt change in velocity at the greatest depth. The linear 

model’s results do not have clear, distinct, sharp pulses and have the smallest 

amplitudes. 
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Figure 4.10 P410P deconvolved waveform for 0.25Hz Ricker wavelet to the different 
models with a 10 km wide velocity change. 

Figure 4.11 P410P deconvolved waveform for 0.25Hz Ricker wavelet to the different 
models with a 20 km wide velocity change. 

18 20 22 24 26 28 30 32 34 36
-0.5

0

0.5

1

am
pl

itu
de

time(s)

Deconvolved P410P waveform for 0.25Hz Ricker wavelet to the different models with a 10 km wide velocity change

 

shrap model
curved model
linear model
sine model
2 step model

18 20 22 24 26 28 30 32 34 36
-0.5

0

0.5

1

am
pl

itu
de

time(s)

Deconvolved P410P waveform for 0.25Hz Ricker wavelet to the different models with a 20 km wide velocity change

 

shrap model
curved model
linear model
sine model
2 step model



Texas Tech University, Ailiyasi Ainiwaer, August 2014 

68 

Figure 4.12 P410P deconvolved waveform for 0.25Hz Ricker wavelet to the different 
models with a 30 km wide velocity change. 

Table 4.1shows relative reflection amplitudes of different models with respect to the 

sharp model for a 0.25 Hz source. We used a bold font on the amplitude values for 

those pulses that appear to have pulse width close enough to the sharp boundary so as 

not to be distinguishable from the sharp boundary but many appear at a different 

depths or amplitudes. At 10km thickness, amplitudes of the curved and sine models 

are very close, reduced by 14% and 15% compared to the sharp model. The linear 

model’s amplitude is reduced by 23% and the 2-step model’s amplitude is reduced by 

69%. At20 km thickness, the curved model’s amplitude, the linear model’s amplitude, 

the sine model’s amplitude and 2-step model’s amplitude are reduced by 37%, 69%, 

46% and 57% respectively. At 30 km thickness, these four models’ amplitudes are 

reduced 67%, 87%, 72% and 50%.  The amplitudes of all of the gradational 

boundaries’ (the linear and the sine) amplitudes are reduced as boundary thickness 

increases. The reason is that, as the boundary thickness increases, the velocity contrast 

as a function of depth decreases, which results in a reduction in amplitude. The 

18 20 22 24 26 28 30 32 34 36
-0.5

0

0.5

1

am
pl

itu
de

time(s)

Deconvolved P410P waveform for 0.25Hz Ricker wavelet to the different models with a 30 km wide velocity change

 

shrap model
curved model
linear model
sine model
2 step model



Texas Tech University, Ailiyasi Ainiwaer, August 2014 

69 

amplitude gradient of the linear model is reduced the most of the gradational models. 

The 2-step model’s amplitudes increase as boundary thickness increases. Since the 

two waveforms have not yet split completely at the 10km boundary thickness (Figure 

4.8), the opposite amplitudes from the two waveforms destructively interfere. So the 

resultant amplitude is small at 10km thickness. As thickness increases, the waveforms 

separate, which reduces the destructive interference and results in larger amplitudes 

for the wider boundaries. 

 

Table 4.1: P410P deconvolved waveform amplitude for 0.25Hz Ricker wavelet to the 
different models with a 10km,20kmand 30 km wide velocity change. 
 
    Models 
 
Boundary 
Thickness 

 
Sharp 

 
Curved 

 
Linear 

 
Sine 

 
2-Step 

 
10km 

 
1 

 
0.84 

 
0.77 

 
0.86  

0.31 
 
20km 

 
 

 
0.53 

 
0.31 

 
0.54  

0.43 
 
30km 

 
 

 
0.33 

 
0.13 

 
0.28  

0.5 
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4.1.2.2. 0.5 Hz Ricker Wavelet Result 

The figures 4.10, 4.11 and 4.12below are the deconvolution results from a 0.5 Hz 

Ricker source wavelet for the 10, 20 and 30 km boundary widths, respectively. The 

0.5 Hz response to the 10 km thick boundaries may be considered to be similar in 

shape to those of the 0.25 Hz wavelet to the 20 km boundary, but the amplitudes for 

0.5 Hz responses to the gradient type of models are much weaker than those observed 

in the case of the 0.25 Hz response. A comparison of the 0.5 Hz wavelet to the 20 km 

boundary is also similar in shape of the 0.25 Hz wavelet to the 30 Km boundary. The 

0.5 Hz responses for the gradational models for the 30 km boundary width for all 

shapes were below the noise level of any real data.  

