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Abstract 

 The Hawaiian hotspot is of great geological significance, but data collection in the 

area can be challenging due to the water depth around these islands. By using PP bounce 

point data, with receivers in the mainland United States, we analyze the area with a 

greater wealth of data than possible using data collected locally. The increased amount of 

data, in addition to new beamforming and iterative deconvolution techniques, has 

increased the frequency content in PP precursor data, from around the traditional 0.01 Hz 

to above 5 Hz, enabling us to image to shallower depths and thinner layers than 

previously possible. Profiles of stacked PP precursors across the island chain were 

produced along perpendicular lines. Data were stacked in bins 1˚ along the profiles and 4˚ 

perpendicular to the profile (parallel to the island chain). An additional profile was 

produced some 10˚ away from the island chain as a control group. 

 The control group shows pairs of high- and low-velocity horizons in the mantle. 

These may be the base and top of shear zones. These horizons are strongly disrupted near 

the Hawaiian Island chain. In the lithosphere, low velocity zones are more abundant to 

the south of the island chain but are less common on the north side. If these indicate melt, 

the low velocity zones may be blocked by the Islands, which are sinking into the 

lithosphere. As this study and other recent work imply the hot spot is more active to the 

southwest of the island chain than to the north, the island chain itself may be causing the 

crust to warp downward into the mantle and could act as a dam to melt migrating to the 

north. Furthermore, we believe that the island’s weight downwarping the lithosphere 

causes a crack to propagate out past the youngest island, which also acts as a dam that 

keeps most of the melt to the southwest of the island chain.   
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Chapter 1 

Introduction 

The Hawaiian Island Chain is considered a classic example of an island hotspot 

chain. However, gathering data for subsurface seismic studies has historically been 

problematic, due to positioning receivers in island and especially oceanic environments. 

Earthscope’s USArray provides a resolution to this problem. Using PP phases, dense PP 

data with bounce points near and beneath the Hawaiian Chain can be collected from 

events in the Southwest Pacific through the Indian ocean and recorded at seismic stations 

in the United States. With an improved amount of data, additional techniques become 

available. By using beamforming and simultaneous iterative deconvolution, shorter 

wavelengths become viable, allowing use of frequency content up to 5 Hz, greatly 

increased from ~0.01 Hz used in many previous studies. This study will mainly 

investigate the upper mantle structure beneath the Hawaiian Island Chain. 
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Chapter 2 

Geological Background 

2.1 Oceanic Lithosphere 

 The lithosphere is the rigid outer shell of earth, which includes the crust and upper 

mantle. The composition of oceanic crust is better constrained than deeper structures in 

the crust and mantle due to direct evidence from ophiolite sequences. Ophiolites are 

uplifted oceanic crust, which show the structure of oceanic crust. Figure 2.1 shows this 

(on right) from top to bottom: a basaltic layer, comprised of pillow basalts (showing the 

contact between water) and sheeted basalt dikes, an intrusive layer of gabbro, and a 

peridotite rich layer marking the Mohorovičić discontinuity. This sequence is overlain by 

a layer of sediments, which has settled to the ocean floor. Ophiolite structure has been 

used to infer a slow formation out from spreading centers (rises and ridges) where magma 

upwells out (Figure 2.1). 

 

Figure 2.1 – Spreading center (left) and ophiolite complex (right). Average depth applies to typical 

ocean crust relative to ocean bottom (as 0 depth), while typical thickness applies to ophiolites. 

Composition is same for both, as oceanic crust composition matches that of an ophiolite. Based on 

Hamblin and Christiansen 2003: 548-562. 
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 Oceanic crust averages around 7 km thick, from surface to Moho, (thinner than 

continental crust at ~35 km). The gabbroic composition of continental crust with basaltic 

oceanic crust means that oceanic crust is denser and will sink under continental crust 

when the two collide. Additionally, oceanic crust will become denser with age due to 

convective cooling, implying that older will sink under younger oceanic crust upon 

collision. Oceanic lithosphere pushed into the upper mantle at subduction zones behaves 

differently dependent on the area and composition. Warmer, younger, more buoyant 

lithosphere may not penetrate the 660 km discontinuity and stagnate there, while older, 

more dense oceanic lithosphere may break down into the D” region, as far as 2900 km. 

Deeper slab penetration implies steeper subduction; as a result, deeper trenches are also 

related to lithosphere piercing the lower mantle, while shallow trenches relate to slabs 

remaining more buoyant than the lower transition-zone boundary (Kárason and van der 

Hilst 2000; Stern 2002; Hutko et al. 2006). The recycling nature of oceanic lithosphere 

implies that it is very young compared to continental lithosphere. The oldest oceanic 

lithosphere is typically considered to be around 180 million years old, although recent 

evidence by Müller (et al. 2008) implies it may be up to 270 million years old in places 

(specifically in the Ionian Sea Basin and East Mediterranean Basin). Conversely, 

continental lithosphere can be up to 3.5 billion years old. Oceanic lithosphere thickens 

with age until it is about 90 million years old, with an expected thickness of 90 km.  

 The rate at which the plate builds out and spreads from the ridge or rise may be 

determined by hotspots, as they may be independent from mantle flow. For instance, the 

pacific plate has more than five island chains that are clearly parallel. Geochemistry can 

be used to determine the ages of rocks in an island. In turn, the ages of the islands in a 



Texas Tech University, Kenneth DeWitt Rogers III, August 2013 

4 
 

chain can establish how fast the plate passed over a hotspot, and, to somewhat less 

certainty, how stationary a hotspot was during this period. While many other mechanics 

apply, the speed of spreading seems strongly affected by the availability of magma at the 

spreading center. A magma chamber with a broad dome seems to yield a faster spreading 

than one with a tapered top (Natland 1980). Moreover, seismic evidence has shown a 

narrow low velocity zone beneath the fast (~10 cm/yr) East Pacific Rise that is absent in 

the slower (~2.5cm/yr) Mid-Atlantic Ridge (Sinton and Detrick 1992). 

 The lithosphere-asthenosphere boundary (LAB) is where mantle changes from a 

cooler, solid material to a hotter, plastic layer with depth. The boundary is also marked as 

a change from a purely conductive heat exchange in the rigid lithosphere to an inclusion 

of convection in the asthenosphere. This is evidenced in wave velocity through the 

medium. While velocity typically increases with depth, the change to lower viscosity 

causes a sharp velocity decrease. As this boundary is too deep for direct study, seismic 

wave analysis is the primary tool of investigation. Gutenberg first noticed a seismic 

discontinuity showing a low velocity zone beginning at 80 to 100 km. However, his P 

and S wave data (Gutenberg 1948) could not resolve whether this was a sharp or gradual 

change and predicted that it could possibly extend to a depth of 180 km, if it was a 

gradual transition. Due to his discovery of it, the boundary is sometimes called the 

“Gutenberg discontinuity” (not to be confused with the core-mantle boundary, which is 

also sometimes called the “Gutenberg discontinuity”). The top of the low velocity 

discontinuity is frequently found, on average, between 80 and 90 km. Although 

additional mechanics have been proposed, the main processes that have been proposed to 
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control LAB depth are temperature gradient, amount of partial melt, and presence of 

water. 

 

2.2 Hotspots and Mantle Plumes 

 A mantle plume is a proposed anomaly passing through the asthenosphere and 

lithosphere as a vertical, cylindrical column, typically found beneath volcanic islands. 

This is caused by a lower-density, almost certainly hotter material upwelling through its 

surroundings. The hotspot region is the area surrounding the plume which shows some 

effect from it. The movement of an oceanic plate relative to an underlying plume may 

give rise to an island chain. First, an initial island is caused by a plume uplifting and 

breaking through to the surface of the hotspot area. The plate eventually moves the initial 

island away from the plume such that the island is no longer fed and built by the plume’s 

material. Instead, the new part of the plate situated above the plume is impacted in the 

same way, building a new island. The process repeats near the plume each time the plate 

moves an island far enough away, while previous islands begin to subside. This causes a 

series of close islands and seamounts known as a chain.  

 Direction and rate of plate movement through time has been inferred from island 

chains, particularly in the Pacific Ocean. The upwelling plume has a large, spherical head 

(on average, up to 100 km in diameter) which spreads under the lithosphere when 

reaching it, followed by a slimmer, trailing tail (~10 km in diameter). The material in the 

head of the plume is well mixed (chemically heterogeneous), and the tail can retain 

anisotropy from its source, down to a kilometer scale, long term (Lassiter and Hauri 

1998; Farnetani, Legras, and Tackley 2002). Numerical modeling shows upper mantle 



Texas Tech University, Kenneth DeWitt Rogers III, August 2013 

6 
 

material is likely more displaced rather than entrained by the plume (Farnetani, Legras, 

and Tackley 2002), implying that volcanic ocean islands can retain geochemical 

signatures from their source material. 

 Slow-velocity anomalies near the core mantle boundary (CMB) have been 

discovered with some correspondence to hotspots (Willams, Revenaugh, and Garnero 

1998; Kuo, Garnero, and Lay 2000; Burke and Torsvik 2004). However, not all hotspots 

correspond with slow CMB zones. This may simply be because current methods do not 

have sufficient resolution to detect localized CMB disturbances. Furthermore, plumes 

may be deflected by mantle flow to such a degree that they are hard to correlate from 

surface to origin. Of course, this may also imply that plumes, at least some of them, do 

not originate from such depths. 

 Composition of ocean island basalts usually differ from that of basaltic crust (by 

isotope chemistry) created at spreading centers. This has been used to infer the possible 

depth of a plume’s origin. Osmium isotope ratios imply a core contribution to mantle 

plumes (Walker et al. 1995; Brandon et al. 1998; White 2010), although other 

explanations, such as oceanic lithosphere recycling, may explain these ratios. However, 

Scherstén (et al. 2004) have argued against plumes originating from the core mantle 

boundary using tungsten isotope ratios.  

 Boschi (et al. 2007) studied P and S tomographic models using computer 

algorithms to find evidence for the depth of mantle plumes. The maximum depth found 

was ~2500 km, but this was rare; the vast majority of correlateable depths were far 

shallower (~1000 km). The authors suggest a few plumes are “likely” to be of deep 
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mantle origin, but greater resolution is necessary to know whether the rest are similar or 

have more shallow foundations. 

 Not until recently (the late 1990’s at the earliest) have seismic techniques 

advanced enough to allow for direct imaging of mantle plumes. However, indirect 

evidence has been used to infer depth and movement of plumes. Specifically, the top and 

base of the transition-zone, marked by 410 km and 660 km discontinuities, change their 

depths in the presence of heat. At a depth of 410 km, there is a large scale, endothermic 

transition of material from olivine to β spinel (wadsleyite), while, at 660 km, γ spinel 

(ringwoodite) becomes perovskite and magnesiowüstite through an exothermic reaction. 

Because they also cause sharp wave velocity increases (with depth), these phase changes 

are easily seen in seismic arrivals. With additional heat, such as proposed at hotspot 

regions, the endothermic “410 km” boundary will deepen, while the exothermic “660 km” 

will shallow. This transition-zone thinning is seen in many proposed hotspot zones, 

including Iceland and Hawaii (Ito et al. 1999). 

