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ABSTRACT 

 

The core-mantle boundary (CMB) represents the largest absolute density contrast on our 

planet, and it is associated with significant heterogeneities.  The CMB structure focused on in 

this study are ultra-low velocity zones (ULVZs), laterally-varying, 5-50 km thick isolated 

patches seen in some locations just above the CMB that are associated with increased density 

and reduced seismic wave velocities.  The variable characteristics associated with ULVZs have 

led to many questions regarding their origins, but only about 17% of the CMB has been surveyed 

for the presence of ULVZs given limited seismic coverage of the lowermost mantle.  Therefore, 

investigations that sample the CMB with new geometries are critical to further our understanding 

of ULVZs and their potential connection to other deep Earth processes.  

The Transantarctic Mountains Northern Network (TAMNNET), a 15-station seismic 

array that was deployed in Antarctica from 2012-2015, provides a unique dataset to further study 

ULVZ structure with new and unique path geometry.  Core-reflected ScP phases recorded by 

TAMNNET well sample the CMB in the vicinity of New Zealand in the southwestern Pacific, 

providing coverage between an area to the northeast where ULVZ structure has been previously 

identified and another region to the south, where ULVZ evidence is inconclusive. This area is of 

particular interest because the data sample across the boundary of the Pacific Large Low Shear 

Velocity Province (LLSVP).   The Weddell Sea region near Antarctica is also well sampled in 

this study, providing new information on this area that has not been previously studied. By 

identifying and modeling energy associated with the ScP waveform, new portions of the CMB 

have been explored and evidence for ULVZs in both regions has been found.  A correlative 
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scheme between 1-D synthetic seismograms and observed data demonstrate that ULVZs are 

required in the study regions, but modeling uncertainties limit the ability to definitively define 

ULVZ characteristics.  Given that ULVZs are detected within, along the edge of, and far from 

the Pacific LLSVP, the results support the hypothesis that ULVZs are compositionally distinct 

from the surrounding mantle, and thus may be ubiquitous along the CMB; however, they may be 

thinner than can be resolved by seismic detection in some locations.  Mantle convection currents 

may sweep the ULVZs into thicker piles in some areas and may push these anomalies toward the 

boundaries of LLSVPs. 
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1.0 INTRODUCTION 

The solid silicate mantle and the liquid iron-nickel outer core meet at the core-mantle 

boundary (CMB), which represents the largest absolute density contrast in our planet. Many 

investigations have documented that thermal and compositional heterogeneities exist along the 

mantle-side of this boundary (e.g. Knittle and Jeanloz, 1991; Garnero, 2000; McNamara et al., 

2010; Jensen et al., 2013; Brown et al., 2015), with seismological studies providing the most 

detailed information. 

Along some portions of the CMB, structural heterogeneities identified as ultra-low 

velocity zones (ULVZs) have been detected.  These laterally-varying structures, with thicknesses 

on the order of tens of kilometers, are present in some locations just above the CMB (e.g., 

Garnero, 2000; Rost and Revenaugh, 2003; Rondenay and Fischer, 2003; Thorne and Garnero, 

2004; Avants et al., 2006; Rost et al., 2010a, Jensen et al., 2013; Brown et al., 2015). Many 

different seismic phases have been used to investigate the lowermost mantle (see Section 2.1), 

and it has been suggested that ULVZs are associated with S-wave velocity (VS) reductions from 

~7-50%, P-wave velocity (VP) reductions as high as 40%, and density increases of up to 20%,  

(e.g., Mori and Helmberger, 1995; Rondenay and Fischer, 2003; Koper and Pyle, 2004; Rost et 

al., 2005; Avants et al., 2006; Hutko et al., 200w9; Idehara, 2011; Brown et al., 2015). However, 

ULVZ properties vary among different studies, making determination of the source of these 

anomalous structures challenging (see Section 2.2.2). However, only ~17% of the CMB has 

currently been surveyed for the presence of ULVZs, given limited seismic coverage of the 
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lowermost mantle, and investigations with new geometries are required to further constrain the 

origins of this anomalous structure (Yu and Garnero, 2018).  