Figure 4.13 P410P deconvolved waveform for 0. 5Hz Ricker wavelet to the different 
models with a 10 km wide velocity change. 
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Figure 4.14 P410P deconvolved waveform for 0. 5Hz Ricker wavelet to the different 
models with a 20 km wide velocity change. 

Figure 4.15 P410P deconvolved waveform for 0. 5Hz Ricker wavelet to the different 
models with a 30 km wide velocity change. 

The models with the 10km thick gradients in Table 4.2 all produced pulses with 

similar pulse widths, but the amplitudes of the curved and sine models are very close, 

which is reduced by 34% and 32% compared to the sharp model. The reduction of 

amplitude for these models with gradational boundaries in response to 0.5Hz pulse is 

much greater than observed for 0.25 Hz. The amplitude for the linear gradient model 
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is reduced 63%, which is also significantly greater than the reduction of amplitude in 

response to the 0.25Hz pulse. At 20 km thickness, the models with the curved, linear, 

sine and 2-step model gradients result in amplitude reductions by 78%, 93%, 84% and 

32%, respectively. The models with 30 km thick velocity gradients are reduced in 

amplitude by 87%, 94%, 97% and 49% in the same order as the list of 20km gradient 

types. The 0.5 Hz response is too diffuse, with 30 km boundaries too noisy to be 

observable in real data.  

 

Table 4.2 P410P deconvolved waveform amplitude for 0.5Hz Ricker wavelet to the 
different models with a 10km,20km and 30 km wide velocity gradients. 

 
    Models 
 
Boundary 
Thickness 

 
Sharp 

 
Curved 

 
Linear 

 
Sine 

 
2-Step 

 
10km 

 
1  

0.56 

 

0.37 

 

0.58 

 

0.4 
 
20km 

 
 

 
0.22 

 
0.07 

 
0.16  

0.58 
 
30km 

 
 

 
0.13 

 
0.06 

 
0.03  

0.51 
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4.1.2.3. 0.75 Hz Ricker Wavelet Result 

The figures 4.16, 4.17 and 4.18 below are the deconvolution results from a 0.75 Hz 

Ricker source wavelet. Features in the synthetics are almost same as those for the 

0.5Hz results for the 10 and 30 km gradients. But the response at the 0.75 Hz pulse to 

the 20km gradational boundary produces a very small pulse that may not be 

observable in real data 

Figure 4.16 P410P deconvolved waveform for 0. 75Hz Ricker wavelet to the different 
models with a 10 km wide velocity change. 

Figure 4.17 P410P deconvolved waveform for 0.7 5Hz Ricker wavelet to the different 
models with a 10 km wide velocity change. 
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Figure 4.18 P410P deconvolved waveform for 0. 75Hz Ricker wavelet to the different 
models with a 10 km wide velocity change. 
 
Table 4.3 shows the relative reflection amplitudes of different models as compared to 

the sharp model for a 0.75Hz source. The curved and sine gradational models with a 

10 km thickness are similar in amplitude, reduced by 65% and 68% as compared to 

the sharp model. The linear model’s amplitude is reduced 85%.  The 0.75 Hz response 

to the models with linear, sine, curved and 2-step gradients are reduced by 87%, 93%, 

97% and 49% as compared to the response of the sharp model, respectively. Similar 

models with 40 km gradients had amplitude reductions of 91%, 96%, 99% and 48%, 

respectively. The 2-step model almost has two of the same amplitudes for all boundary 

thickness, which means the two waveforms split completely starting from 10km 

thickness. The 0.75 Hz response to the models with20 km and 30km boundaries of all 

shapes were probably below the noise level of any real data. 
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Table 4.3 P410Pdeconvolved waveform amplitude for 0.75Hz Ricker wavelet to the 
different models with a 10km,20km and 30 km wide velocity change. 

    Models 

Boundary 
Thickness 

Sharp Curved Linear Sine 2-Step 

10km 
1 

0.35 0.15 0.32 0.51 

20km 1 0.13 0.07 0.03 

0.51 

30km 1 0.09 0.04 0.01 

0.52 

4.1.2.4. 1 Hz Ricker Wavelet Result 

Figure 4.19P410P deconvolved waveform for 1Hz Ricker wavelet to the different 
models with a 10 km wide velocity change. 
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Figure 4.20P410P deconvolved waveform for 1Hz Ricker wavelet to the different 
models with a 20 km wide velocity change. 

