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                                                 ABSTRACT 

 

 

Rayleigh Wave Phase Velocities and Anisotropy  

of Old Oceanic Lithosphere in the Pacific  

 By 

 Teodor Sotirov 

 Master of Science in Geophysics 

 

The processes that control the growth and the formation of the lithosphere are 

crucial for our understanding of plate tectonic theory. Simple conductive cooling of 

lithospheric material  accurately describes seafloor behavior such as seafloor subsidence 

and heat flow for young seafloor, but does not predict the behavior of the lithosphere at 

ages greater than 80 My . More complex models of lithospheric growth and mantle flow 

have been invoked to explain this departure at old ages such as small scale convection 

upwelling plumes, viscous fingering, crustal thickness variations, or return flow opposing 

plate motion. Global seismic tomography studies indicate seismic anisotropy is weaker 

beneath old seafloor compared to younger regions, but are often limited to land stations, 

which record oceanic raypaths and lack resolution to measure oceanic lithospheric 

thickness and flow structure predicted by the multitude of models. Here I present 

Rayleigh wave tomography results from the deployment of 16 ocean bottom 

seismometers (OBS) in the NW Pacific on 150-160 My seafloor. This location is ideal 
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because it displays a magnetic bight which provides unique opportunity to sample two 

regions with the same age but different fossil spreading directions. Rayleigh wave data 

are analyzed for 86 earthquake events at periods from 18 to 144 seconds. A rigorous set 

of corrections were applied to OBS data to maximize the data set utilizing differential 

pressure gauges, and accounting for tilt and infragravity water waves to increase the 

period range and data recovery rate beyond previous marine studies. Inversions for phase 

velocity averaged over the study area indicate that Rayleigh wave velocities are 1.3 % 

higher than previous studies for seafloor with ages 110+ My,  but the overall shape of the 

dispersion curve at long periods remains similar suggesting that the lithosphere 

continuous to cool and thicken even at old ages. The presence of a low velocity zone 

(LVZ) may be indicated between 69 and 91s but is not resolved within error. If this 

corresponds to the base of the lithosphere  at 95 km ±50 km, this is consistent with the 

Plate and GDHI (geodynamic heatflow) lithospheric formation models. The 2D 

tomography results show the presence of a low velocity anomaly at periods from 18 s to 

29 s that is ~300 km diameter located between the eastern and the western array, which 

coincides with the location of seamounts between the two study areas.  I find that the 

anisotropy in the eastern region has a magnitude of 0.6 % and a consistent fast direction 

of NNW for nearly all periods. The western array, displays stronger anisotropy with a 

magnitude of 1.0 % and that is approximately E - W for short periods below 29 s and 

shifts to NNW at periods above 33 s. Anisotropy in both regions at short periods is 

consistent with the fossil spreading direction in each arm of the magnetic bight.  
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Chapter 1 Introduction 
 

      The processes that control the growth and the formation of the lithosphere are crucial 

for our understanding of plate tectonic theory. The LAB (lithosphere-asthenosphere 

boundary) is often described by a thermal transition to the asthenosphere in numerical 

models, however, recent studies have shown that compositional differences are also 

important. The base of the lithosphere has been identified by the G discontinuity from 

SCS reflections in the south Pacific (Gaherty et al., 1999) and high resolution receiver 

functions (Rychert et al., 2006) indicating a sharp boundary at this interface. The 

composition of newly formed lithosphere near a spreading center has been shown to be 

dry and depleted contrasting with a conductive region in the asthenosphere below (Evans 

et al., Science, 2000). While these studies measure physical properties of the lithosphere 

at various ages, it is difficult to predict how these properties will change with time in old 

lithosphere. Several models provide theoretical values (Parsons and Sclater, 1977; Stein 

and Stein, 1992) for thermal boundary temperatures associated with conductive cooling 

and predictions for lithospheric thickness for pure conduction versus the Plate model 

(Parsons and Sclater, 1977), which are validated by the fit with seafloor subsidence and 

heat flow data. However, it is difficult to distinguish between these models because of 

errors and scattering in heat flow data and the need to look at bathymetry on a global 

scale that is not contaminated by local features such as seamounts and other non-uniform 

bathymetry. Here I present results from the PLATE project (Pacific Lithosphere 

Anisotropy and Thickness Experiment), a marine seismic experiment, which is designed 

to study old ocean lithosphere using Rayleigh wave data from earthquakes recorded in 

2009-2010. This region is characterized by 150-160 Ma seafloor, and the location of a 
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magnetic bight which takes advantage of the different directions of anisotropic structure 

expected on each limb within the lithosphere and the uniform direction of mantle flow for 

current Pacific plate motion expected below. Two subarrays were deployed on each limb 

of the magnetic bight to compare the seismic velocities and structure in each case and 

also to differentiate frozen-in fossil anisotropy (Silver, 1996) in the lithosphere from a 

dynamically maintained anisotropy in the asthenosphere. I find that phase velocities in 

this region are 1.3 % higher than previous studies in 110 Ma seafloor (Nishimura and 

Forsyth, 1988). Evidence of anisotropy is evident at short periods that is consistent with 

the fossil spreading directions and changes to the current Pacific plate motion direction at 

longer periods. 

 

1.1 Lithospheric growth and formation models 

 

The infinite half space model describes lithospheric evolution with time. In this 

model, the depth of the water column increases with the square root of the seafloor age.  

This assumes that the lithosphere behaves as a rigid moving plate and the temperature in 

this plate cools with time governed by the conduction process (𝐷 =  𝜅𝑡) where κ is 

thermal diffusivity and t is seafloor age. This model provides a very good fit with 

seafloor topography (Parsons and Sclater, 1977) and geoid heights (e.g. Ricard et al., 

1984) at young ages. However, the half-space cooling model predicts consistently lower 

heat flow values and deeper seafloor subsidence for ages greater than 80 My (Stein and 

Stein, 1992; Hillier and Watts, 2007) suggesting another process may be active at older 

ages.  
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The Plate model was introduced as an analytical model which finds a better fit to 

the flattening of the heat flow and bathymetry data at ages greater than 80 My by 

restricting the basal temperature beneath the lithosphere to an empirically determined 

value (McKenzie, 1967). The Plate model provides a better fit to the heat flow and 

bathymetry data by limiting the growth of the lithosphere to a finite plate thickness of 

125 km at 1350 
o
C.  There are several hypotheses to explain a source for heat flow that 

can produce a constant depth for the LAB at old ages. Upwelling mantle plumes will 

increase temperatures in the upper mantle (Doin and Fleitout, 1996).  Increased heat flow 

may be produced by secondary (small-scale) convection (e.g. Richter and Parsons, 1975; 