This thesis investigates the presence or absence of ULVZ structure along previously 

unmapped sections of the CMB using core-reflections recorded by the Transantarctic Mountains 

Northern Network (TAMNNET; Fig. 1; Hansen et al., 2015). Given the locations of these 

stations and an abundance of deep, large magnitude earthquakes from the Tonga-Fiji 

subduction zone and other areas around the Pacific rim, this study focuses on expanding ULVZ 

investigations in the southern hemisphere.  More specifically, one area of focus is a portion of 

the CMB adjacent to New Zealand.  Previous studies have detected ULVZ structure to the 

northeast of New Zealand but not to the northwest (Thorne and Garnero, 2004; Idehara et al., 

2007; Pachhai et al., 2015).  There is also a region further to the south where studies are 

inconclusive if ULVZs are present (Thorne and Garnero, 2004; see Section 2.3.5). The current 

study fills the gap between these examined areas. Additionally, the New Zealand study area 

coincides with the edge of the Pacific Large Low Shear Velocity Province (LLSVP); therefore, 

the possible relationship between ULVZs and LLSVPs will also be examined. Past studies have 

indicated that ULVZs may exist along the edges of LLSVPs, suggesting a possible connection 

between their respective sources (e.g., Li et al., 2017; Yu and Garnero, 2018; see Section 2.2.3).  

Further, the TAMNNET data also provide coverage of a portion of the CMB beneath the 

Weddell Sea, where no prior ULVZ studies have been conducted.  This area is located far from 

the LLSVPs as well as any other known lower mantle anomalies. 

The thesis includes several components.  Section 2.0 provides an overview of previous 

ULVZ studies with a focus on investigations in the southern hemisphere, ULVZ characteristics, 

and their possible origins. Section 3.0 discusses the methodology used to process the 
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TAMNNET data and to identify possible ULVZ structure, with the corresponding results 

summarized in Section 4.0.  In Section 5.0, 1-D wave propagation tools and synthetic modeling 

are applied in an attempt to determine ULVZ properties (i.e., thickness, velocity reductions, and 

density).  Section 6.0 focuses on the results near New Zealand and within the Weddell Sea and 

discusses possible interpretations as to why ULVZs are found in both areas.   The ULVZs 

detected in the vicinity of New Zealand and the Weddell Sea cannot be easily explained by the 

implemented 1-D modeling outlined in Section 5.0, suggesting more complex 3-D structure is 

present. Given that ULVZs are detected within, along the edge of, and far from the Pacific 

LLSVP, the results of this study support the idea that ULVZs are compositionally distinct 

features along the CMB that may be swept towards upwelling regions of the mantle (e.g., 

LLSVPs) by convection currents. The findings also support the hypothesis that ULVZs may be 

present everywhere along the CMB but that they are sometimes undetectable given associated 

methodology resolution
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Figure 1.  Map of the TAMNNET seismic stations. TAMNNET stations (white triangles), 

overlain on bedrock topography from the BEDMAP2 model (Fretwell et al., 2013).  Inset on the 

upper left shows the array location within Antarctica 
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2.0 BACKGROUND 

2.1 Exploring CMB Structure 

A variety of seismic phases have been used to investigate the CMB and ULVZs.  Some 

investigations have focused on shear (S) or compressional (P) wave energy that has been 

diffracted along the CMB (Sdiff, Pdiff; e.g., Sylvander et al., 1997; Xu and Koper, 2009; Cottaar 

and Romanowicz, 2012), including some phases that also pass within the outer core (PKPdiff, 

PKKPdiff,; e.g., Wen and Helmberger, 1998a; Rost and Earle, 2010; Frost et al., 2013).  One 

diffracted phase that has been extensively examined is SPdKS, which is an S-wave that travels 

through the mantle, converts to a horizontally propagating P-wave in the mantle, along the CMB, 

and then continues through the core (e.g., Ni and Helmberger, 2001; Rondenay and Fischer, 

2003; Thorne and Garnero, 2004; Jensen et al., 2013).  However, a challenge associated with 

employing diffracted waves is the ambiguity of whether imaged ULVZ structure is present on 

the source- or receiver-side of the CMB as the phase enters and leaves the core. Some of these 

waveforms, such as Sdiff and Pdiff, also have some uncertainties due to long CMB sampling paths. 

To avoid this ambiguity, other studies have instead focused on seismic phases 

reflected from the CMB (ScP, PcP, ScS; e.g., Garnero and Vidale, 1999; Rost and Revenaugh, 

2003; Avants et al., 2006; Brown et al., 2015). These waves sample the CMB at one reflection 

location. Typically, the direct wave (P or S) is compared to the core-reflected wave to minimize 

effects from the upper mantle and to take into account possible complications in the earthquake 

source mechanism. When a core-reflected wave interacts with an ULVZ, pre- and/or post-cursor 

arrivals may be generated (Garnero and Vidale, 1999).  Pre-cursor energy arrives before the main 



 6 

core-reflected phase and is associated with reflections from the top of the ULVZ, which can 

occur if the ULVZ is relatively flat (Yao and Wen, 2014).  Alternatively, pre-cursors may also be 

associated with refractions within the ULVZ that arrive sooner than the main core-reflected 

phase (Idehara et al., 2007). Post-cursor energy is most commonly due to reverberations in the 