Figure 4.21P410P deconvolved waveform for 1Hz Ricker wavelet to the different 
models with a 30 km wide velocity change. 

The figures 4.19, 4.20 and 4.21above are the deconvolution results from a 1 Hz Ricker 

source wavelet.  Generally speaking, the sharp and 2 step models produce observable 

results. The sine and curved models with the 10 km gradients are severely reduced in 

amplitude but have pulse widths that are similar to the sharp boundaries. But the 1 Hz 

response to all the gradational boundary types for 20 and 30 km gradients are very 
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diffuse and have small enough amplitudes that these types of boundaries would not be 

observable at 1 HZ. 

Table 4.4 shows the amplitudes relative to the sharp boundary for a 1Hz source. The 

amplitude response, 77% and 83% of the sharp model, respectively, for the models 

with curved and sine gradients are not as similar to one another as they were with the 

lower frequencies. The amplitude reduction for the 2 step model separated by 20 and 

30 km are 48% that of the sharp boundary. All other models produced negligible 

amplitudes. 

Table 4.4 P410P deconvolved waveform amplitude for 1Hz Ricker wavelet to the 
different models with a 10km, 20km and 30 km wide velocity change. 

 
    Models 
 
Boundary 
Thickness 

 
Sharp 

 
Curved 

 
Linear 

 
Sine 

 
2-Step 

 
10km 

 
1 

 
0.23 

 
0.1 

 
0.17 

 
0.54 

 
20km 

 
1 

 
0.1 

 
0.06 

 
0.01 

 
0.51 

 
30km 

 
1 

 
0.06 

 
0.04 

 
0.005 

 
0.52 

 
 
 

4.2. The Amplitude 410 km Discontinuity from Real Data 
 
In this section, the stacked P410P reflection amplitudes around Pacific region will be 

analyzed. To estimate errors in the signal from the stacked PP precursor function (PP-

function or PPF), the bootstrap method, where data are resampled with redundancy, is 
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used. As the precursor signal is not visible in a single seismogram, it is necessary to 

stack multiple seismograms over a certain radius after aligning them by the PP-phase. 

This is a form of beam forming for the expected teleseismic raypath. The bootstrap 

method helps determine how repeatable the stacked amplitudes are by random 

resampling. The data density is different by location because it is subject to the 

earthquake distribution, so we stacked the data with different beaming radii. The beam 

forming mentioned above sums a single event over a region to enhance the PP phase 

and its precursors. Because beam forming does average structure over the radius of the 

beam (or averages the structure over half the beam radius at the bounce point), we try 

to avoid going too large in beam size when we produce the PP wave train with the 

precursors. But we will use a larger beam to produce a PP function to be used as the 

source function in the deconvolution. To further enhance the PP precursors, we wish 

to stack data from several events over stacking bin. We used a 4° spacing between the 

centers of the stacking bins, with a 2*sqrt(2°) as the radius or the stacking bin (Figure 

4.22). 
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Figure 4.22 Stacking figure with 2.8° stacking bin 

The stacking radius was allowed to expand up to 7 degrees until the minimum of 40 

events were included at the bounce point. Figure 4.23 (left) shows the number of bins 

at each size, and the number of events included in each bin is shown on Figure 4.23 

(right). The bins with more than 40 events are those with a radius of 2.8°. Each 

beaming radius includes at least 40 events but could include as many as 800 

seismograms (Figure 4.22). Since most bins hold 40 events, we included 40 events in 

each iteration and resampled 100 times to perform the bootstrap. The 100 iterations in 

our bootstrap means that the program resamples the events taking randomly selected 
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events (with redundancy) 40 and stacked these events for 100 iterations. We repeated 

the bootstrap method with 0.25, 0.5, 0.75 and 1Hz data. In the following, we will 

discuss the amplitude of the P410P phase and depths to the410km discontinuity for 

these four frequencies. 