 Some of the most striking plume images were published by Montelli (et al. 2004 

and 2006) using P- and S-wave finite-frequency tomography. Images of 3D velocity 

perturbations were produced for more than 20 proposed hotspot regions using both long- 

and short-period data. Additionally, plumes reaching at least as deep as the upper mantle, 

those confined to mid-mantle, and those at various stages in its life cycle were illustrated 

in this study. However, van der Hilst and de Hoop (2005) questioned whether the 

effectiveness of the sensitivity kernels used in the tomography was reliable enough to 

produce such high-quality images. 
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 Courtillot (et al. 2003) argue that evidence suggests plume origins (i.e. from 

upper-mantle, mid-mantle, and core-mantle boundary) exist in tandem. Fewer “primary” 

hotspots (at least 7, including Hawaii) which originate at the CMB exist compared to 

those rising from the deep lower mantle near the bottom of the transition-zone (~20) or 

those which are more likely upper mantle features (~20). The idea that plumes can 

originate from multiple depth boundaries has been favored by various authors, such as: 

Albers and Christensen (1996); Clouard and Bonneville (2001); Montelli et al. (2006); 

Boschi, Becker, and Steinberger (2007). 

 

 

 

2.3 The Hawaiian Island Chain 

 The Hawaiian-Emperor chain (Figure 2.3) is a series of islands in the north central 

Pacific Ocean stretching from the north west near the junction of the Aleutian and Kuril 

Figure 2.2 – Plume model examples. At left, a shallow plume rises from the upper-lower mantle 

boundary. Deeper plumes, rising from the core mantle boundary, may push up as a single plume (left-

center) or a large amount of material may stall at the upper mantle (right-center). Additionally, material 

stalling at the upper mantle may spread underneath it and push through in a series of smaller plumes, as 

shown at the far right. Based on Koppers (2011) and Goes, Cammarano, and Hansen (2004). 
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Trenches, moving steeply south (and slightly to the east) for about 2500 km where it 

bends sharply east and continues for around 3500 km. The chain is built by a series of 

volcanoes which rise from the south east end and eventually go dormant. This means the 

oldest islands are in the northwest and that the chain becomes progressively younger 

moving along to the southeast (island ages also shown on Figure 2.3). Seamounts may 

have already subducted beneath the Aleutian Trench; the oldest existing seamounts near 

the trench reach ages greater than 80 million years (such as the Meiji and Detroit 

seamounts). The sharp bend occurred a projected 43.1 ± 1.4 million years ago, 

corresponding to either a change in plate motion for the Pacific plate due to the global 

effects of the Indian subcontinent impacting Eurasia (Clague and Dalrymple 1987), or 

possibly a change in hotspot movement from southward to nearly stationary (Tarduno 

and Cottrell 1997; Tarduno et al. 2003). The bend marks a change in nomenclature: by 

itself, the northern portion of the chain is the Emperor Chain, while the sector southeast 

of the bend is the Hawaiian Chain. 

 Early theory explained the Hawaiian island chain and similar chains as volcanoes 

along parallel faults being propagated by shear motion. Current theories are drastically 

different, having changed with global theories from rigid earth, to continental drift, to 

plate tectonics. Hawaii is now viewed as an uplifted, volcanic hotspot, in a hotspot island 

chain, driven by a mantle plume. General, though not universal, agreement is that the 

plume beneath Hawaii originates from well below the lithosphere-asthenosphere 

boundary. The plume itself has been fairly stationary for around 40 million years, almost 

the entire duration of the Hawaiian portion of the chain. With other island chains in the 

Pacific, the Hawaiian Islands have been used to infer the historical motion of the Pacific 
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plate. The volcanic propagation rate of the Hawaiian chain is around 9.2 cm/yr, increased 

considerably from the projected rate for the Emperor Chain, at around 7.2 cm/yr. 

 

Figure 2.3 – Map of the Hawaiian-Emperor Island chain with age reference points. Data were taken 

from each island listed and used to calculate age (in millions of years) on right. Ages are from Clague 

and Dalrymple 1987 estimated by oldest reliable K-Ar ages of tholeiitic basalt. 



Texas Tech University, Kenneth DeWitt Rogers III, August 2013 

11 
 

 The Hawaiian chain is considered an ideal oceanic hotspot for study, due to its 

size and age. While it is consistently popular for investigation, seismic data collection is 

problematic for the remote island site. Due to this, reliable imaging, especially deep 

imaging, for the area has only been possible with the advances in theory, processing, and 

techniques that have become available in the last decade. Prior to this, Hawaiian plume 

theories were tested and constrained by various methods, such as numerical or laboratory 

modeling (Albers and Christensen 1996; Farnetani, Legras, and Tackley 2002), chemical 

data extrapolation (Lassiter and Hauri 1998; Brandon et al. 1998; Scherstén et al. 2004), 

or physical data such as uplift, topographic, or geoid evidence (Sleep 1990; Zhong and 

Watts 2002). 

 One of the most widely used method to gather plume information is to image 

deflections of known seismic discontinuities (particularly, phase changes). For instance, 

the 410 km discontinuity, likely representing the endothermic reaction of olivine 

transitioning to β spinel, should deepen with higher heat, such as a mantle plume, applied 

to the area, while a projected exothermic boundary, such as γ spinel converting to 

pervoskite and magnesowusite at 660, should shallow under the same conditions. The 

amount of deflection and the width of the transition-zone, in addition to other known 

discontinuities, can be used to predict and constrain heat, depth, and width of mantle 

plumes. It may also be possible to directly image the plume, but this takes more data than 

is usually available (for island plumes) or special processing to minimize noise. A few 

examples of seismic investigations on the Hawaiian hotspot include studies using 

multiple P conversion phases (10 kinds; Lei and Zhao 2006), P to S conversions and 

receiver functions (Collins et al. 2002; Li et al. 2004; Wölbern et al. 2006), SdS 
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reflections (Schmerr, Garnero, and McNamara 2010), and ScS reverberations (Courtier, 

Bagley, and Revenaugh 2007). For a better look at vertical discontinuities, Ji and Nataf 

(1998) used the scattering of long-period body waves with a diffraction-tomography 

method. However, they had trouble ruling out artifacts due to the lack of availability of 

data at the time. Later studies support their findings. Montelli et al. used finite-frequency 

tomography with low-frequency P waves (2004, 2006) and S waves (2006) to investigate 

several hotspot islands, including Hawaii (Figure 2.4). Even with improved methods, 

receiver distribution and poor resolution continues to plague most studies of the area. 

 Seismic results have consistently imaged a deeper “410 km” and shallower “660 

km” discontinuity beneath the region surrounding the Hawaiian hot spot. Taking the “410 

km” and “660 km” discontinuities as the top and bottom of the transition-zone 

respectively, the Hawaiian hotspot causes the mantle transition-zone to be thinned by an 

average between 20 km and 30 km (Collins et al. 2002; Courtier, Bagley, and Revenaugh 

2007), but this is a conservative estimate compared to studies that have found thinning 

closer to 50 km (Li et al. 2000; Wölbern et al. 2006). Additional boundaries tend to be 

more difficult to image consistently. Wölbern (et al. 2006) found what was considered 

the Mohorovičić discontinuity to be deeper in Hawaii than typical oceanic crust, at 

between 13 – 17km. The “520 km” discontinuity may exist for the area but is usually too 

weak to be conclusive (Courtier, Bagley, and Revenaugh 2007). The lithosphere-

asthenosphere boundary (LAB) is more difficult to constrain. Due to thickening with age, 

unaltered lithosphere comparable to that of the Hawaiian hotspot is predicted to reach a 

depth of around 90 km. Various studies have found the boundary close to 90 km 

(Priestley and Tilmann 1999), uplifted by around 10 km (~80 km, Bock 1991; Collins et 
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al. 2002), or depressed by ~10 km (~100 km, Courtier, Bagley, and Revenaugh 2007; 

Schmerr 2012). A pair of similar studies found the LAB beneath the Big Island at 

between 90 to 110 km depth, and lithosphere thinning when moving northwest along the 

chain up to possibly 50 to 60 km under Kauai (Li et al. 2004; Wölbern et al. 2006). 

 In addition to layering at the hotspot, other mantle plume properties have been 

studied. The radius of the plume is between 200 and 300 km (Montelli et al. 2004; Nolet, 

Allen, and Zhao 2007), but it likely slimmer at deeper locations (Wölbern et al. 2006). 

Excess temperature (temperature contrast between the plume and surrounding mantle) 

has been estimated at around 475 K (Sleep 1990) and higher (Li et al. 2000), with an 

absolute maximum of 600K (Ji and Nataf 1998), but it is hard to predict. Plume source 

depth and location is still subject to investigation. While it is generally accepted that the 

Hawaiian plume has a deep origin in the lower mantle, the extent, width, and exact shape 

are uncertain. Imaging has shown or been interpreted as a plume from the surface to the 

core-mantle boundary (CMB) (Lei and Zhao 2006; Montelli et al. 2006; Nolet, Allen, and 

Zhao 2007; Courtier, Bagley, and Revenaugh 2007), but there are problems with 

resolution at this depth. Isotope studies have been used to both argue for contributions 

from the core to the Hawaiian plume (Brandon et al. 1998, White 2010), and against this 

idea (Scherstén et al. 2004). Additionally, Ji and Nataf (1998) interpreted amplitude 

increases as a possible chemical anomaly or partial melt in the hotspot area above the 

CMB. The location of the source of the plume has been considered to either be north or 

northwest (Ji and Nataf 1998; Lei and Zhao 2006; Nolet, Allen, and Zhao 2007) or south 

of the current surface location (Steinberger and O'Connell 1998; Li et al. 2000; Wölbern 
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et al. 2006; Boschi, Becker, and Steinberger 2007; Courtier, Bagley, and Revenaugh 

2007). 
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Figure 2.4 – P and S wave velocity perturbations using finite-frequency tomography imaging several 

depths from surface down to 2800 km below. From Montelli et al. 2006. 
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Chapter 3 

Data and Processing 

3.1 Data 

 PP precursor bounce point data are used for our study. The down-going energy 

released by a seismic event will eventually refract back to the surface. Our bounce points 

are reflections off of the underside of major discontinuities, such as the 410 km or 660 

km discontinuities (i.e. P410P and P660P, respectively). After reflection, the wave will 

follow a mirrored path back to the surface (assuming a 1-D earth model). A deeper 

reflection will therefore arrive before a shallower one. The largest discontinuity (the 

biggest difference in change in velocity and density) will be the surface, which will arrive 

last (Figure 3.1). Precursor is used to refer to phases that arrive before the PP which is the 

opposite of traditional reflection work where shallower discontinuities will appear first 

and the phases from deeper, larger amplitude arrive last. 

 The advantage to PP and SS bounce point studies is that we do not have to have a 

seismic station in the location where we are going to study. This makes it a valuable 

method to image beneath oceans. Our data are primarily derived from earthquakes 

occurring in the ring of fire, along Japan, the Philippine plate, and Asia, with bounce 

points in the central Pacific when recorded in the United States (Figure 3.2 and 3.3). 