ULVZ layer, and therefore appears as an arrival after the main core-reflected phase (Idehara et 

al., 2007). The shape and amplitude of the pre- and post-cursor energy are strongly dependent on 

the thickness of the ULVZ as well as its density and velocity contrasts compared to the overlying 

mantle (e.g., Garnero and Vidale, 1999; Reasoner and Revenaugh, 2000). Pre- and post-cursor 

arrivals are often small and therefore require the combination of seismic recordings from 

multiple stations (i.e., stacking) to be clearly seen (e.g., Vidale and Benz, 1992; Revenaugh and 

Meyer, 1997; Garnero and Vidale, 1999; Reasoner and Revenaugh, 2000, Castle and van der 

Hilst, 2000, Rost and Revenaugh, 2003; Rost and Thomas, 2010). 

The current study focuses on an S-to-P converted CMB reflection (called ScP; Fig. 2). 

The interaction of an ScP-waveform and an ULVZ can generate two pre-cursors, SdP and SPcP, 

and a post-cursor, ScsP (Fig. 3).  The shape, timing, and amplitude of these pre- and post-cursors 

depend on the VS and VP reductions and the density contrast within the ULVZ compared to the 

overlying mantle as well as the thickness and shape of the ULVZ (Garnero and Vidale, 1999; 

Reasoner and Revenaugh, 2000). This makes ScP a particularly good probe to investigate the 

CMB as it is able to constrain all of the ULVZ parameters. As with other core-reflected phases, 

the ScP waveforms are stacked to enhance the pre- and post-cursor energy.  The ULVZ signal is 

also identified by comparing the stacked ScP waveforms to stacked P waveforms, thereby 

highlighting the differences between them and further emphasizing pre- and post-cursor energy 
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(e.g., Garnero and Vidale, 1999; Reasoner and Revenaugh, 2000; Castle and van der Hilst, 2000; 

Persh et al., 2001; Rost and Revenaugh, 2003). 

 

2.2 Characteristics, Structure, and Possible Origins of ULVZs 

2.2.1 ULVZ Characteristics. Combined results from both diffracted and core-reflected 

wave studies have shown that ULVZs are laterally-variable, small-scale structures present in 

some locations just above the CMB (e.g., Rost and Revenaugh, 2003; Rondenay and Fischer, 

2003; Avants et al., 2006; Jensen et al., 2013; Brown et al., 2015). From modeling results 

associated with these seismological studies, ULVZs are characterized by inferred density 

increases of up to 20%, VS reductions from ~7-50%, and VP reductions from ~5-20%, with some 

studies suggesting VP reductions as high as 40% (e.g., Mori and Helmberger, 1995; Rondenay 

and Fischer, 2003; Koper and Pyle, 2004; Rost et al., 2005; Avants et al., 2006; Hutko et al., 

2009; Idehara, 2011; Brown et al., 2015).  While ULVZ thickness has been reported to vary from 

~5-100 km, ULVZs are usually interpreted on the scale of tens of kilometers (e.g., Garnero, 

2000; Thorne and Garnero, 2004; McNamara et al., 2010; Idehara, 2011; Cottaar and 

Romanowicz, 2012). Laterally, ULVZs have been estimated to be up to ~900 km wide, though 

they are not usually seen over length scales of hundreds of kilometers; however, further coverage 

is needed to better constrain their lateral extents (Cottaar and Romanowicz, 2012). It is possible 

that many of the currently reported ULVZs are wider than indicated because thin, widespread 

ULVZs may fall below seismic resolution capabilities, which is typically ~5 km, depending on 

the seismic probe (Revenaugh and Meyer, 1997). Many trade-offs exist within models used to 

study ULVZ structure, such as that between thickness and velocity, and further investigations are 
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needed to better constrain these parameters (e.g., Garnero and Helmberger, 1998; Rost et al., 

2005). 

2.2.2 ULVZ Origins. ULVZs may be associated with thermal anomalies, compositional 

anomalies, or some combination of both given their variable characteristics.  Mantle rocks at the 

CMB are at roughly the same temperature as the outermost core, ~4000 K; however, the 

temperature drops ~1000-1500 K over the vertical extent of the thermal boundary layer above 

the CMB (Steinberger and Holme, 2007). This thermal boundary layer is probably between 100-

300 km thick; its variable thickness depends on a number of parameters, most notably the 

viscosity of the mantle and the speed of mantle convection (e.g., Steinberger and Torsvik, 2012). 