  

Figure 4.23Stacking bin size vs number of events 

4.2.1. P410P Amplitude Distribution around Pacific Region for 0.25, 
0.5, 0.75 and 1Hz Data. 

 
Before we plot our amplitude on the global map, we picked our seismograms carefully 

in two different standards. One is called 'good', which refers to the set of seismograms 

having relatively small standard deviation. The other is called 'any', which includes all 

P410P signals regardless of standard deviation. In figure 4.24, shows deconvolved, 

stacked PP precursors at 0.25, 0.5, 0.75 and 1 Hz data. There is a clear P410P 

precursor at all frequencies. In these figures the P520P and P320P, only appear as 

strong phases at higher frequencies (0.5, 0.75 and 1Hz) but this is not universally true. 

There are cross sections that have strong phases. 
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Figure 4.24 PP precursors from selected seismograms at 0.25, 0.5, 0.75 and 1 HZ(Red: 
positive amplitude, Green: negative amplitude). The widths of the red or green lines 
indicate the 2 times standard deviation range in the stack after 100 boot strap samples 
40 seismograms per bootstrap. 



Texas Tech University, Ailiyasi Ainiwaer, August 2014 

82 

Figure 4.25 Amplitude of 410km for 0.25Hz, 0.5Hz, 0.75Hz and 1Hz good data 

The four amplitude pictures above (Figure 4.25) are generated from our good sets of 

data. The 0.25Hz shows higher amplitude compared to the other three higher 

frequencies at the north side of Hawaii, the Line Island area and North Asia. The 0.5, 
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0.75 and 1Hz data show very similar results when compared to each other. The 0.5Hz 

result shows high amplitude around 165°E, 35°N and 170°W, 40°N. At Line Island, 

Arctic and north of Hawaii, the amplitudes are close to our synthetic result of .036 for 

the distance ranges we covered. It shows low amplitudes around the north east of Asia 

and the Aleutian islands. The 0.75 and 1Hz amplitude data also show similar features 

as the 0.5 Hz. 

Chambers et al.(2005) did a similar study on the reflectivity of the 410 discontinuity 

from PP and SS precursors. They pointed out that the precursor amplitudes are 

affected by the discontinuity thickness, impedance contrast, intrinsic attenuation and 

anisotropy. In their study, they mainly focused on impedance contrast and 

discontinuity thickness. They stacked the PP and SS data with signal to noise greater 

than 3 and calculated the precursor’s amplitude on a global scale. Their results showed 

the mean amplitude was 0.032 for the global P410P. Our global P410P amplitude 

average for our good data is listed in Table 4.5 below. 
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Table 4.5 Average P410P amplitude for different frequencies 

Frequency 0.25hz 0.5hz 0.75hz 1hz 

Average 

P410P 

Amplitude 

0.0295 

.024/.03/.038 

0.0289 

.022/.026/.035 

0.0283 

.022/.027/.035 

0.0286 

.022/.028/.033 

Sharp 1 1 1 1 

2 disc .3/.4/.5 .4/.58/.5 .5/.5/.5 .5/.5/.5 

Sin .8/.5/.3 .58/.16/.03 .32/.03/.011 .17/.01/.005 

Linear .77/.31/.13 .37/.07/.04 .15/.07/.04 .1/.01/.005 

Curved .84/.53/.33 .56/.22/.13 .35/.13/.09 .23/.1/.06 

Legend 10/20/30 

km spacing 

10/20/30km 

spacing 

10/20/30km 

spacing 

10/20/30km 

spacing 

From the table, the global average P410P amplitude does not change as frequencies 

change. Our average amplitude is slightly smaller than the Chambers result. Their 

result (Figure 1.9(a).) matches with our result well. 

The 410 km discontinuity velocity contrast is larger than that from PREM by 3.53% in 

IASP91 velocity model and based on this velocity model the average P410P amplitude 

is calculated. The average amplitude is 0.036 for the great circle arc distance from 
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90°to 120°, which is larger than the real data average amplitude of 0.028 to 0.029 for 

all frequencies content. The synthetic amplitude only varies from 0.0329 to 0.0348 as 

a function of ray parameter. These synthetic amplitude values are calculated based on 

a sharp boundary model, so our results indicate the global 410 boundary may be a 

sharp boundary or frequently must have a smaller velocity contrast. 