Stations are only in the United States as we use EarthScope’s Transportable Array (TA), 

because it has a 70 km spacing, which enables array processing methods that reduces 

noise due to scattered energy and allows us to improve the frequency content of these 

seismic data. In addition to the PP bounce point data that were collected, primarily, from 

the TA, we also used data from several additional networks, such as the additional 
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USArray networks, Anza Array, Berkeley Digital Seismic Network, Caltech Regional 

Seismic Network, and others (Figure 3.4). 

 

 

 

  
Figure 3.2 – Global map of data showing sources in black, bounce points in grey, and receivers in red. 

Figure 3.1 – Illustration of PP bounce points with wavepaths through the earth on left and arrivals or 

right. The PP arrival takes the longest and arrives last and the P410P will arrive earliest (as long as no 

deeper arrivals are found). Any discontinuities between the surface and 410 km discontinuity will arrive 

between these, shown here in an arrival at 200 km. 
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Figure 3.4 – Transportable array receiver stations. Data in this study is only from approximately the 

first 2/3 of the stations shown from east to west, as the most eastern stations have yet to be installed. 

Figure 3.3 – Hawaiian and surrounding area bounce points used in deconvolution. 
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 To ensure good signal-to-noise ratios, only earthquakes with magnitudes greater 

than 6.0 were used. Additionally, the data had to be within the great circle arcs either 

between 60° and 120° or 130° and 180° (source to receiver). The area between 120° and 

130° is left out because of interference from PkS (the P wave that travels through the 

outer core) which arrives at around the same time as our bounce point arrivals at this 

distance. In general there were few events useable from the 130° to 180° range and the 

majority of our data came from the 60° to 120° range (Figure 3.5). 

 

  

Figure 3.5 – Plot of seismic arrivals vs. distance showing the PP and associated phases. Most of our 

data comes from between 60˚ and 120˚. Adapted from Bolt 1976. 
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3.2 Processing 

 The entire processing sequence is shown as a flowchart on Figure 3.6. Data are 

cut around the PP arrival from 180s before and 90s after (Figure 3.7). This cut should 

retain all the precursor information down to more than 800km subsurface. Much of the 

deeper information is not particularly useful, due to weakness of arrivals and interference 

from the P coda (the reverberations and conversions of the P wave following the direct P 

arrival). In fact the P coda tends to be close enough to interfere with the 660 km 

discontinuity (P660P), which is rarely shown as a clear horizon in PP work but is visible 

in SS work due to a larger separation between S and SS. However, the P coda does not 

interfere with the 410km arrival (P410P), which is almost always sharp. Our data are also 

filtered by typical Fourier frequency filtering (Appendix A). In many previous studies 

such as Chambers, Deuss, and Woodhouse 2005; Schmerr and Thomas 2011; and 

Flanagan and Shearer 1999), the data were filtered to very low frequencies as scattering 

in higher frequencies made them too noisy to resolve the PdP phases. The methods used 

in our study (beam-forming and simultaneous iterative deconvolution), as well as the 

wealth of data previously unavailable for the region, allow the inclusion of much higher 

frequencies. We have found that, depending on the data density in the particular location, 

we can image the mantle to frequency content up to and possibly higher than 5 Hz. In this 

study, the majority of data processed were low-pass filtered at 1 Hz. 
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Figure 3.7 – The original collected data with the segment containing PP information boxed in on left, 

and a magnification of the segment which has been cropped for processing on right. The y-axis is 

normalized amplitude, and the x-axis is time in seconds. 

Figure 3.6 – Flowchart for processing. Each event (Di) in the data set (D) is cut to contain data from the 

PP event and its precursors (Di-0). Every event is individually beam-formed by stacking with all the 

events within a certain radius (the set D0-r, all events within the beam radius, is stacked to Di-B, 

replacing Di). By bathymetry and crustal structure at each data’s bounce point, synthetic ocean bottom 

responses are constructed (OBCi, for each event). These are deconvolved with the data (which is 

separately retained for deconvolution) to construct an ocean corrected data set (each event of which is 

Di-obc). When cut around the PP arrival, these become sources for deconvolution (Si). Specifically, 

simultaneous iterative deconvolution (SID) is preformed with the beamed data (Di-B) and computed 

source (Si) to construct a PP bounce-point function (PPBF). 
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 The beam-forming method is among the best tools to improve the signal to noise 

ratio and also allows use of higher frequency data. Beam-forming has been used 

previously on surface waves (Tanimoto and Prindle 2007; Harmon et al. 2008) and even 

teleseismic data by Vidale and Hedlin (1998) and receiver functions (McNamara and 

Owens, 1993; Randall and Owens, 1994). This process is performed on each event 

individually. A circle around each receiver is searched, and all data recorded within a 

predetermined radius (specified in results) are collected to use in beaming (Figure 3.8). 

The radius at the bounce point location is reduced by half such that actual bounce point 

data are collected within half this radius, measuring from the chosen event’s surface 

bounce point (Figure 3.9). These events (including the central event) are aligned at the 

expected PP arrival time by the IASP91 1D velocity model. Correlation coefficients 

(Appendix A) between the central event and each separated included event are then 

obtained. For any event to be included in further beam-forming, the correlation 

coefficient between it and the central event must be greater or equal to 0.7. The 

remaining events are re-aligned to the central event, by identifying the lag time of the 

maximum amplitude on cross-correlation functions and shifting these seismograms to 

align with the central station. Because data low-pass filtered at 1 Hz had considerably 

better correlation coefficients than when passing higher frequencies, the 1 Hz time shifts 

were always used to align the events even when stacked at higher frequencies. Finally, 

these events are stacked, ideally eliminating noise, particularly near surface, and local 

scattering which can become a considerable problem during source construction. This 

does also reduce lateral resolution by averaging events. This was executed as a second 

iteration, with the only difference being that the chosen central event was replaced by the 



Texas Tech University, Kenneth DeWitt Rogers III, August 2013 

23 

 

beamed event from the first iteration. Since this reduces noise in the reference, "central" 

event, using the beam may improve the number of events with a correlation coefficient of 

0.7 or better.  
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 The beam-forming followed by old fashion cross-correlation (the deconvolution 

step) to isolate PdP phases (Shearer 2009, 188-191) allowed us to improve frequency 

Figure 3.9 – Illustration of beam-forming with bounce point data. Data taken for beaming at a radius of 

B at the receiver location will be within a radius of B/2 at the bounce point location. 

Figure 3.8 – Beam-forming central events and radii. For each event, a radius from the central event 

encloses receivers whose data will be used in beam-forming. Receivers are represented by triangles; the 

red, light green, and blue ones have been singled out as central event receivers to illustrate the radius, 

though all receivers will be beam-formed in this way. 
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content from the typical 0.1 Hz low pass filter to 1 Hz. The data files in the computer are 

separated into channels with different processing properties. With respect to beam-

forming, channel 1 is raw data opposed to channels 2, 3, 4, 6, and 8 that are seismograms 

beamed at the source with radii of 20, 80, 120, 300, and 500 km, respectively. Most of 

our processing uses the channel with a beaming radius of 300 km, which is equivalent to 

applying a 150 km smoothing function at the PP bounce point (channel 6), but we also 

used a channel with a 120 km radius or 60 km smoothing at PP (channel 4) and an 80 km 

radius (40 km at PP; channel 3). 

 The most important processing technique in improving the frequency content of 

the PP data is simultaneous iterative deconvolution (Ligorría and Ammon 1999). First, 

let’s consider the forward problem: 

 V=S * PPBF 

Where S is the source function, V is the vertical component of the seismogram, and 

PPBF is the PP Bounce-point Funciton. The PPBF can be considered a spike train 

representing the reflection coefficients separated by delay times between PdP reflections 

(a synthetic PPBF spike train is shown in subfigure (i) of Figure 3.11). Cross correlation 

(which is essentially a similarity filter) can be used to identify time delay where the 

source is repeated and scaled. This can be used to infer reflection coefficients and depths 

to discontinuities. In this work we will be using the iterative deconvolution methods to 

recover the PPBF. A flowchart of simultaneous iterative deconvolution is given in Figure 

3.10, and a synthetic example is given in Figure 3.11. 

 Iterative deconvolution builds the receiver function pulse by pulse. First, the data 

(Figure 3.11.a) is cross correlated with the estimated source (which is the PP source 
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function beamed from a 500 km radius around the central station) and the largest peak’s 

delay time and amplitude are identified (the cross correlation is Figure 3.11.b). The cross 

correlations of any source-receiver pair with the same midpoint will be aligned, moveout 

corrected (to allow data stacking from different ray parameters), and stacked before 

choosing the largest peak to increase numerical stability (hence, simultaneous). 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 to normalize the peak before it 

is added to the PPBF (Figure 3.11.c). To find further discontinuities, the current PPBF 

(having, at this stage, a single impulse) is convolved by the source function to produce a 

synthetic seismogram with only one arrival on it (Figure 3.11.d). This synthetic data is 

subtracted from the original data to produce a residual seismogram (Figure 3.11.e). The 

second iteration may then begin by cross correlating this residual seismogram and the 

source (Figure 3.11.f). The largest remaining peak is removed as before and normalized 

and added to the synthetic PPBF (Figure 3.11.g). In further iterations, this is repeated, 

and, in each iteration, the seismogram is simplified by removing arrivals until we believe 

all relevant arrivals are removed from the data and added to the PPBF (Figure 3.11.i). 

 For the iterative deconvolution to work properly, a source function must be 

estimated that is plausible enough to produce a useful picture of the earth’s response 

when deconvolved with the data. To do this, the PP impulse is cut out separately to use as 

the source for the data. But this PP function will be contaminated by local scattering and 

even Ps phases and reverberations. Therefore, we zero out all the noise before the 

expected PP arrival (backing of a couple of seconds to allow for 3-D earth structure). We 
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then beam the PP source functions over 500 km to remove local scattering from the PP 

source function. The hope is that there is enough variation PP coda to largely remove it. 

 

 

Figure 3.10 – Flowchart of simultaneous iterative deconvolution. Data (Di-B) and approximated source 

(Si) are cross correlated (CCi). If any source-receiver pairs share the same bounce point, they (the set 

CCmp) are stacked together (to become CCi-sm). This is normalized by the autocorrelation of the source 

(to CCi-sm-n) and the max peak (Pi) is added to the PP bounce point function (PPBF). The current PPBF 

is convolved with the synthetic source to find its contribution to the data (Di-PP). This is then removed 

from the original data (Di-R), and the result is cross correlated with the source (CCi) to initiate another 

iteration. This loop continues until the specified number of iterations has been reached. The final PPBFs 

for each data point are the goal of the deconvolution. 
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Figure 3.11 – Steps of iterative deconvolution. Data (a) is cross correlated with the estimated source. 