Lateral temperature changes at scales of many 100’s to 1000’s of km in the lowermost mantle are 

inferred from seismic tomography models.  That is, tomographically-determined wave-speed 

perturbations are converted to temperature based on mineral physics information associated with 

likely mineralogies (e.g. Steinberger and Holme, 2007), such as ferro-periclase and post-

perovskite. However, the absolute temperature depends on many factors, which are not well 

determined.  At smaller scales, ULVZs sit directly above the CMB, so they are likely close to the 

CMB temperature, but their potential temperature (both absolute and relative) is equally 

dependent on a number of parameters.  Lateral and vertical temperature variability within 

ULVZs has uncertainties similar to those for the larger-scale lower mantle, but they may be 

associated with temperature changes on the order of 10-100°C (McNamara et al., 2010). 

Thermal variations along the CMB may cause ULVZs. A number of studies have 

correlated ULVZs with regions of high heat flow, specifically with the locations of hotspots, 

which may indicate that ULVZs feed mantle plumes (Williams et al., 1998; Garnero, 2000; 

Cottaar and Romanowicz, 2012). Similarly, regions that do not display ULVZs often correspond 
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to cooler portions of the mantle beneath subduction zones (Yu and Garnero, 2018). These 

correlations also support a high temperature origin for ULVZs. 

Thermal variations may also cause partial melting within ULVZs.  Numerous studies 

(e.g., Williams and Garnero, 1996; Garnero and Vidale, 1999; Reasoner and Revenaugh, 2000; 

Rost et al., 2006) have indicated a 3:1 VS to VP reduction ratio within ULVZs, which is 

consistent with 5-30% partial melt (dependent on melt geometries; e.g., Willams and Garnero, 

1996; Revenaugh and Meyer, 1997; Wen and Helmberger, 1998b; Berryman, 2000).  It has also 

been suggested that locally enhanced water content at the CMB could enable melting by 

lowering the eutectic point (Havens and Revenaugh, 2001) or that partial melt could accumulate 

along the CMB (Williams and Garnero, 1996).   

However, some ULVZs have been identified outside what are interpreted as the hotter 

parts of the mantle, and not all ULVZs show the 3:1 velocity reduction ratio associated with 

partial melt. In such cases, ULVZs are often attributed to compositionally distinct material 

associated with chemical heterogeneities along the CMB. For instance, local chemical 

interactions between the mantle and the core may generate iron-enriched material (e.g., Knittle 

and Jeanloz, 1991; Manga and Jeanloz, 1996).  The phase change from perovskite to post-

perovskite can retain a significant amount of iron, which could increase density and result in 

material that is too heavy to rise in the mantle (Mao et al., 2006). Iron may also preferentially 

partition into melt during the melting and crystallization of ferro-periclase (Fu et al., 2018), and 

this could account for the increased density sometimes observed within ULVZs.  It has also been 

shown that this type of chemical variation can be associated with a 2:1 velocity reduction ratio 

(Wicks et al., 2010). Alternatively, post-perovskite from subducted oceanic crust, which is 

denser than the surrounding mantle (Hirose et al., 2005), subducted banded iron formations 
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(Dobson and Brodholt, 2005), or fractional crystallization of a basal magma ocean (Labrosse et 

al., 2007) have also been suggested as possible sources for ULVZ compositional heterogeneities. 

Further, some studies argue that ULVZs are everywhere along the CMB, but they are often 

below detection limits of current methodology (Rost and Thomas, 2010). 

2.2.3 Possible Relationship with LLSVPs. Seismic imaging of the Earth’s interior 

velocity structure (e.g.; Ritsema et al., 1999; Gu et al., 2001, 2002; Grand, 2002; Houser et al., 

2008; Simmons et al., 2010; French and Romanowicz, 2015) reveals two LLSVPs in the 

lowermost mantle. One LLSVP is located beneath the central Pacific and the other is located 

beneath Africa (He and Wen, 2009).  Within these anomalous zones, which combined cover 

~30% of the CMB, seismic waves travel considerably slower compared to the surrounding 

mantle.  The LLSVPs are thought to be associated with large thermal and compositional 

heterogeneities, with VP and VS reductions up to ~1.5% and 3%, respectively, and density 

decreases compared to the surrounding mantle of ~0.15% (e.g., Ritsema et al., 1999; Megnin and 

Romanowicz, 2000; Gu et al., 2001; 2002; Garnero and McNamara, 2008; Houser et al., 2008; 

Simmons et al., 2010; Frost and Rost, 2014; Koelemeijer et al., 2017). LLSVPs have distinct 

edges (Ni et al., 2002) and may correspond with deep mantle plumes (e.g., Burke et al., 2008; 

Steinberger and Torsvik, 2012; French and Romanowicz, 2015). Modeling of past tectonic 

processes as well as the location of large igneous provinces and has suggested that these 

structures are very stable and have been centered in the same locations for millions of years (e.g., 

Dziewonski et al., 2010; Torsvik et al., 2014). 