Frost (2008) suggested that the velocity and density changes associated with the 

transition zone’s mineral phase transformation may occur over gradational boundaries 

over a small depth interval rather than as sharp boundaries. The reason is that the 

mantle minerals are all multi-component solid solutions with Fe and Mg. The unequal 

partitioning of Fe and Mg results in transforming minerals to coexist over a pressure 

interval. Most mineral physics studies which model the bulk composition of the 

mantle believed it to be pyrolotic ((Mg0.89, Fe0.11)2SiO4).For mantle olivine with 

Fe/(Fe+Mg)≈1 under dry conditions, the phase change associated with the 410 

discontinuity will occur over a~7km interval, but, with a 0.4wt % water in the mantle 

olivine, the phase change will result in an 11km thick boundary(Figure 1.15). So water 

content might affect the amplitude of precursors since it changes discontinuity 

thickness. Recent experimental results indicate that hydration-induced thickening of 

the α to β phase of olivine transition interval to 20km is possible, particularly in 

regions with a cooler than normal geotherm (Frost et al., 2007). 

So the lower amplitudes in our data might indicate that there are gradational 

boundaries instead of sharp boundaries.  
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These lower amplitudes can only be explained by sharp boundary models if the 

boundary has a smaller velocity contrast than expected in IASPI91.However, we can 

explain it from modeling results from Table 4.5.  

Even though gradational boundaries can explain our lower amplitudes, the high 

amplitudes still need to be explained as well. These higher amplitudes may indicate 

that the velocity contrast at the boundary is higher than the ISAP91 velocity model. 

The maximum amplitude calculated from Aki and Richards is 0.0348, which needs a 

3.53% velocity increase. However, our data show high amplitude values like 0.04 and 

0.045 needs velocity increases by 4% and 4.4%, respectively, which are 15 to 20% 

larger than modeled by IASP91. It is possible that the PP from these locations are 

affected by a low Q in the lithosphere due to partial melt or scattering due to 

topography at the ocean water interface. If it were the result of low Q, we would 

expect this to occur in areas where there may be elevated temperatures, such as 

regions with active volcanism, but our highest amplitudes occur Northeast of Hawaii, 

half way to Alaska, where the ocean floor is very flat and there are no hotspots. This 

region would therefore be expected to have high Q and very little scattering, in which 

case PP should be strong relative to P410P and, if anything, would result in low 

estimates of P410P. This region, however, has the largest P410P amplitudes, which we 

conclude must be the result of a larger than expected velocity contrast. Our largest 

amplitudes must therefore be the result of larger than expected velocity contrasts in 

this region. 
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Deschamps et al.(2001) computed relative Vs anomalies(δVs/Vo) and density 

anomalies(δρ/ρo) as a function of variations of temperature (δT), global volumic 

fraction of iron(δFe ) and volumic fraction of olivine(δXol) with respect to a reference 

model. They used the pyrolitic model (believed to be bulk composition of mantle), 

where the volumic fraction of olivine is 61.7%, and non olivine components are 

clinopyroxene (13.3%), orthpyroxene (5.2), garnet(15.3%) and jadeite(4.5%). The 410 

km discontinuity results in an increase in density as a function of depth, so it helps 

cold material descend and warm ascend across the phase change. As a result, the 410 

should not serve as a temperature barrier, and any thermal anomaly above the 

boundary should be present below it. So, we cannot look to temperature as a cause of 

the larger velocity contrast. Liu et al. (2010) said Vs in the mantle can change 

significantly due to small changes in Fe content, but Vp does not from their 

experiment result. However, this is contradicted with body wave velocity relations, 

where 𝑉𝑉𝑝𝑝 = �𝜆𝜆+2µ
𝜌𝜌

and 𝑉𝑉𝐶𝐶 = �
µ
𝜌𝜌
 . Since both Vp and Vs are function of density and 

shear modulus, changing one should affect the other. Tauzin et al.(2010) have found a 

low velocity layer above the 410 that they attribute to water on top of the 410 (Benoit 

Tauzin et al., 2010). But we only see a reduction in Vp, not a negative pulse. 

According to Mao et al.(2010), the velocity contrast between olivine and wadsleyite at 

410km decreases with increasing water content in wadsleyite, due to strong reduction 

in elastic wave velocities in hydrous wadsleyite. With 0.4 wt.% water in olivine at 