The largest amplitude peak from this cross correlation (b) is normalized by an autocorrelation of the 

source and added to the computed receiver function (c) at its adjusted arrival time. This peak’s 

contribution is used to emulate the original data by convolving the receiver function and source (d). The 

difference between this convolution and the original data (e) is used to replace data in step 1 and repeat 

the process. The second iteration cross correlates the difference with source (f) to identify a further 

peak, adds the new peak to the receiver function (g), and finds the new receiver function’s contribution 

to the data by convolution (h). These steps are repeated to find the original earth response in this simple 

synthetic example (i), or any significant discontinuities in real data. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

(i) 
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 In ocean areas, the PP source function is complicated by the ocean bottom 

reflection and the PP refection from the free surface. This causes a ghost to appear at a 

shallower depth. For instance, the ghost for the 410 appears ~30 km too shallow if the 

ocean depth is ~5 km. The ghost arrives very closely to the true PP arrival (in time) and 

has nearly the same amplitude. Because the PP arrival is used as the deconvolution 

source, the source becomes a double arrival, which causes all peaks identified in 

deconvolution to have a ghost arrival that is the result of deconvolution by the ghost PP 

and true PP arrivals. As many of the bounce points were around an island, our PdP data 

must be corrected for ocean bottom interference. A bathymetry map and ocean crust data 

were used to produce a synthetic ocean bottom seismic response for the respective water 

depth (individually, for each bounce point). When this is deconvolved from these data, 

the ghost and true arrival collapse to leave only the single, true PdP arrival. These ocean 

bottom corrected PP recordings are saved as a separate channel (channel 18) to be used as 

the source function in deconvolution for the other channels. Channels without ocean 

bottom correction are denoted by single digits, while those corrected for ocean bottom 

have 10 added to the channel number. The results of ocean bottom correction are 

illustrated for a profile of data perpendicular to the island chain in Figure 3.12 (without 

correction) and Figure 3.13 (with ocean bottom correction). 
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Figure 3.13 – The same data set as Figure 3.12 with ocean bottom correction. The x-axis is in degrees, 

and the y-axis is depth in kilometers. In addition to noise reduction, the P410P exemplifies the benefit 

of the correction, becoming a consistent horizon. 

Figure 3.12 – Data processed without ocean bottom correction. The x-axis is degrees, while the y-axis is 

depth in kilometers. The section is very noisy and some ghost arrivals, which arrive earlier, are favored 

over real arrivals in iteration. The P410P is a clear example of this, being extremely weak in 

comparison to its ghost, which arrives well shallower than 400 km. The ghost is absent beneath the 

islands, with the true P410P seen highlighted in red. 
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 Our program uses deconvolution to find the strongest peaks from the data with 

cross-correlation and builds a local PP bounce point function (PPBF) from it. Positive 

peaks go to the right, show up as blue, and indicate a sharp increase in velocity with 

depth, whereas negative peaks are on the left in yellow and imply an abrupt decrease in 

velocity with an increase in depth. For each run, a central line was drawn that we 

considered to be along the axis of the Hawaiian hotspot chain (from near Lisianski Island 

in the northeast to somewhat further southeast of the Big Island on the assumed trend; 

shown on Figure 4.3). The stacking bins were chosen to maximize resolution of data 

stacked on profiles perpendicular to the island chain and emphasize average features that 

are parallel to the island chain. To do so, data were stacked in bins with widths of 1˚ in 

the direction of the profiles perpendicular to the central line and 4° parallel to the central 

line (creating 1˚ x 4˚ stacking bins represented by differing colors for data points falling 

in each bin). Figure 3.14 illustrates the differences between the 1° x 4° stacking bins and 

1° x 2° and 1° x 1° stacks. 1° x 1° tends to be very noisy (upper four stacks in Figure 

3.14), as can be seen by the poor imaging of the 410 km discontinuity. We do notice 

however the stronger, shallow negative phases in the lithosphere appear to be very similar 

to the 1° x 4° stacks. The 1˚ x 2˚ stacks (the two bottom left stacks in Figure 3.14) show 

improvement, particularly the left of the two stacks having a consistent P410P and 

discernible lithospheric horizons. However, the left of the 1˚ x 2˚ stacks is the best of 

these from the entire chain. All other 1˚ x 2˚ stacks show more noise and an irregular 

P410P, like the right of the two shown. The 4° bin data (bottom right stack, just before 

the map, on Figure 3.14) shows improvement similar to the ideal 2° bin stack, but is 

consistently improved in all areas, specifically the clear and consistent P410P. At the 
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same time, the believable features in the 1˚ x 2˚ images do appear in the 1˚ x 4˚ image 

and are clearer.  
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Figure 3.14 – Stacked data section with varying bin widths along the island chain. X-axis is degrees 

parallel to the central line, and y-axis is depth in kilometers. Along the top are four 1° by 1° bin widths 

(NW to SE). Bottom left are two 2° by 1° and the single stack to the bottom right is 4° by 1°. The map 

on the bottom right shows how these panels relate; The data from the 4°x1° section are split in half by 

the blue line to produce two stacks in the 2°x1°, while these are further bisected (by the purple lines) to 

provide four 1°x1° stacks. The P410P is only consistently cohesive in the 4˚x1˚ bins. 
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 As previously mentioned, the program is set to continue finding a strong peak 

from the resultant data until a certain number of iterations is reached. 20, 40, 60, 80, 100, 

120, 240, 360, and 500 (Figure 3.15). 80 iterations seemed ideal for viewing these data. 

Fewer iterations seemed to leave out pulses that were coherent across the section that 

were produced with a greater number of iterations. Profiles computed with 100 iterations 

or more were cluttered with random pulses that appear to be noise and did not add any 

arrivals that appear to be coherent across any sections which would indicate that they 

were of geologic significance. For example, in Figure 3.15, a comparison of sections 

produced with differing numbers of iterations, the yellow and blue sections between 25 

km and 100 km are clear at 80 iterations but become obscured by noise at iterations 

above 80. Additionally, less than 80 iterations may not pick up some horizons. For 

instance, the yellow horizon at ~375 km is clear and across the entire stack for 80 

iterations but is hardly visible at 60 or 40 iterations. A low pass filter of 1 Hz was applied 

to the data as it was considered optimal, but stacks at higher frequencies were produced 

with the 300 km beam radius data and low pass filters of 4 Hz, 6 Hz, and 8 Hz.  

 Though the main focus of the study uses profiles with 80 iteration that are low 

pass filtered at 1 Hz, additional results for fewer and greater numbers of iterations, 

different filter limits, and shorter beam-forming radius were analyzed (shown in 

Appendix B). Changing the number of iterations showed little difference. Less iterations 

cut out noise and signal, but arrivals that have not been cut are in the same place as with 

80 iterations. More iterations seem to add noise rather than clarify or extend horizons. 

When the beam radius is decreased to 60 km and 40 km at PP (channels 4 and 3 

respectively), data are much less clear. Both cause peaks to scatter, and horizons are not 
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clear. While blurred such that horizons are not visible, positive and negative peaks 

remain in similar areas, and, therefore, these data do not indicate any false positives in the 

main data set. The low pass filter was increased to 4 Hz, 6 Hz, and 8 Hz, with the latter 

including all available frequencies as data was previously filtered at 8 Hz. The 

differences between the three are minimal, with problems intensified slightly as more 

frequencies are passed. The main difference between these and the 1 Hz low pass filter is 

that many identified arrivals wash out below 250 km. Several horizons below 150 km are 

also harder to tell but remain. However, almost all horizons above 150 km are as clear as 

the 1 Hz low pass filter. Processing was also performed on the 60 km beamed set with a 4 

Hz low pass filter (using 80 iterations); this caused some of the shallower horizons that 

were blurred with the smaller beam radius to return. 
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Figure 3.15 – Comparison of data processed at different iterations. From left to right on top are data 

processed at 40, 60, and 80 (preferred) iterations, and on bottom 120, 240, and 500 iterations. The x-

axis is in degrees from the central line, and the y-axis is depth in kilometers. Data are the same for each 

panel, drawn from section #3 on the Figure 4.3 map. 
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 Traces are composed of peaks whose amplitudes are based on reflection 

coefficients between boundaries. The free surface reflection has a reflection coefficient of 

-1. In general the reflection coefficient from a boundary going from high to low velocity 

as depth shallows is a negative reflection coefficient for an underside reflection. But after 

deconvolution with the free surface reflection, these will appear as positive reflections on 

the PP bouncepoint function (PPBF). Conversely, those phases that are technically 

positive reflection coefficients will appear negative in the PPBF after cross-correlation or 

deconvolution. Throughout this discussion we will refer to PdP phases as positive or 

negative based on how they appear after deconvolution and not the technical reflection 

coefficient. On stacks, positive arrivals indicating a sharp rise in velocity with depth 

show up as a blue impulses pulling to the right, while negative arrivals indicate a 

decrease in velocity with depth and show up as yellow impulses going to the left. 
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Chapter 4 

Results 

 To provide a control profile, a separate set of data was processed (with 1 Hz low 

pass filter, 80 iterations, and beam radius of 300 km) using data from a region that was 

about 1100 to 1800 km from the island chain (Figure 4.1). This control profile (Figure 

4.2) is considered to be what the PP Bounce-point Function stacks (PPBF) for the upper 

mantle would be in an area with minimal hotspot interference. The left most trace of 

Figure 4.2 is the southwestern most trace, and the profile trends to the northeast to the 

right. Little layering appears shallower than 50 km as compared to stacks from near the 

hotspot. There is a large area of negative reflectivity between ~12 km and ~30 km, a 

positive horizon at ~35 km, and a negative horizon at ~45 km. Layering between 50 km 

and 80 km is present half way across the stack, but it does not cross the entire section. 

However, there is a strong negative horizon at 85 km. Due to the abundance of 

discontinuities in the mantle between 85 km and 425 km, possible horizons in this zone 

are denoted in Figure 4.2 for future reference, indexed as “control section” (with a C), 

depth, and polarity (P for positive, N for negative; e.g. C105P for a horizon found in the 

control section with a depth of 105 and positive polarity).  

 Random positive and negative peaks will occur in this type of data, so we only 

choose to interpret those pulses that are very strong and appear to be at least semi-

continuous across most of the section. The area between ~85 km and 200 km is noisy, but 

there are negative layers at ~130 km and ~150 km. Deeper than 200 km, layering is much 

more consistent and tends to alternate between positive and negative. Negative horizons 
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occur at ~215 km, ~260 km, and 320 km, with positive horizons at ~230 km, ~290 km, 

and ~370 km. The P410P is very strong and consistent, arriving at ~425 km. 
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Figure 4.2 – Processing on area with minimal hotspot interaction (from Figure 4.1), with mantle 

discontinuities noted. Dimensions are depth (in km; y-axis) and distance (in degrees from CL; x-axis). 
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Figure 4.1 – Map of bounce points used to investigate a close area with minimal hotspot bias. 