Many ULVZs have been identified along the edges of or within LLSVPs, and generally 

the abundance of ULVZs decrease with distance from LLSVPs (e.g., Li et al., 2017), though this 

is not always the case (Yu and Garnero, 2018).  If ULVZs are purely caused by high temperature 
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anomalies, it is expected that they would be located along the hottest sections of the CMB, which 

are shown by tomography models to be within LLSVPs (Li et al., 2017).  In contrast, ULVZs 

found along the edges of LLSVPs may be compositionally distinct material with increased 

density that would be swept to the LLSVP boundaries by convection (e.g., Li et al., 2017).  As 

noted above (Section 2.2.2), seismic wave velocities can be interpreted in terms of variability in 

mantle temperature (e.g., French and Romanowicz, 2015). Tomographically-derived images 

beneath some subduction zones show evidence for higher-than-average wave-speeds, extending 

from the Earth’s surface down to the CMB, and such regions are interpreted as reflecting cooler 

and hence denser portions of the mantle, which would be associated with thermal down-wellings 

(e.g. Grand et al, 1997).  Similarly, slower-than-average wave-speeds have also been 

tomographically imaged extending from the CMB up into the shallow mantle in some locations, 

and these areas are interpreted to reflect hotter and hence less dense material, which would be 

associated with thermal up-wellings.  Numerical experiments support such tomographic 

interpretations and demonstrate that whole mantle convection can explain a number of 

fundamental surface observations, including subduction zone migration, tectonic plate 

movement, hotspot locations, reconstructed locations of kimberlite and large igneous provinces, 

and seismic anisotropy (e.g. Torsvik et al., 2006; 2008; 2010; Thorne et al., 2004; Steinberger 

and Torsvik, 2012).  Again, such convective processes in the lowermost mantle may also push 

ULVZs toward the boundaries of LLSVPs (e.g., Li et al., 2017).  That being said, ULVZs found 

far outside LLSVPs may be best explained by compositional origins, such as those described in  

Section 2.2.2. 
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2.3 Previous ULVZ Investigations in the Southern Hemisphere 

Currently, given limited seismic coverage of the lowermost mantle, only ~17% of the 

CMB has been surveyed for the presence of ULVZs (Fig. 4; Yu and Garnero, 2018). Of this 

examined portion, ~10.3% of the CMB shows positive evidence for ULVZs, ~6.5% indicates no 

evidence for such structure, and ~3.8% shows complex or inconclusive evidence (Yu and 

Garnero, 2018). It should be noted that some areas display multiple ULVZ classifications, which 

causes the summation of the different classifications to be greater than the total area surveyed. 

Given current source-receiver geometries, most studies have been conducted in the northern 

hemisphere, and much of the southern hemisphere remains uninvestigated for ULVZ structure.  

Since our dataset helps to contribute to southern hemisphere coverage, we review previous 

ULVZ studies within this hemisphere in this section. 

2.3.1 Africa and the Atlantic. Of the few studies investigating ULVZs in the southern 

hemisphere, even fewer explore ULVZ existence south of 45S latitude (Yu and Garnero, 2018).  

Three such studies, however, have been conducted in the southern Atlantic (Fig. 4).  Vanacore et 

al. (2016) examined SKS phases and found 10% VP and 30% VS reductions as well as a 10% 

density increase in this area. Simmons and Grand (2002) examined ScS and PcP waveforms that 

sampled a portion of the CMB further to the southeast (Fig. 4) and found comparable velocity 

reductions, commonly associated with partial melt; however, the exact velocity values were not 

determined due to tradeoffs with ULVZ thickness.  In contrast, Thorne and Garnero (2004), who 

also examined SKS waveforms, did not find conclusive evidence for ULVZ structure in this 

region (Fig. 4).  Further to the north, off the coast of South America, Ni and Helmberger (2001) 

examined ScS waveforms and found evidence for ULVZ presence outside the African LLSVP, 

with velocity reductions greater than 10%.  They argue that their findings are consistent with the 
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concept that ULVZs could pile-up along deep mantle structures, in this case, the adjacent LLSVP 

(Fig. 4). Currently, no studies have been conducted further south beneath the Atlantic nor 

anywhere around Antarctica.  

The Thorne and Garnero (2004) study also examined a portion of the CMB beneath 

Africa, where they found mixed evidence for ULVZs (Fig. 4). Further to the south, Sun et al. 