410-km depth, the Vp contrast is 3.8%, which is close to IASP91 velocity model 

result. Our synthetic result shows a velocity contrast of 2.7% will result in the P410P 
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amplitudes of 0.22, which is a 37% smaller value than modeled by IASP91. This 

would require a change in hydration of 0.6 % above the 410, assuming no change 

below. But the larger amplitude of 0.045, which was caused by a 4.4% change in 

velocity contrast, would require a 0.2 % change in hydration (Mao et al., 2010). Lab 

results by Irifune et al. (2008) indicated that a pyrolite mantle would have a larger 

velocity jump at 410km than a piclogite mantle. These variations in amplitude could 

therefore be suggestive of lateral variation in mantle composition. So, the lower 

amplitude may suggest the existence of piclogite mantle, while the pyrolite mantle 

explains higher amplitude in our data. 
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Figure 4.26 Amplitude of 410km for 0.25Hz, 0.5Hz, 0.75Hz and 1Hz any data 

The figure 4.26 is the amplitude distribution of P410P from the set of all data. It shows 

very similar features to the set of good data. 

We have also used P-wave velocity (Vp) tomography (GyPSuM) from Simmons 

(2010) to compare with our amplitude results. GyPSuM is a 3D model of mantle 
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shear–wave velocity (Vs), Vp, and density. Their model is developed through 

simultaneous inversion of seismic body wave travel times (Vp and Vs) and 

geodynamic observations, while using realistic mineral physics parameters linking 

seismic velocity and density. Geodynamic observations include the global free air 

gravity field, divergence of the tectonic plates, dynamic topography of the free 

surface, and the flow-induced excess ellipticity of the core-mantle boundary (Simmons 

et al., 2010).The 410km Vp tomography from this model is shown in Figure 4.27 

below. 

Figure 4.27 The 410km P wave velocity tomography 

The tomography shows low velocity at Hawaii and French Polynesia where a hotspot 

exists. High velocities are observed beneath Japan and eastern China where relatively 
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cold upper mantle is expected as a result of subduction. Our amplitude map result 

shows that we have high amplitudes half way between Hawaii and Alaska at 40°N, 

165°E where velocity is normal to high, but low amplitudes are to the west where 

velocities are lower. Chambers et al.(2005) did a similar study on reflectivity of the 

410km discontinuity from PP and SS precursors with a low pass filter from 0.013 to 

0.125Hz. Our frequency can be up to 1Hz, which has not been done by others. Their 

amplitude map is similar to our result (Figure 1.9(a)). 

4.2.2. The Amplitude Change with Respect to Great Circle Arc 

In this section, we explore the correlation between our observed P410P/PP amplitudes 

against the theoretical model as a function of great circle offset. We estimated the 

error bounds for the measured amplitudes using a bootstrap resampling method, where 

we repeated the stack of the traces 100 times using random resampling of the data. 

The error has upper and lower bounds, which were defined as twice of standard 

deviation. We categorized our data as good and any set of data, determined by low 

noise and smaller standard deviation on the P410P. In the 0.25Hz data (Fig 4.28), the 

amplitude appears to increase as great circle arc increases until 115 degrees. This is 

expected from synthetic amplitude, but the amplitude from 115° to 120°does not fall 

into this trend. The standard deviation in these data generally show the noise in these 

data are larger than the expected change in amplitude, as a function of great circle arc, 

so no real conclusion can be drawn in this regard.  
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Figure 4.28 P410P/PP amplitude for 0.25Hz good data. For comparison, the solid line 
shows the amplitude predicted by IASP91.  

The 0.5Hz data shows very constant values as range increases. The reason is that our 

amplitudes have relatively strong standard deviation which masks the signal expected 

for the change in amplitude as a function of great circle arc. From the synthetic result, 

the largest difference in amplitude is from 90° to 120°at only 5.46%.  
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Figure 4.29  P410P/PP amplitude for 0.5Hz good data. For comparison the solid line 
shows the amplitude predicted by IASP91.  

The 0.75Hz and 1Hz amplitude result shows very similar pattern, except that the 

amplitudes at these frequencies have fewer values above the expected values. The 

P410P/PP amplitudes show more scatter but appear approximately constant with 

range. 
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Figure 4.30  P410P/PP amplitude for 0.75Hz good data. For comparison the solid line 
shows the amplitude predicted by IASP91.  
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Figure 4.31  P410P/PP amplitude for 1Hz good data. For comparison the solid line 
shows the amplitude predicted by IASP91.  