Texas Tech University, Kenneth DeWitt Rogers III, August 2013 

41 

 

 As stated before, the data seems well imaged at 80 iterations. The map in Figure 

4.3 shows the line and data sequestered for the profiles. As before, these data were 

processed by iterative time domain deconvolution (with moveout corrections) using 80 

iterations, a low pass filter of 1 Hz, and a beamforming radius of 300 km (channel 6) for 

the signal and 500 km for the source. The farthest northwest segment is panel #1 (Figure 

4.4 on the top left and Figure 4.5 in detail), and subsequent panels are numbered down to 

panel #8 (bottom right on Figure 4.4 but not examined in detail due to scarcity of data) at 

the southeast. In each of the panels, the x axis ascends from the southwest toward the 

northeast. The age is given relative to the age of the island, which is presumably when the 

plate was over the most active portion of the hotspot. Figure 4.4 shows the data stacked in 

each cross section (panels #1 through #8) from Figure 4.3. Further figures show each 

cross section alone for greater detail. The x-axis is the distance from the middle of the 

stacking bin to the central line, with the y-axis as depth. The central line (CL) is close to 

the trace of the chain of islands, but, due to the chain’s curvature, not all the islands lay 

on the central line. The program allows us to follow the curvature of the island line, but, 

to prevent the bins from becoming too irregularly shaped, we often decided to keep the 

line relatively straight. The stacking bins are 1° x 4°: that is 1° degree perpendicular to 

the CL and 4 ° parallel to the CL. Each bin will provide a single stacked trace gathered in 

images displayed perpendicular to the CL. All the stacked sections are shown on Figure 

4.4 separated by red lines. 
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Figure 4.3 – Map of bounce points processed at channel 6 (300 km beam radius) with a 1 Hz low pass 

filter and 80 iterations. Panels are produced perpendicular to the black profile line for each sector 

divided by light yellow lines. Each trace is produced using data from squares shown by data of 

alternating color. 
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Figure 4.4 – Comparison of panels #1 through #8. The upper panels correspond to #1 through #4 from 

left to right; the lower section has panels #5 to #8 from left to right. The x-axis is depth in kilometers, 

and the y-axis is distance in degrees from the central line. 
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Figure 4.5 – Detail of Panel #1. 
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 Panel #1 (Figure 4.5 and top far left in Figure 4.4) shows a segment of the track 

which passed over the hotspot between ~20 to ~12.3 mya (ages are by K-Ar dating on 

basalt). This implies the age of these islands ranges by 8 million years over the 4° 

spanned by the stacking cell. The island chain and, presumably, the paleo-hotspot (the 

location of the hotspot beneath the island during the 12 to 20 mya period) fell between -

0° and -2° with respect to the profile (x-axis) for this segment. The secondary (red) x-axis 

lists traces with respect to distance from the island chain. The data coverage is very good 

to the north but a little sporadic nearest the chain, which is reflected by the weakening of 

the P410P phase. The bounce points are less dense to the south (corresponding to the 

negative traces) than in the north but, considering the coherence in the stack, are from a 

region with more uniform mantle structure near the island (paleo-hotspot). There are 

strong negative arrivals between 25 and 60 km depth shown in the south around 6˚ 

southwest of the island chain (Figure 4.5, LVZ-1). Moving north, these two, distinct 

horizons appear to merge at 55 km depth, 2˚ southwest of the islands, but the LVZ again 

appears at 25 km and 70 km when approaching the islands. Even farther north, a negative 

arrival at ~45 km depth is present, which may or may not be associated with the arrivals 

near this depth in the south (Figure 4.5, LVZ-2). From 2˚ south through the chain to 1˚ 

north, positive arrivals are strong between ~65 km and 100 km depth the base of which 

appears to shallow to ~75 km to the north (Figure 4.5, HVZ). Several (~3 each trace) 

negative arrivals appear between 120 km and 145 km for the traces 6˚ through 1˚ 

southwest of the chain, with similar, shallower arrivals (between 115 km and 135 km) on 

the southern island trace (0S; Figure 4.5, A). Moving northeast of the chain, negative 

arrivals are much fewer and weaker than in the southwest area. Strong positive arrivals 
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occur in the south between 150 km and 160 km that seem to change to weaker, shallower 

arrivals (~140 km) north of the islands (Figure 4.5, B). At 3˚ northeast of the island chain, 

negative arrivals appear between 160 km and 190 km, with the strongest arrival at 180 

km, but this range narrows toward the islands (Figure 4.5, C). As the amplitude 

diminishes, the last perceptible appearance of this negative phase is at 2˚ south of the 

islands at ~180 km. This trend abruptly breaks from the traces at 4˚ and 5˚ north. From 5˚ 

south to 3˚ north, a positive arrival is present ~220 km in the south that is shallower 

(~210 km) north of the island chain (Figure 4.5, D). Deeper than this until the P410P, 

there are few clear horizons, with the exception of a positive one at ~325 km on the 

northern hotspot trace slightly shallowing north to ~320 km at 4° north (Figure 4.5, E). 

The positive arrival that corresponds to the P410P is fairly consistent, arriving between 

420 km and 430 km in each trace of the area (Figure 4.5, P410P). 

 In panel #2 (Figure 4.6 and top center left in Figure 4.4), there are again fewer 

bounce points around the island area than in the surrounding oceanic sections but more 

than enough for examination. The age range for the hotspot islands is ~12.3 to ~10.3 mya 

for this area. The island chain is now primarily on -0.5° of the x-axis. Many of the 

aforementioned horizons in panel #1 and the control panel remain but are changed in 

intensity. From 6° to 1° south of the hotspot, many negative arrivals appear between ~20 

km and ~70 km depth, but these vanish at the island, with no comparable negative 

arrivals above 100 km depth at the island chain and the northern part of the profile 

(Figure 4.6, LVZ-1). However, there are some with weak negative arrivals to the north 

around 25 km and 50 km, the latter of which may be associated with C45N (Figure 4.6, 

LVZ-2). There is a large area of positive reflectivity with many arrivals between 75 km 
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and 100 km that is across the area and deeper (to ~115 km) in the south (Figure 4.6, 

HVZ). This area is much wider and much more prominent than the similar area in the 

previous panel. Deeper than this, arrivals are difficult to correlate into horizons until 

below 200 km. A clear, positive reflectivity area appears in the south between 205 km 

and 225 km (Figure 4.6, D), similar to the previous pane (Figure 4.5, D). Also of note, the 

P410P arrival is similar to that in panel #1, undulating in between 420 km and 430 km 

depth (Figure 4.6, P410P). The P370P is not present in this section. 
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Figure 4.6 – Detail of Panel #2. 
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 The hotspot caused volcanism in the area shown in panel #3 (Figure 4.7 and top 

center right in Figure 4.4) from ~10.3 to ~5.1 mya. Two traces contain data from directly 

beneath the island chain (traces 0N and 0S on Figure 4.8). The number of bounce points 

is significantly less on the traces 4˚, 5˚, and 6˚ north and 5˚ and 6˚ south of the island 

chain than the traces between them (seen on Figure 4.3). The negative arrivals in the 

south from 20 km to 70 km (Figure 4.7, LVZ-1) are much greater in amplitude than on 

previous images for the older islands region. Again, the negative reflectivity disappears at 

the island chain, with a single horizon starting at 60 km on the islands and shallowing to 

the north. This splits into two horizons (~50 km and ~25 km; Figure 4.7, LVZ-2) to the 

north, which is similar to the previous section and the negative 45 km deep horizon on 

the control group. As before, the area of the low-velocity zone inferred from the negative 

pulses in the south is much greater than in the north. There are many positive peaks 

between in an area of reflectivity from ~70 km to ~120 km (Figure 4.7, HVZ), which is a 

wider vertical range than in panel #2. In the south, the positive horizon deepens to ~150 

km just before the island chain. Negative reflectivity extends directly beneath the positive 

horizon by 20 km to 30 km (Figure 4.7, A). A large negative pulse is shown at ~190 km 

from 6° to 2° south of the islands, but the amplitude of these negative phases weaken 

when moving from south to north (Figure 4.7, F). Another negative area lays in the north 

between 220 km to 240 km (Figure 4.7, G). This is somewhat hard to be certain of in the 

control stack, but may be a deepened C215N, a shallowed C260N, or both. There is a 

clear negative horizon at ~375 km (Figure 4.7, H). The amplitude and continuity of 

P410P is stronger and more coherent than in the preceding stacks, appearing strongly and 

consistently at just below 425 km (Figure 4.7, P410P), which implies that these data have 
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sufficient signal (assuming that we can use the quality of the P410P phase as an indicator 

of the quality of the overall data). The red area on Figure 4.7 and subsequent stacks 

highlights the region where horizons are most disrupted. 
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Figure 4.7 – Detail of Panel #3. 
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 In panel #4 (Figure 4.8 and top far right in Figure 4.4), most traces had ample 

bounce points for data, but only a handful of bounce points were used to construct the 

traces 3˚ and 4˚ north of the island chain. This profile images the mantle in an area 

perpendicular to the islands with ages of ~5 to ~0.75 mya. The area of negative 

reflectivity seen previously remains but spreads and deepens more (to ~70 km) in the 

north here (Figure 4.8, LVZ). The positive reflection beneath the negative area also 

recurs (Figure 4.8, HVZ). This positive horizon is not as deep as the previous section, the 

base arriving at ~110 km here, and is much weaker in the south than the north. The 

positive phase here is much deeper beneath the islands, to as low as 150 km. This is also 

much deeper than on previous sections from the old island areas. Many previous arrivals 

and horizons in the mantle are simply gone, with some traces having nearly no mantle 

activity, as illustrated in the disrupted region (Figure 4.8, red zone). In the south, there is 

a negative horizon at ~245 km (Figure 4.8, G), which, again, may be a related to the 

C215N or C260N. A southern section of negative arrivals between 305 km and 335 km 

shallows to the north (Figure 4.8, I) and may be related to the C320N. The P410P is again 

deep, consistently appearing around 425 km depth (Figure 4.8, P410P).  

  



Texas Tech University, Kenneth DeWitt Rogers III, August 2013 

53 

  

Figure 4.8 – Detail of Panel #4. 
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 As with the previous profile, panel #5 (Figure 4.9 and bottom far left in Figure 

4.4) has very good data coverage with the exception of the far edges past 1˚ north and 7˚ 

south of the islands. Again, two traces are directly beneath the island chain (Figure 4.9, 

0S and 0N). The profile is perpendicular to the Big Island of Hawaii, which is the 

youngest island of the chain and is presumably still fed by the hot spot. The strong 

negative area of reflectivity (Figure 4.9, LVZ) starts in the south much thinner than 

previously at ~45 km but becomes wider to between ~30 km and ~65 km at 6° south, 

similar to previous profiles. The section thins slightly to the north and abruptly ceases on 

the profile north of the hotspot. Unlike previous stacks, we do not have the data in the 

north to compare it to the southern area. A strong positive arrival appears ~90 km, with 

only occasional, weak arrivals spreading up and down to ~75 km to ~110 km (Figure 4.9, 

HVZ). This contrasts previously strong, widespread positive reflections in this area. 

However, beneath the island chain, there is a much larger positive reflection, spreading 

from ~70 km to ~125 km. There are negative horizons at ~120 km (Figure 4.9, A-1) and 

~140 km (Figure 4.9, A-2) in the south that seem to collapse to a single horizon at 135 

km at around 3° south of the island. A positive horizon at ~225 km (Figure 4.9, D) is 

close to the control area’s C230P. There is a clear negative arrival ~250 km running 

throughout most of the area (Figure 4.9, G), which weakens and seems to shallow in the 

north, correlating well with the previous panel’s negative area at ~245 km (Figure 4.8, G). 