Zhong et al., 2000). A model for viscous fingering in the asthenosphere has recently been 

put forth which links off-axis plume flow to the spreading center through return flow of 

volatile rich plume material through the asthenosphere (Weeraratne et al., 2013) which 

may produce uplift or additional heat flow beneath the lithosphere at old ages. A purely 

conductive heat flow model predicts infinite growth of the lithosphere with age. This 

should produce seismic velocities that increase gradually with depth. Models, which 

consider convective heat flow at the base of the lithosphere, should limit plate growth and 

predict high seismic velocities within the lithosphere, but strong low velocity zones 

beneath them where temperatures are elevated. Lithospheric thickness is expected to be 

thinner for the convection models compared to the conductive cooling models. Viscous 

fingering predictions suggest that flow dynamics are independent of plate velocity and 

require a sharp compositional boundary at the LAB that may also be present at the base 

of the asthenosphere. I will test these predictions with our velocity results in my study 

area for old seafloor. 
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Heat flow provides some data constraints that indicate changes in lithospheric 

growth with age. We can compare this data to theoretical predictions but after 80 My we 

also observe values higher than that predicted from the half space cooling model. It is 

worth mentioning that many of the heat flow measurements have somewhat large errors 

(e.g. Stein and Stein, 1992, 1994) due to difficulty of this measurement on oceanic 

seafloor when hydrothermal circulation is active in the oceanic crust. This circulation 

causes significant heat loss that leads to a decrease in the measured heat flow values. To 

avoid this effect, Lister et al. (1990) considers values that are measured in thick 

sedimentary cover that would not be affected by hydrothermal circulations. The GDH1 

model refines the heat flow dataset and attempts to improve the fit of the Plate model 

(Stein and Stein 1994).  This study excludes data from marginal basins, removing 

hydrothermal effects, and also adds better coverage of the major ocean plates where 

thermal evolution may be different from the smaller oceanic plates. The GDH1 model 

provides a better approximation to the bathymetry subsidence data than the Parson and 

Sclater model for old lithosphere especially for regions older than 100 My (primarily in 

the Pacific).  

Bathymetry data gives water depth that is used to obtain seafloor subsidence 

associated with lithospheric growth and thickening with age (Marty and Cazenave, 1989; 

Hiller and Watts, 2005). Bathymetry data is well constrained where ship track data is 

available. Gaps in shiptrack data are filled in with satellite data. The Western Pacific 

seafloor contains numerous small (i.e., seamounts and oceanic islands) and medium (i.e., 

oceanic plateaus) features compared to the large-scale features that represent the thermal 

and physical structure of the lithosphere as a function of age. Previous studies account for 
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these features by using a sediment loading correction (Marty and Cazenave, 1989) which 

was determined empirically (Schroeder, 1984) however, this data is biased towards 

shallower depths and also underestimates the subsidence rate due to the fact that not all of 

the seamounts were excluded. Stein and Stein (1994) argue that exclusion of data points 

will bias models to a priori information. To address this, averaged bathymetry data was 

used for every 2 My age bins which includes seamounts and isolated hot spot swells 

(Stein and Stein, 1994). However since the Plate model does not consider crustal 

thickness variations, most authors (e.g. Parsons and Slater 1977, Marty and Cazenave 

1989, Hiller and Watts 2005) agree that exclusion of these small and medium scale 

features is necessary in order for the theoretical Plate model curves to be compared with 

the bathymetry data set 

 

1.2 Previous studies 

Previous studies have been done to obtain velocity and seismic anisotropy in the 

northwestern Pacific Ocean, but most are restricted using land stations near coastlines, 

which record earthquakes with raypaths that cross the Pacific ocean basin (Nishimura and 

Forsyth, 1988; 1989). The azimuthal anisotropy in the Pacific ocean is strongest in young 

ages (Ekstrom et al., 2000; Smith et al., 2004). At longer periods, the fast direction is 

aligned approximately with the absolute plate motion, which indicates that the anisotropy 

at these periods is strongly influenced by the shear between the moving plate and the 

mantle.  Studies conducted for the Pacific ocean indicate that in old seafloor the 

anisotropy is significantly weaker compared to the young seafloor (Nishimura and 

Forsyth, 1988; 1989). The decrease in the amplitude of the anisotropy in old seafloor was 

attributed to deconstructive interference between the anisotropy in the lithosphere 
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(perhaps frozen in from fossil spreading) and dynamic anisotropy in the asthenosphere 

where these were oriented in different directions. Anisotropy in the oldest seafloor near 

our study area was reported to be oriented in a NNE-SSW direction with strength of less 

than 1 %. This study was performed before marine seismology was well developed and 

was limited to use of land stations near coastlines which recorded raypaths that traversed 

the ocean basin. For the Pacific ocean these are very long distances and in some cases 

sampled a range of seafloor ages. Several recent marine seismic studies have identified 

the base of the oceanic lithosphere but report velocities in young seafloor less than 80 Ma 

(Weeraratne et al., 2007) or are near subduction zones where assumptions for simple 

conductive cooling may not be valid (Pyle et al.,2010) . Global modeling (Becker et al., 

2003) and global seismic (Montagner, 1986; Ekstrom, 2000) also indicate that anisotropy 

is stronger in young seafloor however have limited accuracy. 

1.3 PLATE experiment 
 
 

The PLATE project was designed to test and provide more data to test existing 

models for plate formation at old ages. A group of 16 OBS's were deployed October 2009 

and divided into two arrays on the two limbs of the magnetic bight southwest of Shatsky 

Rise in the western Pacific and recovered September 2010. This area (Figure 1.1) was 

chosen because it has old sea-floor (150 – 160 Ma) where the discrepancy between the 

predicted values from the half space model (McKenzie, 1967) the Plate model (Parsons 

and Slater, 1977), and surface observations are apparent (Figure 1.2). The PLATE project 

provided 86 earthquake events at distances from 30
o
 to 144

o
 with good azimuthal 

distributions that are sufficient to provide estimates for lithospheric depth and azimuthal 

anisotropy inferred from seismic waves velocities. 
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Figure 1.1 World seafloor age map (Muller, et al., 1997). Black rectangle indicates the 

PLATE project location. Colors indicate the seafloor age as indicated in the legend. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Seafloor depths as function of age (Parson and Sclater, 1977). Circles and 

triangles represent bathymetry measurements from the Pacific ocean. Dashed line 

represents the fit for the half space cooling model, solid line presents the fit for the Plate 

model with 125 km plate thickness. 
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 The PLATE project uses two sets of seismometers each placed on one of the two 

arms of a magnetic bight. The western array is deployed on the Japanese lineation set 

(formed on the Pacific - Farallon ridge (Engebretson et al., 1984)) and the eastern array is 

deployed on the Hawaiian lineation set (formed on the Pacific Farallon ridge (Larson and 

Chase, 1972)). A magnetic bight forms in the presence of a triple junction in this case 

between the Izanagi plate, the Farallon plate and the Pacific plate (see Figures 1.3 and 