(2009) found uncertain evidence for ULVZ presence (Fig. 4). To the east, near Madagascar and 

outside of the African LLSVP, Wen (2000) examined PKP pre-cursors and found ULVZ 

evidence that they attributed to partial melt (Fig. 4).  

2.3.2 The Southeastern Pacific and South America. Currently, three studies have been 

conducted beneath South America and the southeastern Pacific in the southern hemisphere, with 

variable results. Furthest to the north, in a study crossing the equator, Zou et al. (2007) used PKP 

coda waves to identify evidence for an ULVZ with a VP reduction of at least 15% (Fig. 4). They 

attribute this anomaly to partial melt that corresponds with the expected base of a mantle plume. 

Further to the south, Vanacore et al. (2016) analyzed SKS and SPdKS phases (Fig 4), and their 

results are uncertain.  If a conservative approach is taken and all of their tests for ULVZ 

existence must be met, no evidence for an ULVZ is observed; however, if a somewhat less 

conservative approach is adopted, then arguments can be made for ULVZ evidence. Ultimately, 

this study is associated with a possible but not confirmed ULVZ. This area beneath South 

America is also included in the global study by Thorne and Garnero (2004), which overlaps with 

the Zou et al. (2007) study region.  Both investigations found evidence of an ULVZ.  Thorne and 

Garnero (2004) also identify an uncertain area, similar to Vanacore et al. (2016; Fig. 4). The 

Thorne and Garnero (2004) study continues further to the south where they found evidence for 
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ULVZs in some locations, uncertain ULVZs in others, and no evidence of ULVZ energy in the 

southeastern part of South America (Fig. 4). 

2.3.3 The Western Pacific.  The majority of current ULVZ studies in the southern 

hemisphere focus in and around the Pacific Ocean given the frequent large earthquakes 

generated by the Ring of Fire and the locations of many seismic stations. Most sampling around 

and within the Pacific, including within the Pacific LLSVP, show positive evidence for ULVZs 

(Figs. 4 and 5; e.g., Mori and Helmberger, 1995; Revenaugh and Meyer, 1997; Kohler et al., 

1997; Wen and Helmberger, 1998a; Thorne and Garnero, 2004; Thomas et al., 2009; Thorne et 

al., 2013).  However, several studies (Garnero and Vidale, 1999; Rost and Revenaugh, 2003; 

Rost et al., 2006; Rost et al., 2010b), all of which examined ScP phases, do not detect ULVZs.  

Two particularly large ULVZs have been identified beneath the Pacific in the southern 

hemisphere. The first is located near the center of the Pacific LLSVP and was detected using 

PKP phases from earthquakes in northern Tonga (Fig. 5; Vidale and Hedlin, 1998).  This ULVZ 

is interpreted to be ~60 km thick with velocity reduction ratios indicating partial melt. The 

second large ULVZ was detected by Wen and Helmberger (1998a) and is located further to the 

southeast (Fig. 5).  Similar to Vidale and Hedlin (1998), Wen and Helmberger (1998a) suggest 

an ULVZ thickness of ~60-80 km and a 3:1 VS to VP reduction.  

2.3.4 The Southwestern Pacific near Australia. The southwestern Pacific is an area of 

particular interest because it is associated with the southwestern boundary of the Pacific LLSVP. 

To the north of Australia and the west of Papua New Guinea, outside the LLSVP, Idehara et al. 

(2007) examined ScP phases and did not find any evidence for ULVZ structure (Fig. 6). 

However, in this same area, Yao and Wen (2014) did find ULVZ evidence using PKP 

waveforms. They attribute this difference to ScP being more sensitive to a flat ULVZ, while PKP 
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can better detect ULVZ topography. The Idehara et al. (2007) study continues to the east (Fig. 6), 

into the LLSVP, but they still did not find any ULVZ evidence. In contrast, Thorne and Garnero 

(2004) examined SKS phases and did find ULVZ evidence within the LLSVP (Fig. 6). Further to 

the southeast, an additional ULVZ was identified using PKiKP/PcP amplitude ratios (Fig. 6; 

Koper and Pyle 2004). The exact ULVZ characteristics are difficult to determine due to 

modeling tradeoffs; however, this feature can be described by partial melt if a density increase of 

20% is assumed.  Koper and Pyle (2004) also suggested that their results can be explained by a 

“fuzzy” ULVZ boundary, with a thin ULVZ in some areas or abnormally high ULVZ 

topography in other regions. 