In the south, a short horizon shallows from 8° to 6° south over ~350 km to ~335 km 

(Figure 4.9, I). Just deeper, at ~360 km, a weaker negative horizon spans 6° south of the 

islands throughout the north (Figure 4.9, H). The P410P is still deep and consistent 

(Figure 4.9, P410P).  
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Figure 4.9 – Detail of Panel #5. 
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 Additional panels show data from areas farther past the final island in the chain to 

regions that will presumably be the site of the next island. Traces will be referenced by 

how they were processed (in relation to the central line, CL) rather than in relation to the 

island chain (as in previous panels). 

 In panel #6 (Figure 4.10 and bottom center left in Figure 4.4), the multitude of 

strong arrivals above 100 km causes ambiguity, such that it is hard to pick horizons. 

There is a small group of negative arrivals from ~13 km to ~40 km on 4.5° through 2.5° 

south of the CL. These negative arrivals interrupt a positive horizon at ~30 km, present 

through the rest of the stack and possibly in the control group at ~35 km. The area from 

~40 km to ~85 km is dominated by strong negative arrivals (Figure 4.10, LVZ), although 

there is a positive horizon at ~57 km cutting through these negative phases the north, 

beginning at 2.5° south of the CL. There is an area of positive reflectivity between ~90 

km and ~115 km (Figure 4.10, HVZ), with a negative horizon just beneath (Figure 4.10, 

A), possibly indicating a depressed LAB. The negative horizon extends to a larger region 

of 115 km to 140 km depth near the CL. There is also a positive horizon ~8 km (Figure 

4.10, B) beneath the negative section, depressing when the negative section expands 

beneath the CL. The mantle area has strong disruption (Figure 4.10, red zone), seemingly 

greatest at 6.5° and 5.5° south of the CL, making it difficult to choose horizons. 
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Figure 4.10 – Detail of Panel #6. 
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 Data is again more abundant in the southern half of panel #7 (Figure 4.11 and 

bottom center right in Figure 4.4), such that traces north of 2.5˚ south of the CL may be 

less reliable than the more southern traces. Peaks above 100 km are much more 

discernible than in the previous panel. From 5.5° to 1.5° south of the central line, a 

negative phase at ~15 km depth breaks through positive arrivals at 3.5° south to a clear 

negative horizon at ~45 km (Figure 4.11, LVZ). The horizon at ~45 km depth does not 

appear at all to the north of 1.5° south of the central line. An area of strong negative 

reflectivity is observed between ~60 km to ~80 km depth (Figure 4.11, LVZ). This area 

seems to deepen between 5.5° and 1.5° south and then becomes unstable to the north. At 

depths greater than 100km, there are few coherent horizons. There may be a negative 

horizon ~115 km (Figure 4.11, A), which may correspond to the LAB, but disruptions 

make it hard to tell how clear the horizon really is. Negative reflectivity occurs between 

~160 km and ~180 km, primarily to the south (Figure 4.11, C), and is similar to an area in 

panel #1 (Figure 4.5, C). There are deeper strong arrivals (Figure 4.11, H and J), but they 

are disrupted and do not cross the profile (Figure 4.11, red zone). There is also significant 

disruption beginning with 1˚ north, but this is likely due to these traces being constructed 

with far fewer bounce points than the rest of the traces in this panel. 
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Figure 4.11 – Detail of Panel #7. 
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Chapter 5  

Discussion and Conclusions 

5.1 Discussion 

 On the control area in Figure 4.2, the negative horizon at 85 km would be 

consistent with the top of the low velocity layer associated with the lithosphere-

asthenosphere boundary (LAB). A positive horizon at C105P may be consistent with the 

base of the low velocity layer, but a pair of negative horizons of C130N and C150N may 

indicate a more complicated LAB. These may be reflective of partial melt or 

metamorphism due to shearing, similar to the shear zone between lithosphere and 

asthenosphere identified by Ihinger (1995). This is also consistent with the highly 

anisotropic layer observed between 100 and 200 km depth (Fischer et al. 2010). The 

negative horizon C215N may be indicative base of this shear layer or may be the result of 

partial melt as generally expected for the 200 km discontinuity. There is little precedent 

for the layers between C215N and P410P, which alternate between negative and positive, 

as many transitions and discontinuities in the mantle rarely image sharply and are 

considered over much wider ranges (Anderson 1989, 348-349). These all may be similar 

shear zones, caused by changes in mantle flow velocity (although, not necessarily 

direction). The strength of the P410P gives some validity to the other horizons, but the 

depth of the 410 (being 15 km deeper than expected) implies that the area is still fairly 

hot. The fact that the this area is hot makes it possible that the observed positive pulse at 

~370 km is the result of shallowing of the hypothesized phase change of orthopyroxene 

to majorite (Anderson 1989, 342-353), expected to be at an average depth of 390 km, as 

this phase change is endothermic (Simmons and Gurrola 2000).  
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 The discussion of the upper mantle discontinuities in the Hawaiian island region 

will be considered different regions of the mantle by the age of the islands divided into 

the older islands (> 1 mya), current island (the area around the big island) and the region 

where the we expect the next island will arise. Stacks representing these are given and 

illustrated in this chapter with Figure 5.1 (old; panel #3; ~10.5-5.1 mya), Figure 5.2 

(current; panel #5; ~0.75 mya to present), and Figure 5.3 (future; panel #7). These will be 

used to illustrate the lithosphere, the LAB, and the region between the Lab and the 410 

km discontinuity. The relation to the control section will be noted when applicable. 

 The lithosphere of the Hawaiian island chain is filled with groups of low velocity 

layers followed by groups of high velocities beneath them (L-1 and L-2, respectively, on 

Figures 5.1, 5.2, and 5.3). These features are not present in the control profile, we believe 

these features are the result of the hot spot and are the main cause for the bathymetric 

swell around the Hawaiian island chain. The Hawaiian swell, of between 800 m and 1 km 

higher than normal, affects an area more than 1000 km wide (perpendicular to the chain) 

and around 3000 km along the chain (Morgan, Morgan, and Price 1995; Cadio et al. 

2012). This swell is believed to be due to isostatic compensation of a large amount of 

partial melt in the area (White and Mckenzie 1989). Therefore, the low velocity layers we 

find beneath Hawaii are presumed to be mantle material containing partial melt. If the 

melt persists today, then the negative pulse could be generated by the velocity inversion 

at the top of the melt zone, as the melt region would have a low velocity compared to the 

older mantle (due to the melt’s lower density). If the base of the melt zone is sharp and 

not gradational, there would also be a positive pulse off the bottom. Alternately, if the 

melt no longer exists, fractionation within the region of partial melt can cause iron rich 
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material to sink over time and produce a higher velocity layer at the bottom, which, when 

cooled, would have a higher velocity than the mantle below, resulting in a negative pulse. 

If sharp enough, the boundary between the lower layer and the upper depleted layer may 

produce positive reflections, whereas the depleted upper part of the chamber will produce 

negative reflections at the roof as a result of the velocity inversion. This may result in a 

pattern of two negative pulses with a positive pulse in the middle. Our stacks consistently 

show the volume of this melt area is far greater to the south of the island chain than in the 

north. This low velocity complex beneath Hawaii, including its greater volume in the 

south, has also been imaged by Wolfe (et al. 2009) using SKS phases. The lithosphere of 

the older-island region and current-island sections also contains an additional important 

feature of a very deep complex of layers of positive pulses directly beneath the islands 

(seen most clearly on Figure 5.2, in L-3). This is assumed to be caused by the overburden 

of the building island pushing down, but the extent of depth (up to 150 km deep at the 

current island) makes this seem insufficient. In the case of the older islands, this layering 

seems to only extend ~50 km deep and may be attributable to a deep Moho due to the 

presence of the island. However, beneath the current island, this layering seems to extend 

to 150 km. There may be something similar to delamination at the root subsequently 

being filled by magma, which cools and also delaminates. This repeating process results 

in layers of delaminating volcanic material extending 150 km deep. However, further 

study of this is suggested. This area will usually be referred to as “island-underplating”. 

 The island-underplating is shown beneath the older-islands building (Figure 5.1) 

as the positive, shallow reflectivity from ~0.5° to ~3.5°. Directly beneath it is partial melt 

material (L-2, which arrives shallower in the south in Figure 5.1) followed by a deeper 
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positive anomaly (L-3). In all the profiles, the majority of the negative reflectivity is to 

the southwest of the island chain. Underplating appears to be focused beneath and to the 

north of the island chain. It appears the melt material has been deflected southwest as it 

rose to shallower depths. We speculate that the northward motion of the plate results in 

more underplating to the north, becoming a partial barrier to migration of melt to the 

north. This barrier may deflect the melt to the south. The lithosphere beneath the current 

volcanic island (Figure 5.2) has similar structure, but the island-underplating, melt 

material, and lower underplating are not as clearly differentiated directly beneath the Big 

Island. Island-underplating (L-1 on Figure 5.2) pushes deeper and does not spread as far 

away from the chain as in stacks from areas perpendicular to the older islands. The melt 

area from the current island (L-2) does seem to be concentrated in the south while 

diminishing to the north, but a lack of data makes the quantity of melt to the north of the 

chain unknown. The deeper underplating extends to ~110 km in this area (L3) but is 

deeper (~125 km) directly beneath the Big Island. In Figure 5.2, the underplating seems 

to even obscure the LAB. Layering is also absent in the melt region (Figure 5.2, L-2). 

Lithosphere southeast of the islands (shown in Figure 5.3, stacking data from 400 to 800 

km southeast of the youngest of the Hawaiian island) has much more distinct layering 

than at the Big Island. Negative velocity melt areas (L-2 and A-1) are separated very 

clearly at ~60 km (L-2) and ~100 km depths. The shallowest melt material was 

previously at a depth of ~40 km, but, in Figure 5.3, melt seems to push up into possibly 

crustal depth to the south of our trend line, at ~ -3˚ (contained within the L-1 layer). The 

current trend line was drawn along the axis of the entire island chain; however, the most 

recent island (of Figure 5.2) is south of this line. Figure 5.3 also shows that melt material 
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diminishes significantly past -1.5°, which indicated island building directly above in 

previous stacks. This is still south of our trend line, and would support the island chain 

drifting south, as advocated by Ihinger (1995), Cox (1999), and Wessel and Kroenke 

(2007). Having two possible points for volcanic activity (on Figure 5.3, -3° and -1.5°) 

also supports the idea of Hawaii having two volcanic island tracks, with depression in 

between (Ihinger 1995; Bercovici and Lin 1996; Cox 1999). This model has the 

southwest volcano track as the older one with the northeast track starting ~300 km behind 

the southeast edge of the Big Island. Melt is pushed further northeast, and around the 

island chain root in the asthenosphere to contribute to the northeast track.  

 There is a possibility that the weight of the older island chain pressing down on 

the lithosphere causes downwarping and stretching in the lithosphere. This pressure may 

produce a crack through the lithosphere that will propagate along the axis of the island 

chain, out in front of the island chain. The fracture could become the conduit for rising 

magma and determine the location of the next island, rather than arising where the 

magma is most abundant. It may also serve as a barrier that prevents magma from 

migrating to the north. However, a new fracture, corresponding to the northern volcanic 

trend, seems to be allowing some excess magma to be channeled north. 