Shearer and Flanagan (1999) also bootstrap  P410P/PP and S410S/SS amplitudes, with 

results that found a larger standard deviation than ours and found that the observed 

amplitudes do not correlate with expected amplitude variations as a function of great 

circle arc (Figure 1.4). 
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Figure 4.32  P410P/PP amplitude for 0.25Hz any data. For comparison the solid line 
shows the amplitude predicted by IASP91.  
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Figure 4.33  P410P/PP amplitude for 0.5Hz any data. For comparison, the solid line 
shows the amplitude predicted by IASP91.  
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Figure 4.34  P410P/PP amplitude for 0.75Hz any data. For comparison, the solid line 
shows the amplitude predicted by IASP91.  
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Figure 4.35 P410P/PP amplitude for 1Hz any data. The solid line shows the amplitude 
predicted by IASP91.  

Figure 4.32, 4.33, 4.34 and 4.35 show P410P/PP amplitude as a function of great 

circle arc results for the entire data. The results are very similar to those described 

above for the “good” set of data. Most amplitudes are lower than prediction values, 

which might imply the existence of a gradational boundary or smaller velocity contrast 

as we discussed above.  

However, it is not easy to see the pattern of how the amplitude responds to change in 
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distance range in different colors for each frequency range (Figures 4.36, 4.37, 4.38, 

and 4.39 for low pass filtered data at 0.25, 0.5 0.75 and 1 Hz respectively). 

In 0.25Hz data, it shows higher average amplitude, while 1Hz shows the lowest 

amplitude value for all ranges. However, all frequencies show very random patterns in 

amplitude change as a function of great circle offset between the earthquake and 

station. Among these frequencies, the amplitudes at 1Hz are closest to what we expect 

from the synthetics. That is that the P410P/PP amplitude is largest in the 115°-

120°range, and the amplitudes are progressively smaller as the great circle arc is 

reduced. The lack of correlation between amplitudes of the P410P/PP as a function of 

offset may be the result of the large standard deviation in the values, which reflect the 

large regional variations in the amplitude of the P410P/PP since the bins at different 

great circle arc are not necessarily sampling the same areas. 
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Figure 4.36 Average P410P/PP amplitude for 0.25Hz good data. The different color 
represents different range as shown in legend of figure.  
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Figure 4.37  Average P410P/PP amplitude for 0.5Hz good data. The different color 
represents different range as shown in legend of figure.  
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Figure 4.38  Average P410P/PP amplitude for 0.75Hz good data. The different color 
represents different range as shown in legend of figure.  
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Figure 4.39  Average P410P/PP amplitude for 1Hz good data. The different color 
represents different range as shown in legend of figure.  
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4.3. The 410 Discontinuity Depth 

In this section, the regional variations in the depth to the 410 km discontinuity for four 

different frequencies are analyzed. This work used data from the Earthsocpe 

transportable array for all stations completed through 2011, so bounce point coverage 

is limited to the central; Pacific and Arctic regions. Figure 4.39 shows the depth 

variations observed in the 0.25, 0.5 and 0.75Hz data result, respectively. The depth 

variations were similar in the regions common to all the frequencies, but the 1 Hz 

results are the best quality and have the largest region with useable depth estimates. As 

a result of the superior coverage in the 1 Hz data, we will limit our discussion to these 

results (Figure 4.40). The 410 km discontinuity is deepest beneath the regions to the 

northwest of Hawaii, west of French Polynesia and south of Asia. The 410 km 

discontinuity is shallowest west of the Aleutian islands. This can be explained from 

Bina's study of Clapeyron slopes. Bina et al.(1994) showed that the 410km 

discontinuity is shallow in cold areas (subducting slabs) and is deep in hot areas 

(Plumes and Volcanoes). Flanagan et al.(1998) stacked the long-period (0.06Hz), 

transverse component seismograms to find depths to the 410 using S410S precursors 

and also plotted their global 410 depth map. For the same area, their results (Figure 

1.8) show patterns similar to ours. Their global average of the 410 discontinuity is 

418km, and our regional average for the 410 km discontinuity is 425km. 



Texas Tech University, Ailiyasi Ainiwaer, August 2014 

106 

Figure 4.40  Regional 410 depth topography for 0.25, 0.5, 0.75, 1 Hz good data 
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CHAPTER V 

 CONCLUSIONS 

We presented here analysis of the amplitude variation in the P410P phases to develop 

a better understanding of the nature of the 410 km discontinuity. There is debate are to 

whether it is a phase change in the olivine system or if there is a slight change in 

mantle chemistry across this boundary. Mineral physicists show that the phase change 

expected for the olivine system at the depth of 410 km should result in a solid solution 

of the two phases over a 10 km interval. We therefore produced synthetics to model 

the expected shape of the P410P phase for 4 different possible velocity gradients than 

might accompany the gradational phase change. We produced synthetics for a 10, 20 

and 30 km gradient, although the only one expected for the 410 is the 10 km gradient.  