1.4). The two spreading centers between the Pacific and the Farallon and the Pacific and 

the Izanagi plate are initially perpendicular at 155 Ma. As spreading ensues, the Pacific 

plate grows and the spreading center orientations become more obtuse. The growth of the 

Shatsky rise oceanic plateau begins at 148 Ma caused by the appearance of the Shatsky 

hotspot in the center of the triple junction which may have generated a microplate 

between Izanagi and the Pacific plate. The Shaksy rise continues to grow until 123 Ma as 

the Pacific plates grows when volcanism starts to taper off. When triple junction 

dynamics changed, spreading ceased, and this part of the plate remained displaying the 

ancient spreading directions and magnetic lineations known as a magnetic bight. Today, 

the Pacific plate moves as a whole in the N 72
o 
W direction. 
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Figure 1.3 Magnetic anomalies in the study area and PLATE OBS locations (Nakanishi et 

al., 1992). Note the magnetic lineations trend NE-SW in the western array, but trend NW-

SE in the eastern array. The study area is represented by the black rectangle. Current 

Pacific plate motion is shown by the thick black arrow. 
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Figure 1.4 Tectonic history of the study area from 123 Ma to 155 Ma. The Shatsky rise is 

shown in the center for ages 123 – 148 Ma. (Nakanishi et al., 1989). The study area is 

represented by the black rectangle. Red lines represent spreading centers between the 

Izanagi, Farallon and the Pacific plate; the shaded area indicate possible existence of a 

microplate between the Izanagy and Pacific plates.  

       The Japanese and Hawaiian magnetic lineation sets provide a unique opportunity to 

measure anisotropy direction as a function of depth over two segments of the northwest 

Pacific with similar age and spreading rates but different spreading direction. Therefore, 

the fossil component of anisotropy in the shallow lithosphere (formed at very young 

ages) should have a different direction in each array (expected to be perpendicular to the 

magnetic anomalies or the spreading axis). At deeper depths where anisotropic fabric 

may be dynamically maintained by plate motion causing shear and mantle drag in the 
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asthenosphere(Li and Fischer 1998; Fischer et al., 2005) at its base, anisotropy should be 

nearly constant for the both arrays. 

Figure 1.5 Detailed bathymetry map of the study area. White lines represent the ship 

track for deployment R/V Roger Revelle Shape and type of the symbols indicate type of 

the OBS deployed. Numbers in the triangle indicate order of deployment. Black arrow 

represents the general plate motion direction. Red lines are magnetic liniations associated 

with the Japanese and the Hawaiian lineation sets. 
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Chapter 2 Data 

 

2.1 Deployment and Recovery 

       Seismic data used in the PLATE project was obtained from ocean bottom 

seismometers deployed in the western Pacific (Figure 2.1) south east of Japan, southwest 

of Shatsky rise and north of Guam (see Figure 2.1). The deployment of the seismometers 

lasted ~11 months from October 2009 to September 2010. 

Figure 2.1 Location of the PLATE experiment study area located SE of Japan, SW of 

Shatsky rise and north of Guam. Ship tracks are shown in white for the deployment 

cruise. 

 

 

 The deployment cruise started October 13, 2009 and ended November 2, 2009. 

The deployment was conducted on board the R/V Revelle (cruise number RR0913), 
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while the recovery was done on the R/V Kilo Moana (KM1021). During the cruise 

sixteen instruments were deployed into two separate arrays with semi-random 

distribution within two circular regions about 250 km in diameter with a seafloor age 

varying from 150 – 160 Ma (Figure 1.5). Ten of the instruments were manufactured by 

Scripps Institute of Oceanography (SIO) seven of which were equipped with Trillium 240 

s sensors and three of them were equipped with Guralp 40-T sensors. The remaining (six) 

seismometers were designed by Lamont Doherty Earth Observatory (LDEO) and were 

equipped with Webb-modified L4 sensors which have long periods with corners at about 

100 s. The SIO instruments used a new product, thick sheets of syntactic foam, for 

flotation to attempt to accommodate the high pressures and deep waters of this 

deployment.  LDEO instruments used newly purchased glass balls with wall thickness of 

3/16” used for flotation. The wall thickness of the new glass balls were the same as 

previously used for LDEO deployments but the repeated use of the these components 

made them susceptible to failure, thus new flotation material was thought to be sufficient 

for this experiment. The LDEO instruments were also assembled with two acoustic cases, 

one located low on the frame and another one located at the top of the frame near or 

above the floats to provide backup communication devices. This was to prevent problems 

with the instrument release caused by acoustic cases being placed too low on the package 

and cover by mud. Two cylindrical iron weights were attached to the instruments which 

provided faster sinking rate. The release of both weights would cause the instrument to 

rise faster but the release of just one weight would also bring it to the surface but at a 

slower rate. High resolution bathymetry maps with 25 m accuracy were mapped 
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(Ramirez et al., 2010) in real time by onboard Multibeam instrumentation and prepared for 

evaluation of seafloor roughness for each deployment of the instrument. 

The recovery cruise started October 17, 2010  and ended on November 9 2010. The 

cruise was conducted on board the R/V Kilo Moana. Due to the deep depths and high 

pressures of the experiment location only twelve instruments were recovered 

successfully.  A total of four OBS's were never recovered (OBS 2,3,5, 14) and several 

others had significant technical problems. It is suspected that the glass flotation balls used 

by LDEO were not sufficient to maintain the high pressures and imploded either during 

deployment or later during the twelve month period of operation.  OBS's 6,9,10 and 13 

did not record seismic data. OBS's 7,11,12 and 15 stopped recording early before the 12 

month experiment duration.  OBS 4 had a 22 s clock drift and OBS 8 had corrupted 

differential pressure gauge (DPG) which recorded a series of noise spikes. This produced 

a data recovery rate of 43%. Several rigorous corrections were applied to the instrument 

data post-recovery to augment data sampling by converting DPG's to vertical component 

energy, removing tilt and water noise to improve long period sensitivity, and several 

timing and amplitude corrections as discussed below. Despite the low percentile of data 

recovery and the numerous technical problems, the data usage rate was increased to ~55 

% after corrections where 11 out of 16 stations provided useful data that were used in the 

Rayleigh wave analysis that is the topic of this thesis. 

2.2. Instrument response and data corrections  

In the data analysis,  a discrepancy between the LDEO and the SIO instrument clocks 

was discovered and a timing correction was applied on the OBS 8L and OBS 12L to 

synchronize with the SIO instruments. The OBS 4 displayed a clock drift of 22 seconds, 
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that was corrected linearly after the recovery. However, non-linear correction was 

estimated using DPG records. This non-linear component can be expressed with the 

following empirical function:                                                                                              

 (2.1) where t is 

the value of the timing correction and x is a function based on Julian day. This function is 

obtained empirically using noise correlation over the 12 month period of the experiment.  