To the east of Australia, Rost et al. (2010) detected a thin ULVZ (~2-3 km) in the same 

region where Idehara et al. (2007) found no such evidence, and they suggest this thin ULVZ can 

be explained by partial melt.  Rost et al. (2010) further suggest that ULVZs are located 

everywhere along the CMB, but are often below resolution limits.  Jensen et al. (2013) used 

SPdKS phases to examine a region that partially overlaps with this same area (Fig. 6) and found a 

very large ULVZ (i.e., 700 km by 700 km laterally and 10-25 km thick).  As with other studies, 

modeling tradeoffs make it difficult to assess ULVZ characteristics, but Jensen et al. (2013) 

suggest that VS and VP reductions of either 15% and 5%, respectively, or 45% and 15%, 

respectively, fit their observations. Other studies in this same area within the LLSVP have also 

found evidence for ULVZs (e.g., Thorne and Garnero, 2004). Further to the south, near the 

Australian border and the edge of the LLSVP, Thomas et al. (2009) suggested a ~20 km thick 

ULVZ (Fig. 6), which they attribute to melt collected by convective processes. This same study 

continues to the south, further from the LLSVP, and does not find any ULVZ evidence there 

(Fig. 6). 
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2.3.5 The Southwestern Pacific near New Zealand. Only four ULVZ studies have been 

conducted in the vicinity of New Zealand (Fig. 7).  Thorne and Garnero (2004) examined CMB 

structure with SKS phases, and their results indicate uncertain evidence for the presence of an 

ULVZ south of New Zealand; however, they do find ULVZ evidence to the northeast, which 

they use to advocate that ULVZs may be global feature (Fig. 7).  To the northwest of New 

Zealand, Pachhai et al. (2015) examined ScP phases and found evidence for a two-layer ULVZ, 

with a denser lowermost layer that they attribute to melt-rich iron material along the CMB. The 

same Idehara et al. (2007) study discussed in Section 2.3.4 continues in this area, which along 

with another study (Thomas et al., 2009) show no ULVZ evidence (Fig. 7). That being said, it is 

important to note the possibility that an ULVZ could still be present and is simply below the 

resolution detection of these studies. 

As shown in Figure 4, the TAMNNET data sample the CMB mainly in the vicinity of 

New Zealand and along the coast of Antarctica. The region near New Zealand falls between 

areas where ULVZs have been detected and where ULVZ presence is uncertain (Fig. 7; Thorne 

and Garnero, 2004).  However, no prior ULVZ studies have been conducted near Antarctica. The 

TAMNNET data therefore provide sampling of unexplored portions of the CMB, and they will 

contribute to the ongoing investigations of ULVZs in the southern hemisphere. 
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Figure 2.  Diagram showing ray paths of interest. The paths of direct P-waves and core-reflected 

ScP waves are shown at various distances. The earthquake at 500 km depth is shown as a green 

star, S-waves are shown as red lines, and P-waves are shown as blue lines. 
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Figure 3. Sketch illustrating the ScP phase and associated pre- and post-cursors. The ScP 

pre- and post-cursors result from the interaction with an ULVZ.  Blue and red lines denote P- and 

S-waves, respectively.  Modified from Idehara et al. (2007). 
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Figure 4. Map of previous ULVZ studies in the southern hemisphere.  Red areas indicate 

regions where ULVZs have been detected, blue areas indicate regions where no ULVZ evidence 

has been found, and yellow areas indicate regions where ULVZ structure is uncertain.  Letters 

denote the locations of specific studies.  A: Vanacore et al. (2016); B: Simmons and Grand 

(2002); C: Thorne and Garnero (2004); D: Ni and Helmberger (2001); E: Sun et al. (2009); F: 

Wen et al. (2000); G: Zou et al. (2007). Light pink areas highlight the LLSVPs as identified by 

the GyPSuM tomography model (Simmons et al., 2010). The orange triangle represents the 

average location of the TAMNNET stations, and gray circles represent ScP CMB bounce points 

that are examined in the current study.  The black polygon between 0° and -150° longitude 

denotes the region highlighted in Figure 5.  Modified from Yu and Garnero (2018).  
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Figure 5. Map highlighting the locations of ULVZ studies in the western and southwestern 

Pacific. Color representations are the same as Figure 4. The black polygons denote the regions 

highlighted in Figures 6 and 7, which are discussed in Sections 2.3.4 and 2.3.5. Letters denote 

the locations of specific studies. A: Garnero and Vidale (1999); B: Rost and Revenaugh (2003); 

C: Rost et al. (2006); D: Rost et al. (2010); E: Vidale and Hedlin (1998); F: Wen and Helmberger 

(1998a).  Modified from Yu and Garnero (2018).  
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Figure 6. Map highlighting current ULVZ studies in the vicinity of Australia. Color 

representations are the same as Figure 4. Letters denote the locations of specific studies. A: 

Idehara et al. (2007); B: Yao and Wen (2014); C: Thorne and Garnero (2004); D: Koper and Pyle 

(2004); E: Rost et al. (2010); F: Jensen et al. (2013); G: Thomas et al. (2009).  Modified from Yu 

and Garnero (2018). 
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Figure 7. Map highlighting current ULVZ studies in the vicinity of New Zealand. Color 

representations are the same as Figure 4. Letters denote the locations of specific studies.  A: 

Thorne and Garnero (2004); B: Pachhai et al. (2015); C: Thomas et al. (2009); D: Idehara et al. 