This modeling was repeated for data low pass filtered at 0.25, 0.5, 0.75 and 1.0 Hz to 

investigate the frequency response for each of the different gradational boundaries. 

Real data was analyzed using beam formed data recorded by the EarthScope 

Transportable array. The P410P functions were produced by simultaneous iterative 

deconvolution modified to allow moveout corrections to the cross-correlation 

functions during each iteration before summing and picking the largest amplitudes.  

The synthetics showed that amplitudes of all the gradational boundaries (linear, sine 

and curved) are reduced as compared to the sharp boundary and continue to become 

smaller amplitudes as boundary thickness increases. The amplitude gradient of the 

linear model is reduced the most of the gradational models. The curved model has the 

least reduction gradient among all. At 1 Hz, all the models shows very small at 10 km 
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gradient to negligible amplitudes, except for the sharp and 2-step model.  In general, 

as the gradient became larger, the amplitudes in any frequency band drop significantly. 

We also found that there was a significant drop in amplitude for any given gradient as 

the frequency increases, except the sharp or 2 step models, which showed the same 

amplitudes for all frequencies. 

In the observed P410P phases, we found 0.25Hz had larger amplitudes compared to 

the other three higher frequencies north of Hawaii, the Line Island area and North Asia. 

The 0.5, 0.75 and 1 Hz data, on the other hand, had roughly the same amplitude for a 

given model. At Line Island, the Arctic and north of Hawaii, the amplitude is close to 

our synthetic result of .036 for the distance ranges included in our data. Low 

amplitude was observed around the north east of Asia and the Aleutian islands. The 

result shows high amplitude around 165°E, 35°N and 170°W, 40°N. 

The global average P410P amplitude does not change as frequencies change. When we 

compare the maps, there is also little change in the amplitudes regionally as a function 

of frequency. The average amplitude predicted in synthetics for the IASPI91 model is 

0.036 for the great circle arc distance from 90° to 120°, which is larger than found in 

the observed data, which had average amplitudes from 0.028 to 0.029 for all 

frequencies. The amplitudes in the observed data varied from 0.02 to 0.045. The 

synthetic amplitude of 0.036 was calculated based on a sharp boundary. The range in 

our values led us to suspect that the smaller amplitudes may be the result of a 

gradational boundary. But synthetics show that, for all gradational boundaries, the 

amplitudes should be reduced, significantly, as frequencies increase. However, our 
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observations indicate that, for frequencies above 0.25 Hz, there is little change in 

amplitude. 

The lower amplitudes (such as 0.022) can only be explained by sharp boundary 

models if the boundary has a smaller velocity contrast than expected in IASP91. Lab 

results by Irifune et al. (2008) indicated that a pyrolite mantle would have a larger 

velocity jump at 410km than a piclogite mantle. These variations in amplitude could 

therefore be suggestive of lateral variations in mantle composition. The lower 

amplitude may suggest the existence of piclogite mantle, where a pyrolite composition 

would be consistent with the “normal” amplitudes. The higher amplitudes (such as 

0.044) may indicate that the velocity contrast at the boundary is higher than the 

ISAP91 velocity model. But we cannot find a compositional change that will account 

for the larger velocity gradient.  According to Mao et al.(2010) the velocity contrast 

between olivine and wadsleyite at 410km decreases with increasing water content in 

wadsleyite. With 0.4 wt.% water in olivine at 410-km depth, the Vp contrast is 3.8%, 

which is close to the IASP91 velocity model result.  The larger amplitude of 0.045 

could be caused by a 4.4% change in velocity contrast, which only requires a 0.2 % 

water content in mantle(Mao et al., 2010). 

In general, we find that the best explanation for the regions with lower amplitudes than 

expected on the 410 could be the result lateral variation in the mantle composition 

(pyrolite vs. piclogite). But the best explanation for the regions with larger amplitudes 

is that the amplitudes in these regions are the result of slightly higher water content. 

This model requires two mechanisms to explain our observations. A simpler model 
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would be to assume a piclogite model at the 410 everywhere, and that all variations in 

amplitude are the result of later variations in mantle hydration. 
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