For instruments, which had no sensor or vertical component data, an empirical correction 

was applied that takes into account water reverberations and converts the DGP record to a 

vertical component record. This procedure was applied to OBS 6, OBS 10 and OBS 13 

since only these stations produced reliable DPG records. The converted records can be 

used for periods up to 50 s. This conversion causes a change in both phase and amplitude 

as shown in Figures 2.2, 2.3, and 2.4. 
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 Figure 2.2 Comparison of a DPG record to a DPG record converted to vertical from 

April 06, 2010 earthquake a.) DPG and b.) converted vertical record. The black arrow 

indicates the Rayleigh wave arrival.  
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Figure 2.3 Comparison of the DPG component (solid line) to the converted vertical 

record (dashed line) from April 06 2010 earthquake filtered at 40 seconds. The black 

arrow indicates Rayleigh wave arrival. This conversion causes a change in both phase 

and amplitude. 

 

Systematic noise spikes were also found on the DPG component for OBS 8 that affected the 

vertical component (Figure 2.4). In 20 of the cases, there was interference between the 

Raleigh wave and the artificial noise spikes. A special procedure was designed and 

applied to these records to correct the Rayleigh wave amplitude.  There were two types of 

glitches called a “single” and “double” glitch (see Figure 2.4).  These waveforms were 

identified using the DPG records and removed from the vertical seismogram. 
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Figure 2.4. Single glitch a) and double glitch b) waveforms recorded on the DPG 

component for OBS 8. 
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Figure 2.5 A) comparison between OBS 8L vertical component before (solid line) and 

after (dashed line) correction. B) OBS 8L vertical component showing Rayleigh wave 

overlapping with the systematic glitch. Black arrow is Rayleigh wave arrival time. 

 

Due to the use of three types of instruments in the experiment, all records had to be 

corrected for station response. Instrument responses for all stations were completely 

removed using deconvolution and converted to displacement. This process normalizes the 

amplitude  for comparison between different types of instruments. This is necessary for 
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the Rayleigh wave method I employ which measures the amplitude and phase of each 

incoming wave. This method also uses both amplitude and phase to solve for velocity. 

             A water noise correction was also applied to increase the frequency range of the 

OBS data used in the experiment up to 7 mHz (144 s). The tilt correction requires use of 

the DPG and the two horizonal components. The correction for water noise or 

compliance utilizes the DPG to vertical transfer function.  These corrections could only 

be applied on instruments that have all three components and the DPG working 

simultaneously(i.e., OBS's 1,4,7,15,16). This was also limited to about 38 large events 

that had high SNR (signal to noise ratio) on the DPG. Thus the long period data extended 

beyond 55 s has larger errors due to the use of fewer stations and fewer earthquake events 

than was available for the shorter period data. 

            The inversion I use also solves for amplitude corrections at each station. This was  

made possible by the excellent azimuthal distribution of our earthquake events in this 

study  (Figure 2.6). I found that OBS 6 and 10 needed constant  corrections. A constant 

correction with 1.08 was applied to OBS 6 and 0.95 to OBS 10. 

2.3. Rayleigh wave sources 

       An excellent distribution of earthquake events from around the Pacific rim was used 

in this study. I use 86 events recorded during the experiment at distances from 22
o
 to 140

o 

degrees (Figure 2.6). Instruments used for each recorded event vary from 8 to 11. Several 

events with large magnitude such as fore and aftershocks of the Chile earthquake on 27 

February 2010 were recorded during the instruments deployment. This provides excellent 
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azimuthal coverage in all directions except for the NW quadrant which had sparser event 

coverage relative to the study area. 

 

 

 

 

 

 

 

 

Figure 2.6 Distribution of events relative to the study area shown on an equidistant plot 

with the study area in the center of the globe. In this projection, surrounding continents 

are wrapped around the globe about the central point of interest. Red circle represents the 

study area; black circles are earthquake locations used in this experiment. 

 

         The northeast quadrant has relatively good raypath coverage with approximately 7
o
 

degree spacing.  In the southeast is the quadrant has fewer events with an averaged 

spacing of 8
o
 degrees but this still provides good coverage and azimuthal distribution. 

The southwest quadrant has the highest amount of events with very dense spacing of 4
o
 

degrees. There is reduced coverage in the northwest quadrant since the earthquakes from 

Japan are at close distances where there is significant interference between the Rayleigh 

wave and multiple S phases.   
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Figure 2.7 Grid nodes locations (blue circles) within the study are solved for phase 

velocity coefficients. Red triangles represent OBS locations. Black lines indicate the 

raypath coverage from the earthquake to each station. The paths plotted here are ideal 

assuming all earthquakes are well recorded on each seismogram. However, in practice, 

the number of well resolved paths are usually reduced from this. 
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Chapter 3 Surface Wave Method 

 
       In this study, I use surface wave tomography to measure phase velocity and seismic 

anisotropy as function of depth by taking advantage of the dispersive effects of Rayleigh 

waves. Rayleigh waves sample deeper depths at low frequencies; however, each 

frequency does not sample a discrete depth but rather a finite layer with a thickness that 

increases as function of period. The maximum depth of peak sensitivity (Dpeak) is 

determined 𝐷𝑝𝑒𝑎𝑘 =
4

3
∗ 𝑃 where P is period. Shorter periods (high frequencies) sample 

shallower depths and thinner layers while long periods sample deeper depths and thicker 

layers. For the range of periods we use, each period has sensitivity to overlapping layers 

between adjacent periods.  

 

  

3.1 Two plane wave approximation 
 

      In this study, I use an inversion that considers scattering caused by anomalies along 

the raypath outside the array by representing the incoming wave field as two interfering 

plane waves (Forsyth and Li, 2005). The advantage of this method over more traditional 

single plane wave approximation methods is that it provides from 30 % - 40 % reduction 

in phase or travel time misfits, and allows for complexity in the wavefield while 

simultaneously maintaining a reasonable amount of model parameters (Li et al., 2003). 

This inversion uses a large number of crossing raypaths in a statistical analysis to obtain 

velocity variations across the array. Due to horizontally traveling surface waves, this also 
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provides control over structure slightly outside the array as indicated by the grid nodes 

(Figure 2.11). 

The wave field for two interfering plane waves at each point is represented by: 

 

 
 

Where A is the amplitude  is vertical displacement,   is the horizontal wave 

number for each wave, x is the position vector and t is time, ω is the angular frequency. I 

use the simulated annealing method to solve for the wave parameters while holding 

velocity fixed. In one set of inversions where I solve for phase velocity and anisotropy 

averaged within several geologically distinct regions in our study area. In this case, a grid 

search method is used for obtaining the wave parameters. 

3.2 Sensitivity Kernels 

         The wave field representation is improved by incorporating sensitivity kernels that 

consider finite frequency scattering. They are calculated based on a single scattering Born 

approximation (Zhou et al., 2004). Sensitivity kernels for each period depend on the 

smoothing length for lateral velocity variations, period and the cutting windows used in 

the data analysis. The result is that the sensitivity is not limited to the great circle path. 