 The LAB is sometimes difficult to image in hot areas (such as S-to-P imaging in 

Rychert et al. 2012) but should be indicated by a low velocity discontinuity at the top of 

the boundary (Fischer et al. 2010) that should be present in our stacks due to the 

enhanced frequency content. The LAB appears to arrive as a flat layer at ~85 km in the 

control area (Figure 4.11). The island chain seems to shift this boundary to ~100 km 

(within L-3 on Figures 5.1 and 5.2) or deeper (between L-3 and A-1 on Figures 5.1, 5.2, 
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and 5.3). The LAB directly beneath the island may be hard to detect, since underplating 

material extends to depths greater than the boundary, as in Figures 5.1 and 5.2, or the 

LAB may be close to partial melt, which seems to be the case in Figure 5.3.  

 The asthenosphere between the 200 and 400 km depths beneath the island chain 

also appears to be disrupted by hot spot activity. In Figure 4.11, which is an area about 

1500 km from the island chain, the mantle has alternating positive and negative layers 

between 200 and 400 km. Additionally, areas that have passed over the hotspot show a 

high velocity layer directly beneath the LAB, which may be the base of the previously 

mentioned shear zone between lithosphere and asthenosphere (Ihinger 1995). Areas near 

the island chain show an absence or disruption of layering in the 200 km to 400 km 

interval. For example, Figure 5.1 (which is ~8˚ away from the Big Island) shows fewer 

arrivals (e.g. A-1, A-3, and A-6) and depressed or uplifted horizons (e.g. A-2, A-6, and 

A-8) near the island chain which had appeared flat away from the chain in Figure 4.11. 

The mantle directly beneath the most recent island (Figure 5.2) has even a greater degree 

of disruption in layering and more deformed horizons than mantle beneath the older 

islands (A-2 and A-3). Layer disruption is slightly more southwest with depth (A-4, A-5, 

A-6, A-7, and A-8), possibly indicating some tilt in the concentration of the plume, as 

contended by Wolfe (et al. 2009). The degree of disruption or absence of layering in the 

mantle to the southeast of the Big Island (Figure 5.3) is greater than in other regions. This 

may be evidence of a greater degree of partial melt and upward flow south of the Big 

Island. Additionally, there is a lens marked by positive arrivals extending to around 30 

km above the P410P at the current volcanic island and extending back on the chain to at 

least 12˚ (A-8 on Figures 5.1 and 5.2). It does not appear past the islands (A-8 on Figure 
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5.3). Figure 5.3 also shows partial melt throughout the area from 100 km to 200 km depth, 

then fairly strong layering, and a near complete absence of layering at depths beneath 250 

km. This and the P410P lens indicate a widening plume with depth.  

 Absence of mantle layering beneath the islands cannot be attributed to 

deconvolution errors due to incorrect source function estimation, because the P410P is 

sharp and uncomplicated, with no change in character from the areas in question. 

Therefore, we must conclude that this layering is disrupted by the hot spot. Since there 

are no known phase changes to explain the observed layering between the 100 and 300 

km depth in the control section, we suggest that they are the results of shear zones in the 

mantle, where the mantle flows much faster between semi rigid layers (Figure 5.4). If 

these zones of extreme shear are accompanied by partial melt (due to internal friction), 

they would result in low velocity layers that may cause positive pulses at their bases and 

a negative pulses at the tops. This may be shallow lenses of shearing. Fischer et al. (2010) 

showed a velocity model that had a significant amount of anisotropy between the LAB 

and just over 200 km depth. This is consistent with our observation that the greatest 

amount of layering is between 95 and 200 km. However, if the horizons deeper than 200 

km are also the result of shearing, we might expect anisotropy to be present there also. 

For these depths, changes in mineralogy or partial melt may be better models. Perhaps at 

the shallower depths, the shearing only resulted in strain but, at greater depths, shearing 

provided sufficient frictional heat to cause partial melt which could eliminated anisotropy. 

 Regardless of the source of the boundaries, we believe that upward flow near the 

hot spot may cause the boundaries to be disrupted and interfere with our ability to image 

them. Alternately, heat from the hotspot may cause a lower viscosity throughout the 
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region, allowing more material to flow freely rather than being sequestered between 

flows. Some layering appears to be week and at least partially interrupted but present in 

Figure 5.1, the cross section where the island is 10 mya. This layering is completely 

disrupted beneath the Big Island of Hawaii and to the south, where the next island will 

presumably rise, and the plume should be most active. This has the appearance that, as 

older islands progress further from the hotspot, the mantle layering is slowly 

reestablishing itself. This would imply that the entire mantle above the 410 km 

discontinuity is flowing to the northwest with the lithosphere, and may support the idea 

that the P410P is a chemical boundary as well as phase change, with a convection cell 

between it and the lithosphere. The reflections in the 200 to 300 km interval may indicate 

the flow or partial melt induced by flow friction.  

 A separate interpretation would be that, rather than mantle flowing, the plume 

footprint at the P410P extends by ~1000 km from the Big Island both to the northwest 

and southeast. The greatest flow rate would be to the south with diminishing flow to the 

NW where the layers are recovering. This footprint shows greater disruption of layers at 

greater depths, implying a broad plume which narrows as it rises. Tomographic imaging 

of the Hawaiian plume by Lei and Zhao (2005) show a very wide plume beneath Hawaii 

that could have a 1000 km to 2000 km foot print at the 410 km depth. 

 In summary, the majority of melt in the Hawaiian Island area is to the south of the 

chain. When migrating toward the north, melt fills and pushes open a fracture in the 

lithosphere, giving rise to and directing the island chain. In addition to the fracture, melt 

tends to be prevented from moving farther north due to the root of the overlying island. In 

spite of this, recent melt material has migrated north and filled a new crack on the 
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northern side of the chain, creating a somewhat parallel volcanic track. In asthenosphere 

with limited hotspot interaction, horizons frequently alternate between negative and 

positive. If these are the top and bottom of shear layers, decompressed between changing 

speeds of mantle flow above and beneath, their absence at the hotspot can be attributed to 

both melt pushing through them and heat causing a drop in viscosity, which allows the 

mantle to flow more freely. 
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Figure 5.1 – Panel #3, in distance (degrees from CL, x-axis) and depth (km; y-axis), with possible 

horizons and regions of interest sketched. The map of the area is in upper right, with data for the panel 

highlighted. This area has already finished island building and is ~8˚ away from the current.  

 

The dense group of negative arrivals to the south (left) drops drastically from 25 km and above to below 

50 km depth at the hotspot and to the north.  

 

Horizons are difficult to correlate near the area beneath the island chain. The positive horizon crossing 

350 km was clearer in higher iterations but was still not coherent around 0˚. 
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Figure 5.2 – Panel #5, in distance (degrees from CL, x-axis) and depth (km; y-axis), with possible 

horizons and regions of interest sketched. The map of the area is in upper right, with data for the panel 

highlighted. This area contains the current volcanic island. 

 

Again, the shallow negative cluster seems to drop off near the hotspot, but the lack of data to the north 

makes this less striking than in Figure 5.1.  

 

The positive horizons at 300 km and crossing 350 km are of interest, as they do not show up at -2.5° 

and -3.5°. This may indicate a mantle plume originating to the south of the island. This does not seem to 

be due to iteration problems. 

L-3 

L-2 

L-1 

A-1 

A-2 

A-3 

A-6 

A-7 

A-8 

A-5 A-5 

A-4 



Texas Tech University, Kenneth DeWitt Rogers III, August 2013 

71 

 

 

 

 

 

 

 

 

Figure 5.3 – Panel #7, in distance (degrees from CL, x-axis) and depth (km; y-axis), with possible 

horizons and regions of interest sketched. The map of the area is in upper right, with data for the panel 

highlighted. This area is ~8˚ in front of the current volcanic island and should show any hotspot effect 

before island building begins. 

 

Scarcity of data makes it hard to be confident above around -2.5°, but there does seem to be some 

consistency in the northern area, specifically in the shallower sections. The direction of the island chain 

may be implied by the very shallow (<25 km) partial melt material intruding between -3˚ and -4˚ or the 

shallow (<50 km) negative section fading out near -1.5° or -2.5°. 

 

Layering is more consistent in the upper asthenosphere, but there are some clear gaps in the southern 

section deeper than 250 km. 
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Figure 5.4 – Cartoon illustrating a mantle model with layering due to shear zones. Arrows indicate rate 

of motion in the mantle. This cartoon does not represent actual flow rates and is not to scale. 
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5.2 Major Conclusions 

 The weight of the islands causes subsurface cracks along either side of the island 

chain. These cracks seem to propagate in advance of the island chain and become 

conduits through which magma flows to the surface. 

 The hotspot seems more active to the southwest of the island chain and root of the 

islands tends to block the majority of magma from moving northeast. This is 

supported by the observed large volume of low velocity layers to the southwest and 

only a small volume of low velocity in the northeast. 

 In addition to the expected LAB and 410 km discontinuities, we also observe several 

positively and negatively polarized horizons in the upper mantle.  We believe these 

additional horizons, with the exception of the 370 that we attribute to be the 

hypothesized orthopyroxene to majorite phase change, are the result of shearing due 

to sharp changes in mantle flow rates along zones of critical failure in strength. 

 In the Hawaiian area, the upper mantle layers that were regionally coherent in our 

control profile are severely disrupted. The disruption is most severe directly beneath 

younger islands, with the layering seemly present on the edges of the profiles. We 

hypothesize that either the upward flow of material related to the plume disrupts the 

layering and/or heat from the plume may reduce the strength of the upper mantle, 

facilitating flow. As a result, layering that is the result of zones of critical failure in a 

more ridged mantle are eliminated and replaced by a more uniform or gradational top 

to bottom flow. 
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 In the upper mantle of the Hawaiian area, the plume seems to have a much wider base 

at the 410 km discontinuity, which narrows toward the lithosphere.  
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Appendix A 

Mathematical Processes 

A.1 Frequency Filtering 

 To understand filtering, it is best to be familiar with Fourier transforms first. 

Fourier transforms take a function or series from the time domain to frequency domain. 

The continuous transform and inverse transform are: 

        

with t as time, z as amplitude, f(t) as the function dependent on time, and F(z) as the 

Fourier transformed function dependent on amplitude. When dealing with a discrete 

number of points, the transform become a summation rather than an integral. This is 

further simplified when computing by the algorithm method of Cooley and Turkey 

(1965) called Fast Fourier Transform (FFT). Just as the time domain was time 

progressive, frequency domain will list the data lined up in order of frequency from 

lowest to highest. 

 Once taken from amplitude-time space to amplitude-frequency domain, the 

frequencies that are considered not useful are simply multiplied by zero. While this is 

sometimes applied to a single frequency, it is most often applied to a range. Eliminating 

all frequencies above a chosen frequency is a low-pass (or high cut) filter, while, 

similarly, eliminating all below a chosen frequency is a high-pass filter. Band-pass filters 

taper highest and lowest frequencies out and leave a middle band of frequencies. These 

filters are typically just a line of ones (where frequencies are kept) and zeroes (where 

eliminated) of the same length of the data, and simply multiplied across. 
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 Our frequency filters are not as simple as the ones listed in Figure A.1. Filtering is 

actually performed with a Gaussian function (Figure A.2). The processing steps are the 

same (FFT, multiplication by the filter function, and inverse FFT), but, by using a 

Gaussian function instead of a simpler filter function, the amplitude phase (the energy 

concentration; basically, how the amplitude’s peak energy spreads) will not be shifted or 

altered in any way. Data typically starts at minimum phase (energy focused at the 

beginning of the arrival) but is changed to zero phase (energy concentrated in the middle, 

which is desired) by the deconvolution. In addition to filtering at the beginning, we can 

filter at the end of processing to clean any noise contributions to undesired frequencies. 