The finite frequency approximation provides increased sensitivity near the stations 

compared to previous methods, and improved spatial resolution of lateral velocity 

anomalies. Amplitude sensitivity kernels are also considered to further increase the 

sensitivity to variations in phase velocity. This accounts for the effects of scattering 

within the array. 
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Figure 3.1 Sensitivity kernels for Rayleigh wave propagation at 20 mHz. Map view of 

kernels at surface. Black triangles represent receivers. Cross-section profile of kernels 

along AB. 

 

3.3 Grid nodes and Rayleigh wave windowing 

          In this method, the Rayleigh wave is filtered and isolated at a range of frequencies 

from 18 s – 144 s.  Every source - receiver pair provides a phase and amplitude for each 

frequency, which are converted to real and imaginary components using Fourier analysis. 

The isotropic and anisotropic phase velocities are modeled by: 

 
 

The first term of the phase velocity (C) is the isotropic (B0) component and the second 

(B1) and third (B2) term represent anisotropic variations in direction (θ). This method 
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represents the wave field as two interfering plane waves where each has an amplitude, 

phase, and direction. The inversion produces the phase velocity solution that gives the 

best fit between the observed and predicted amplitude and phase.  

       In the data analysis, the Rayleigh wave is filtered with a 10 mHz wide band-pass 

Butterworth filter with central frequencies ranging from 6 to 55 mHz (18 - 144 s) as 

shown in Figure 3.4. Only good quality data with high signal to noise ratio over 3 or 

greater is selected. The Rayleigh wave is windowed and cut in order to exclude noise, 

interference, and other body wave phases. All the records were also carefully examined 

to make sure that there were no interfering phases, noise, or glitches with the Rayleigh 

wave. 

   Figure 3.2Earthquake with Mw = 6.9. The unfiltered seismogram is shown at the top 

and records filtered around the central frequencies are shown below.  Note that at longer 
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periods the Rayleigh wave arrives earlier than at short periods because it samples deeper 

structures. 

 

          Phase velocity coefficients are solved for grid nodes with 0.5
o
 spacing in the center 

of the array and 1
o
 spacing in the outer region of the study area (Figure 2.11). Phase 

velocity value at each grid point is obtained by a Gaussian weighted average of the 

coefficients of the neighboring points. This averaging provides a smooth model with 1/e 

fall off distance from the great circle path. The inner grid nodes mark the region where I 

have most crossing raypaths and the highest confidence in lateral velocity measurements. 

The outer grid nodes are used to absorb the travel time variations for complex travel 

paths, which are not well represented by the two plane wave approximation. In a set of 

inversions for 2-D lateral variation in phase velocity, uniform gridnode spacing was used 

with the same spacing as the inner nodes everywhere. 
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 Figure 3.3 OBS stations, yellow (recovered) and white (not recovered) triangles. Grid 

nodes used in the inversion procedure for the eastern (black circles) and western (red 

circles) area of the study.  White pentagons represent the outer region of the array. Gray 

lines present magnetic lineations. 
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Chapter 4: Results 

 
4.1 One dimensional phase velocities 

 
       The first inversion that I use provides the best uniform phase velocity over the entire 

study area for each period. This inversion solves simultaneously for azimuthal anisotropy 

averaged across the study area. I use a starting model of 4.0 km/s for all periods. This is a 

reasonable velocity expected for old seafloor based on previous studies (e.g., Nishimura 

and Forsyth, 1988). I also tested for different starting models with constants that vary 

from 3.8 km/s – 4.5 km/s but find the final 1D phase velocities do not vary from the final 

results shown here (Figure 4.1) within error. This indicates that our data has good control 

and is independent of the starting model. I use a damping coefficient of 0.2 km/s and 

assign a Gaussian smoothing length based on the Fresnel zone for each period of the 

Rayleigh wave (see Weeraratne et al., 2003).  

      The dispersion curve indicates that from 18 s to 25 s, phase velocity increases sharply 

from 3.89 km/s to 4.07 km/s (+/-.005 km/s). The low point at 18 s indicates that Rayleigh 

wave phase velocities are strongly affected by the water column and sediments. 

Velocities at periods from 29 to 50 s are approximately constant or increasing slowly 

between 4.09 km/s to 4.12 km/s where errors are larger at +/- 0.007 km/s (Table 1). At 

longer periods standard errors increase due to the increasing wavelength and decreasing 

data coverage. The change in slope of the dispersion curve at ~29 s indicates a change in 

sensitivity from the oceanic crust to the lithosphere. Phase velocities for our study area at 

periods of 29 s – 45 s are ~1.3 % higher than the values from the previous studies 

(Nishimura and Forsyth, 1988) for seafloor with an average age 110+ My or greater. 
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 I attempt to extend the data to periods above 60 s using instruments with all three 

seismic components and a DPG working simultaneously. Figure 4.1 shows this data 

(open squares) produces fairly large error bars due to the small number of stations 

available with this criteria. Although phase velocities at long periods appear lower than 

Nishimura and Forsyth (1988) this is not resolved within error and it is likely to due to 

the small number of stations and events for the long period data. 

 

 

Figure 4.1 Squares indicate the averaged phase velocity as function of period from the 

PLATE experiment, black asterisks represent dispersion curve from previous studies 

(Nishimura and Forsyth 1989). Blue squares use 86 events with excellent azimuthal 

distribution for 11 staions. Open squares are produced by the long period correction 

(Chapter 2) which only use 7 stations and 38 events Error bars indicate two standard 

deviations. 
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4.2 Averaged anisotropy 

         Results show uniform anisotropy over the entire study area in Figure 4.2. The 

results indicate that there is strong anisotropy in this region with an average of 0.4 % at 

periods from 18 to 50 seconds. Anisotropy is well resolved for all periods except at 20 s 

and 45 s with an average fast direction of 35
o
 W of N. This azimuthal direction is 

consistent at nearly all periods within error (see Table 2). This direction is consistent with 

the absolute motion direction for the Pacific plate. 

 Figure 4.2 Rayleigh wave anisotropy magnitude and direction as function of period. 

Position on the circles indicates the magnitude of the anisotropy in percentile at each 

period. The vertical error bars indicate the 1 std error in magnitude. The direction of the 

anisotropy relevant to north (see arrow at upper right for reference) at each period is 

indicated by the direction of the black thick line. 
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4.3 Regional phase velocities  

     

     Lateral phase velocity variations are considered by breaking up the study area based 

on surface observations such as magnetic anomalies and different fossil spreading 

directions (figure 3.5). This inversion uses a grid search to solve for the wave parameters. 

I designate two distinct regions, the western region associated with the Japanese 

lineations set on the western arm of the magnetic bight and the eastern region associated 

with the Hawaiian lineation set on the eastern arm. I also solve for a third region 

associated with the seamounts between the western and the eastern array. Nodes are 

grouped in each of these regions (Figure 3.5). We solve for phase velocity averaged in 

each region. In this inversion, I used the result from the previous inversion for 1D 

average phase velocity (Figure 4.1) as the starting model for each period. This provides a 

priori information to guide the inversion. This inversion solves simultaneously for 

anisotropy in two regions (western and eastern). 
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Figure 4.3 Phase velocity data (geologic regions): Western nodes (red circles) are 

designated west of 152
o
 longitude. Eastern nodes (black diamonds) are designated east of 

152
o
 longitude. A third region was used that include only the area of seamounts (green 

circles) between the eastern and western regions. Here the inversion solves for velocity in 

three regions and does not consider anisotropy. All error bars show 95% confidence 

limits.  

 

         Phase velocities in both regions remain higher than in previous studies and the 

shape of the dispersion curves is very similar to the results from averaged phase 
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velocities. We can see rapidly increasing velocities from 18 s to 25 s in both arrays from 

3.89 km/s and 3.88 km/s to 4.06 km/s and 4.07 km/s respectively for the western and the 

eastern array. At longer periods of 25 s – 55 s, velocities increase at a more gradual rate 

from 4.08 km/s to 4.10 in the western array and from 4.10 km/s to 4.11 km/s in the 

eastern array. Phase velocities continue to increase at a steady rate for the longest periods 

from 60 s – 144 s within error. Velocities at periods between 59 s and 111 s in the 

western array are consistently higher than the eastern but are not resolved within 95 % 

confidence limits. The seamount region has lower velocities than the eastern and the 

western array for all periods. A low velocity zone is indicated between 69 s and 91 s in 

both the eastern and western array although this is smaller than can be resolved within 

errors.  

      Larger error bars are present for long period data above 50 s due to use of a different 

inversion method with only single wave propagation and fewer stations and events. The 

long period data was enhanced by corrections that removed the tilt of the sensor and 

water noise (see chapter 3), but this could only be done for stations that had three seismic 

components and a DPG working simultaneously. This combination of requirements was 

only present at a few stations in our experiment. While this correction provides more 

reliable data at long periods, the reduced data set produces larger errors. 

       Note that error bars for nodes in the eastern array are smaller where there is a better 

station coverage and better array orientation. The phase velocities shown in both regions 

will most certainly be affected by the omission of anisotropy in this inversion. Since I 

expect anisotropic fabric as indicated by Figure 4.2 in both regions, the trade-offs 

between anisotropy and velocity should influence the final velocity results. Inversions are 
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shown below that solve simultaneously for velocity and anisotropy and address this 

problem. 

4.4 Phase velocity maps 

        The last inversion that I use solves simultaneously for lateral velocity variations at 

each node and anisotropy. Since the fossil spreading directions on each magnetic bight 

are perpendicular to each other, they should produce anisotropic fabric in that spreading 

direction, thus I consider two separate regions for anisotropy in the eastern and the 

western array. The starting velocity model for this inversion is provided by the results 

from the previous inversion for 1D phase velocity (Figure 4.1). This stabilizes the 

inversion process taking advantage of a priori information, since the addition of velocity 

variation at each grid node and anisotropy in two regions greatly increases the number of 

unknown variables. I use modest damping of 0.2 km/s for all periods. Here the 2-D 

sensitivity kernels  are also incorporated  which take into account forward scattering in 

the wavefield (Zhou et al.,2004; Yang and Forsyth, 2006). The finite frequency kernel 

uses an 80 km smoothing length scale. This inversion also uses uniform grid nodes 

spacing in order to avoid wave field distortions. 
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Figure 4.4 Phase velocity maps for periods of 20s (top left) and 25s (top right). Error 

values maps are shown beneath each velocity map. Velocities are obtained using finite 

frequency analysis, which solves for 2D velocities and anisotropy varying in two regions 

(western and eastern array) simultaneously. All nodes have equal spacing. Black triangles 

indicate station locations. Contour lines are 0.02 km/s interval for the velocity maps and 

0.01 km/s for the error maps (2 x standard error). 
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 Figure 4.4 Phase velocity maps for periods of 29s (top left) and 45s (top right). Error 

values maps are shown beneath each velocity map. Velocities are obtained using finite 

frequency analysis, which solves for 2D velocities and anisotropy varying in two regions 

(western and eastern array) simultaneously. All nodes have equal spacing. Black triangles 

indicate station locations. Contour lines are 0.02 km/s interval for the velocity maps and 

0.01 km/s for the error maps (2 x standard error). 

 

           At short periods (18 s - 29 s) a strong low velocity zone is observed located 

between the eastern and western array that is consistent for periods between 18 s and 29 

s. This anomaly is very prominent and displays a wide circular pattern that is ~300 km in 

diameter. While seamounts found on the seafloor in this location may influence these 

velocities (see Ramirez et al., 2010) at the shortest periods up to 18 s or 20 s, they are not 

likely to be a factor at deeper depths sampled at 29 s. This indicates mantle structure that 

is well resolved by the data. At longer periods (33 s - 45 s) the low velocity anomaly 

gradually reduces in diameter and disappears by 33 s. The dominant observation between 

33 s - 45 s is that velocities in the eastern and western arrays are not symmetric but are 

significantly higher in the east compared to the west. Asymmetry is present at short 
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periods as well down to 20 s.  Periods above 45 s indicate that velocities increase with 

period but don’t show significant lateral variations within error. At these periods, our 

seismic wavelengths may be longer than the length scale of variations in the mantle.  A 

high velocity anomaly starts to appear at 45 s and 50 s located under the western array.   

4.5 Azimuthal anisotropy in two regions 

        As I mentioned above, the final inversion provides results for the azimuthal 

anisotropy over the eastern and western parts of our study area. This inversion considers 

only 2θ term since the addition of higher order terms does not significantly improve the 

inversion or misfit (Weeraratne et al., 2007). 
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Figure 4.6 Anisotropy direction and magnitude over the eastern (a) and the western (b) 

region (east and west of 152
o
 longitude). Position of the circles indicates the magnitude 

of the anisotropy in percentile at each period. The vertical error bars indicate the error in 

1 std magnitude. The direction of the anisotropy relevant to north at each period is 

indicated by the direction of the thick black line. 
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            In the eastern region, I observe consistent anisotropy results over the study area, 

due to better station coverage, and the geometry of the stations. The magnitude of the 

anisotropy in the eastern array ranges from 0.17% to 0.9% (Figure 4.6). An average value 

for anisotropy of 0.4% provides the best fit for nearly all periods within error. Periods 

from 18 s to 29 s indicate consistent fast directions at approximately 20
o
 NNW. These 

results are rotated approximately 40
o
 CCW from previous studies in this region for 

periods from 6 s to 18 s (Takeo, 2013) using ambient noise methods. Periods from 33 s - 

50 s may indicate a slight rotation to a N-S orientation which samples the upper 

lithosphere at depths from 44 - 67 km although this is not resolved within error (see Table 

2).  Overall, the magnitude of anisotropy is 50% smaller in the eastern array compared to 

the western array.  