 

  

Figure A.2 – An example of a Gaussian function. Amplitude phase of data will not be shifted if this 

type of function is used in filtering data. 

Figure A.1 – Frequency filters. Low pass filters, like the one at left, remove higher frequencies in 

Fourier space. High pass filters (center) cut lower frequencies. If a filter only keeps a certain segment 

while cutting lower and higher frequencies, it is a band pass filter, similar to the filter on the right. 
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A.2 Convolution and Cross Correlation 

 A common definition for the result of a cross correlation is that it is a function (i.e. 

a line) or series showing the similarities of two other functions or series. The result of a 

convolution is typically not so simply defined. However, one naturally occurring case of 

convolution is the data recorded by seismometers. This data is the result of a source 

(something that causes a wavefront to travel through the earth, such as an earth quake) 

being convolved by the earth response (which, expressed as a function, is a train of the 

impulses caused by impedance contrasts, such as P and its reverberations and P-to-S or S-

to-P conversions).  

The operation for convolution is:  

 

and cross correlation is:  

 

These can be discretized by using a series of numbers instead of lines and, as is usual, a 

summation instead of integration when processing. The opperations become: 

     and      

A way to visualize either operation is as the sliding of one function over the other. The 

difference between them is that convolution will flip one of the functions before sliding. 

(Additionally, cross correlation takes the complex conjugate of the first function, f*, 

which becomes useful when concerned with imaginary parts.) The operations measure 

area at each time when applied to continuous functions and measure the sum of the 
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product of points at the same time in discrete processing. It may seem counter intuitive, 

but convolution is associative, (A☆B)☆C = A☆(B☆C), and commutative, A☆B = A☆

B, while cross correlation is not. This is because flipping one of the two functions causes 

them to collide with the same relative motion toward each other. Because of this, it 

doesn’t matter which of the two is flipped. 

  

Figure A.3 – Cartoon illustrating steps for convolution. The original functions, f(t) and g(t), are shown 

at top right and labeled with the relative motion during the operation. The convolution operation will 

cause the functions to collide in the same relative motion, such that it does not matter which function is 

convolved with which. The result of each step is shown as a green circle in the final result at right. 

Figure A.4 – Cartoon illustrating steps for cross correlation. The original functions, f(t) and g(t), are 

shown at top right and labeled with the relative motion during the operation. Unlike convolution, 

relative direction is different and the order of operation matters. The result of each step is shown as a 

green circle in the final result at right. 
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A.3 Correlation Coefficients 

 A correlation coefficient gives a measure of similar two waveforms or sample sets 

are as a single, overall fraction (between 1 and 0). The traditional calculation uses 

normalized covariance on data samples X and Y: 

        

             
 

where                             ,                , and      is the 

expected value or mean of X. This is the statistical method to find a correlation 

coefficient, but a shortcut is used for faster processing. If a cross correlation of two data 

sets is taken, the zero-lag value (where one wave becomes exactly superimposed on 

another while sliding) will be the covariance value. That is: 

                           

When computing correlation coefficients, this then becomes simply taking the zero lag 

cross correlation values of the two waveforms with each other and with themselves (the 

autocorrelation; for use in the denominator). The coefficient ranges from maximum 

similarity equaling 1 for the exact same waveforms (as the numerator and denominator 

will match) to 0 for waves or sets that have no similarity. 
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Appendix B 

Supplementary Images 

 Data were processed in different ways to check validity and help visualize their 

implications. The data presented in “Chapter 3 Results” uses a 300 km beam radius, 1 Hz 

low pass filter, and 80 iterations, and is also shown here (Figures B.7 and B.8). When re-

processing, the initial line must still be redrawn with the current version of the program, 

but this variation should be minimal enough that it does not significantly affect results. 

However, each map with data line will be shown before the subsurface stacks (i.e. figures 

will be presented in related pairs). Figures B.1 through B.18 show data with different 

numbers of iterations taken in deconvolution (20, 40, 60, 80, 100, 120, 240, 360, and 500 

respective to each pair). The next four figures change beam radius to 120 km (channel 4) 

and 80 km (channel 3), but retain the original 80 iterations. Figures B.23 to B.28 allow 

more frequency content, changing the low pass filter to 4 Hz, 6 Hz, and 8 Hz. The data 

used were previously filtered at 8 Hz, meaning Figure B.27 illustrates all the frequency 

content available. The last two figures change both the beam radius (to 120 km) and the 

frequency content (using a 4 Hz low pass filter). 
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Figure B.1 – Map of data taken with 1 Hz low pass filter, 300 km beam radius, and 20 

iterations. 
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Figure B.2 – Profiles of data stacked from sections 1 through 8 on the previous map 

(Figure B.1) shown with 1 – 4 on top left to right, and 5 – 8 on bottom left to right. 

Again, data are 1 Hz low pass filter, 300 km beam radius, and 20 iterations. 

1 2 3 4 

5 6 7 8 
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Figure B.3 – Map of data taken with 1 Hz low pass filter, 300 km beam radius, and 40 

iterations. 
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Figure B.4 – Profiles of data stacked from sections 1 through 8 on the previous map 

(Figure B.3) shown with 1 – 4 on top left to right, and 5 – 8 on bottom left to right. 

Again, data are 1 Hz low pass filter, 300 km beam radius, and 40 iterations. 
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Figure B.5 – Map of data taken with 1 Hz low pass filter, 300 km beam radius, and 60 

iterations. 
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Figure B.6 – Profiles of data stacked from sections 1 through 8 on the previous map 

(Figure B.5) shown with 1 – 4 on top left to right, and 5 – 8 on bottom left to right. 

Again, data are 1 Hz low pass filter, 300 km beam radius, and 60 iterations. 
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Figure B.7 – Map of data taken with 1 Hz low pass filter, 300 km beam radius, and 80 

iterations. 
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Figure B.8 – Profiles of data stacked from sections 1 through 8 on the previous map 

(Figure B.7) shown with 1 – 4 on top left to right, and 5 – 8 on bottom left to right. 

Again, data is 1 Hz low pass filter, 300 km beam radius, and 80 iterations. 
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Figure B.9 – Map of data taken with 1 Hz low pass filter, 300 km beam radius, and 

100 iterations. 
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Figure B.10 – Profiles of data stacked from sections 1 through 8 on the previous map 

(Figure B.9) shown with 1 – 4 on top left to right, and 5 – 8 on bottom left to right. 

Again, data are 1 Hz low pass filter, 300 km beam radius, and 100 iterations. 

1 2 3 4 

5 6 7 8 



 Texas Tech University, Kenneth DeWitt Rogers III, August 2013 

 

97 

 

 

 

  

Figure B.11 – Map of data taken with 1 Hz low pass filter, 300 km beam radius, and 

120 iterations. 
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Figure B.12 – Profiles of data stacked from sections 1 through 8 on the previous map 

(Figure B.11) shown with 1 – 4 on top left to right, and 5 – 8 on bottom left to right. 

Again, data is 1 Hz low pass filter, 300 km beam radius, and 120 iterations. 
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Figure B.13 – Map of data taken with 1 Hz low pass filter, 300 km beam radius, and 

240 iterations. 
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Figure B.14 – Profiles of data stacked from sections 1 through 8 on the previous map 

(Figure B.13) shown with 1 – 4 on top left to right, and 5 – 8 on bottom left to right. 

Again, data is 1 Hz low pass filter, 300 km beam radius, and 240 iterations. 
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Figure B.15 – Map of data taken with 1 Hz low pass filter, 300 km beam radius, and 

360 iterations. 
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Figure B.16 – Profiles of data stacked from sections 1 through 8 on the previous map 

(Figure B.15) shown with 1 – 4 on top left to right, and 5 – 8 on bottom left to right. 

Again, data is 1 Hz low pass filter, 300 km beam radius, and 360 iterations. 
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Figure B.17 – Map of data taken with 1 Hz low pass filter, 300 km beam radius, and 

500 iterations. 
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Figure B.18 – Profiles of data stacked from sections 1 through 8 on the previous map 

(Figure B.17) shown with 1 – 4 on top left to right, and 5 – 8 on bottom left to right. 

Again, data is 1 Hz low pass filter, 300 km beam radius, and 500 iterations. 
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Figure B.19 – Map of data taken with 1 Hz low pass filter, 120 km beam radius, and 

80 iterations. 
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Figure B.20 – Profiles of data stacked from sections 1 through 8 on the previous map 

(Figure B.19) shown with 1 – 4 on top left to right, and 5 – 8 on bottom left to right. 

Again, data is 1 Hz low pass filter, 120 km beam radius, and 80 iterations. 
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Figure B.21 – Map of data taken with 1 Hz low pass filter, 80 km beam radius, and 80 

iterations. 
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Figure B.22 – Profiles of data stacked from sections 1 through 8 on the previous map 

(Figure B.21) shown with 1 – 4 on top left to right, and 5 – 8 on bottom left to right. 

Again, data is 1 Hz low pass filter, 80 km beam radius, and 80 iterations. 
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Figure B.23 – Map of data taken with 4 Hz low pass filter, 300 km beam radius, and 

80 iterations. 
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Figure B.24 – Profiles of data stacked from sections 1 through 8 on the previous map 

(Figure B.23) shown with 1 – 4 on top left to right, and 5 – 8 on bottom left to right. 

Again, data is 4 Hz low pass filter, 300 km beam radius, and 80 iterations. 
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Figure B.25 – Map of data taken with 6 Hz low pass filter, 300 km beam radius, and 

80 iterations. 
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Figure B.26 – Profiles of data stacked from sections 1 through 8 on the previous map 

(Figure B.25) shown with 1 – 4 on top left to right, and 5 – 8 on bottom left to right. 

Again, data is 6 Hz low pass filter, 300 km beam radius, and 80 iterations. 
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Figure B.27 – Map of data taken with 8 Hz low pass filter, 300 km beam radius, and 

80 iterations. 
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Figure B.28 – Profiles of data stacked from sections 1 through 8 on the previous map 

(Figure B.27) shown with 1 – 4 on top left to right, and 5 – 8 on bottom left to right. 

Again, data is 8 Hz low pass filter, 300 km beam radius, and 80 iterations. 
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Figure B.29 – Map of data taken with 4 Hz low pass filter, 120 km beam radius, and 

80 iterations. 
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Figure B.30 – Profiles of data stacked from sections 1 through 8 on the previous map 

(Figure B.29) shown with 1 – 4 on top left to right, and 5 – 8 on bottom left to right. 

Again, data is 4 Hz low pass filter, 120 km beam radius, and 80 iterations. 

1 2 3 4 

5 6 7 8 