       Results in the western region show that the magnitude of the anisotropy ranges from 

0.25% to 1.7% with an average of ~1.0% that is consistent at all periods (Figure 4.7). At 

periods from 22 s to 29 s, the anisotropy displays a fast direction of approximately E-W. 

This indicates a CCW rotation of ~30
o
 from the expected fossil spreading direction on the 

western arm of the magnetic bight and is approximately consistent with previous results 

by Shintaku et al., 2013.  Above 40 s anisotropy is not well resolved but may indicate a 

rotation to a NNW azimuth that is consistent with observations in the eastern array at 

these periods. Overall, the magnitude of anisotropy is twice as high in the western array 

compared to the eastern array. 
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Chapter 5 Discussion 

5.1 Lithospheric Growth and Formation 

          I observe high velocities in my study area of 150-160 Ma seafloor for periods 

below 78 s which are ~1.3 % higher (Figure 4.1) than previous studies at ages of 110+ 

Ma (Nishimura and Forsyth, 1988). This is likely due to the inclusion of younger age 

seafloor in the age bins used by Nishimura and Forsyth (1988) for oceanic paths recorded 

by land stations. My high velocities, therefore, are reasonable and expected for 150-160 

Ma seafloor. Phase velocities between 29 s and 144 s (Figure 4.3) may increase at a 

steady rate within error. This suggests that the lithosphere can be described by the half 

space conductive cooling model and grows to a depth of ~190 km +/- 45km. 

            Although not resolved within error, a low velocity zone may be indicated between 

69 s – 91 s. This may be caused by the interface at the base of the lithosphere and the 

asthenosphere. This corresponds to a peak depth of sensitivity at about 92 km +/- 50 km, 

which is consistent with predictions for the base of the lithosphere from geodynamic 

models using the GDHI heat flow data set (Stein and Stein, 1994) at 95 km depth. Such a 

shallow depth for 150-160 Ma seafloor may suggest that additional heat sources are 

present at the base of the lithosphere. However, since error bars at these periods are 

significantly large due to the long wavelength of Rayleigh waves at these periods as well 

as data set limitations in this study, the low velocity zone is not required by the dataset.  

 Anisotropy results presented here suggest that at the shallowest layers anisotropy 

is formed by remnant spreading directions indicated by the magnetic bight in both eastern 
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and western regions. This is consistent with studies in the eastern region using Pn 

velocities and ambient noise data that show NNW fast directions at depths shallower than 

50 s (Shintaku et al., 2013; Takeo et al., 2013). Anisotropy in the western array is also 

consistent with ~EW fast direction form 2θ terms from previous studies (Shintaku et al., 

2013). Results at longer periods from 60 s to 144 s in the eastern array may be consistent 

with Pacific plate motion with an EW fast direction. The depth location of this transition 

at approximately 88 km +/- 50 km is not well resolved within the data constraints of this 

project. This suggests a two-layered model with anisotropy frozen in from the fossil 

spreading direction at shallow depths and a second layer beneath that formed by stresses 

from Pacific plate motion today.  

 Azimuthal anisotropy results indicate that we have relatively weak anisotropy 

~0.4 – 1.0 % for our study region in the old seafloor (150-160 Ma) compared to younger 

seafloor (5-10 Ma) ~3.5 % (Weeraratne et al., 2007), which is confirms suggestions from 

the previous studies (e.g. Nishimura and Forsyth, 1989) that seismic anisotropy in general 

may decrease with age in oceanic lithosphere due to changes in plate motion over time 

that will be different from remnant anisotropic fabric frozen in to the shallow depths of 

the lithosphere as it formed. 

5.2 Phase Velocity anomalies  

        I observe several phase velocity anomalies at periods at periods below 40 s that 

indicate well resolved lateral variations in the upper mantle structure. My velocity 

estimates indicate significant crustal variations for periods between 18 s and 33 s even 

when we consider anisotropy at both regions. Two main features that we observe are a 
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strong high velocity anomaly beneath the eastern array and a low velocity anomaly 

beneath the western array.  

       Anomalously high velocities of ~1 % are observed in the eastern array at periods 

below 30 s may indicate effects from a large fracture zone located at the eastern edge of 

our study area (Figure 1.3). There also may be bias caused by the final station distribution 

(Figure 3.5) which has more stations on older seafloor (magnetic anomaly #28 at 159Ma) 

compared to the five stations on the western array mostly located on magnetic anomaly 

#25-26 at 154.5 - 155.9 Ma. 

         The different velocities at shorter periods (below 40s) we observe in the eastern and 

western array are not well correlated with sedimentation rates which are shown to be 

higher on the eastern array located just southwest of Shatsky rise (Ramirez et al., 2010). 

Here thick sedimentation layers are expected to produce lower velocities rather than 

higher. Therefore, the source of the high velocities in the east must be deeper in the crust 

or mantle.  

 A slight low velocity anomaly is observed beneath the western array at short 

periods below 30s. This displays a ~1 % deviation from surrounding structure. This may 

be due to slightly younger age seafloor to the west of our study area (see Figure 1.3).   

    A strong low velocity anomaly of ~3 % is observed  at periods from 18 s to 29 s 

between the eastern and western arrays.  This may be associated with the seamounts 

located in the center of our study area and a relict magmatic origin or underplating 

associated with early volcanism just as the last thepulses of eruptions for the Shatsky rise.  

Small seamounts were observed in high resolution bathymetry along the ship tracks 
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within both the western and eastern arrays (see Figure 1.5 region west of stations 15 and 

16). A studies of seamount loading and lithospheric flexure estimated that the age of 

these seamounts at ~10 Ma (Ramirez et al., 2010) and showing that they should not have 

interfered with the natural growth of the lithosphere during its formation years from 10 – 

160 My. 

 At deeper depths and periods above 40 s, our results demonstrate equally high 

velocities beneath the two arrays and relatively low velocities between them. This is 

consistent with predictions for a magnetic bight with equal age seafloor on each arm. At 

the longest periods, the velocity field smoothes out and represents more uniform mantle 

structure beneath the two arrays. However, Rayleigh waves have longer wavelengths at 

longer periods and may smooth out lateral variations even if they are present.  

 

 

 

   

 

 

 

 



 

46 
 

Chapter 6 Conclusion 

     I present a Rayleigh wave phase velocity study in the northwest Pacific that focuses 

on old oceanic lithosphere. The results indicate that the lithosphere continues to cool and 

thicken even at this old age (150-160 Ma). The estimates for Rayleigh wave phase 

velocities suggest that infinite half space cooling model (McKenzie, 1967) provides good 

approximation to the lithospheric formation and evolution.  However, the low velocity 

zone between 69 and 91 s may indicate additional heat source at the base of the 

lithosphere suggested by Stein and Stein (1992, 1994) and Parson and Parsons and 

Sclater (1977). 

     Rayleigh wave phase velocity maps indicate significant variations in the crust and the 

upper levels of the lithosphere but show uniform velocity field at the longer periods. 

These variations can be associated with the seamounts located in the between the two 

areas which could be formed by a magmatic event. However, the flattening of the 

velocity field at longer periods agrees with the Ramirez et al., (2010) results that such an 

event did not disturb the lithosphere during early formation. 

     Azimuthal anisotropy results indicate that we have relatively weak anisotropy ~0.4% 

for the eastern and ~1.0 for the western region in the old seafloor compared to young 

~3.5% (Weeraratne et al., 2007), which is confirming suggestions from the previous 

studies (e.g. Nishimura and Forsyth, 1989). Results also show that at short periods (18 - 

33s) anisotropy is mostly affected by the fossil spreading direction followed by a layer 

with NNW direction. 
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Appendix A 

 

 
Period 

[s] 

Raypaths  1D Avg 

Velocity 

[km/s] 

2 x Std 

Error 

[km/s] 

1D East 

Vel 

[km/s] 

Error 

[km/s] 

1D West 

Vel 

[km/s] 

Error 

[km/s] 

18 561 3.89 0.01 3.89 0.01 3.89 0.01 

20 664 3.99 0.01 3.99 0.01 3.97 0.01 

22 711 4.04 0.01 4.04 0.01 4.02 0.01 

25 726 4.08 0.01 4.07 0.01 4.06 0.01 

29 720 4.11 0.01 4.12 0.01 4.11 0.01 

33 672 4.10 0.01 4.12 0.01 4.09 0.01 

40 607 4.11 0.01 4.11 0.01 4.10 0.02 

45 599 4.11 0.01 4.11 0.01 4.10 0.02 

50 479 4.13 0.02 4.12 0.02 4.15 0.02 

59 252   4.09 0.02 4.14 0.02 

67 248   4.10 0.02 4.13 0.02 

77 219   4.10 0.02 4.11 0.02 

91 190   4.12 0.02 4.16 0.02 

100 180   4.13 0.02 4.16 0.02 

111 152   4.20 0.02 4.20 0.02 

125 136   4.25 0.02 4.22 0.03 

143 86   4.30 0.04 4.28 0.04 
Table 1 Rayleigh wave phase velocities averaged for the entire study area, eastern and 

western array. Errors are 2 x standard deviation (STD).  

 
Period 

[s] 

Ave 

anisotropy  

[%] 

Error 

[%] 

Ave 

anisotropy 

[
o
] 

Error 

[
o
] 

18 0.30 0.24 -49.54 16.67  

20 0.05 0.14 -22.00 84.24 

22 0.44 0.17 -41.85 7.74  

25 0.34 0.14 -29.38 10.73 

29 0.29 0.15 -66.26 14.75 

33 0.45 0.15 88.67 11.01 

40 0.24 0.18 8.79 25.17 

45 0.19 0.28 -47.62  28.41 

50 0.33 0.25 -68.58 22.26 

Table 2 Azimuthal anisotropy averaged over the entire study area. Errors are 1 x standard 

deviation (STD). 
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Period 

[s] 

Anisotropy 

East  [%] 

Error [%] Anisotropy East 

[
o
] 

Error [
o
] 

18 0.43 0.30 -26.72 19.03 

20 0.63 0.25 -15.64 12.87 

22 0.31 0.23 -19.22 22.95 

25 0.90 0.20  1.17 7.48 

29 0.17 0.26 -39.86 37.55 

33 0.50 0.26 -76.72 16.67 

40 0.59 0.32 -19.58 16.32 

45 0.45 0.33 -2.81 26.38 

50 0.47 0.41 28.85  22.56  

Table 3 Azimuthal anisotropy for the eastern region. Errors are 1 x standard deviation 

(STD) 
 

 

 
Period [s] Anisotropy 

West  [%] 

Error [%] Anisotropy West 

[
o
] 

Error [
o
] 

18 1.55 0.45 51.72 9.96 

20 1.04 0.36 85.06 12.11 

22 0.86 0.32 -82.40 12.33 

25 1.70 0.35 -65.15 5.68 

29 1.10 0.36 -89.25 10.44 

33 0.92 0.39 63.91 12.05 

40 0.89 0.45 63.37 14.07 

45 0.23 0.57 -42.82 56.71 

50 0.46 0.51 -6.80 37.36  

Table 4 Azimuthal anisotropy for the western region. Errors are 1 x standard deviation 

(STD) 
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Event date Ra arrival [s] Glitch time [s] Type of the 

glitch 

11/08/2009 1363 1805.82 Double 

11/28/2009 1776 2371.937 Double 

11/28/2009 1472 1438.893 Double 

11/28/2009 944.25 376.52 Double 

12/31/2009 2743.25 2710.089 Double 

02/09/2010 1497 2051.211 Double 

02/27/2010 3909 3625.69 Double 

03/07/2010 2751 3238.06 Double 

03/25/2010 935 835.0522 Double 

04/07/2010 930 907.459 Single 

04/21/2010 1507 904.59 Double 

04/30/2010 1050 1147.5 Double 

05/27/2010 1214 1732.105 Double 

06/24/2010 932 381.21 Single 

07/22/2010 1265 913.588 Double 

08/03/2010 1028 1045.011 Double 

08/04/2010 875.5 888.3531 Double 

09/04/2010 1541 1950.939 Double 

09/07/2010 1428 985.931 Double 

Table 5 List of event where Rayleigh wave and the glitch overlaps. 
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Appendix B 

 

 

Figure B.1 2D phase velocity (top) and error map (bottom) for 18s. 
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       Figure B.2 2D phase velocity (top) and error map (bottom) for 20s. 
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 Figure B.3 2D phase velocity (top) and error map (bottom) for 22s. 
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Figure B.4 2D phase velocity (top) and error map (bottom) for 25s. 
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Figure B.5 2D phase velocity (top) and error map (bottom) for 29s. 
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Figure B.6 2D phase velocity (top) and error map (bottom) for 33s. 
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Figure B.7 2D phase velocity (top) and error map (bottom) for 40s. 
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Figure B.8 2D phase velocity (top) and error map (bottom) for 45s. 
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Figure B.9 2D phase velocity (top) and error map (bottom) for 45s. 
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Figure B.10 Anisotropy for at long periods for the eastern (a) and the western (b) regions. 

Anisotropy for periods from 60 s to 144 s in the eastern array demonstrate an EW fast 

direction within error. This is consistent with the Pacific plate motion direction. Although 

the magnitude of the anisotropy increases for periods above 100 s this is not required 

within error. In the western array anisotropic variations at long periods above 60 s are not 

well resolved and demonstrate large fluctuations between adjacent periods. 

 