(2007).  Modified from Yu and Garnero (2018). 

 

170° 180° 

160° -170° 

-30° 

-45° 



 23 

3.0 METHODOLOGY 

3.1 Data and Preprocessing 

Data for the current study were obtained from TAMNNET (Fig. 1), a 15-station seismic 

array deployed in Antarctica, which continuously recorded earthquakes between November 2012 

and December 2015 (Hansen et al., 2015). This array was originally installed to fill a gap in 

seismic coverage across the Transantarctic Mountains and to investigate the crustal and upper 

mantle structure beneath the mountain range; however, given its location and the stations’ 

proximity to one another, the TAMNNET dataset provides an opportunity to analyze waveforms 

from new seismic ray path geometries that will help to further the study of ULVZs beneath the 

southern hemisphere. 

Earthquakes with distances between 30-60° and with minimum magnitudes of 5.0 were 

selected to ensure high signal-to-noise ratios (SNR) and to minimize interference from multiple 

seismic phases.  Using these criteria, the TAMNNET dataset yielded a total of 1,086 events; 

however, only 315 of these events were selected for analysis as this subset displayed clear core-

reflected ScP waveforms, which will be employed to investigate ULVZ structure.  The CMB 

bounce points for these selected events are show in Figure 4. 

 

3.2 Processing 

3.2.1 Stacking and Attenuation.  For each selected event, the recorded waveforms were 

rotated into the P-SV coordinate system and were bandpass-filtered between 0.5-1.5 Hz to 

highlight the P and ScP phases.  The P phase is compared to the ScP to negate changes to the
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waveform caused by upper mantle structure.  Using the IASP91 reference model (Kennett and 

Engdahl, 1991), the predicted arrival times of both the ScP and P phases were determined and 

were marked on the seismograms, and all waveforms for a given earthquake were then aligned 

using these arrival times for both phases (Fig. 8). The aligned waveforms were normalized so the 

arrival peaks all had the same amplitude, and they were then averaged to create linear stacks of 

the P and ScP signals, respectively.  Each individual waveform is then cross-correlated with both 

linear stacks to determine an associated cross-correlation coefficient (CCC) and delay time.  The 

individual waveforms are then time-shifted by the correlated delay time to improve the 

alignment of the respective signal (i.e., the P or ScP phase).  The newly aligned waveforms are 

also weighted based on their SNR and associated CCC.  Specifically, if the SNR is  50, the 

waveform is given full weight; if the SNR is between 40-49, it is weighted 0.75; if the SNR is 

between 20-39, it is weighted 0.5; if the SNR is between 10-19, it is weighted 0.25; otherwise, it 

is weighted 0.1.  Similarly, if the CCC is  0.95, the waveform is weighted 1.5; if the CCC is 

between 0.85-0.94, it is weighted 1.2; if the CCC is between 0.75- 0.84, it is weighted 1.0; if the 

CCC is between 0.5-0.74, it is weighted 0.5; if the CCC is between 0.25-0.49, it is weighted 

0.25; otherwise, it is weighted 0.1.  The aligned, weighted waveforms are then restacked to 

create a new stack for each phase.  This process of cross-correlating the ScP and P stacks with 

the individual waveforms, realignment, weighting, and restacking is repeated until the CCC 

between the newly created stack and the previous stack is greater than 0.95.  This ensures that 

the waveforms are aligned as best as possible to create an optimal stack for each phase.  One 

standard of deviation is also computed for the final P and ScP stacks. An example highlighting 

the realignment is shown in Figure 8. 
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As seismic waves propagate through the Earth, they naturally lose energy due to 

scattering effects and friction, a process known as seismic attenuation. Since ScP phases travel a 

greater distance through the Earth’s interior, they experience more energy loss than direct P-

waves.  Therefore, to be able to compare these two phases, P-wave signals must be adjusted for 

attenuation. This is accomplished by convolving the P-wave stack with a t* operator, which 

represents the accumulated attenuation along the average ray path.  The t* operator is defined by 

the following (Equation 1), where t is the travel-time and Q is the quality factor (Futterman, 

1962). 

            (1) 

 

For each event, the P-wave stack is convolved with a series of t* operators, ranging from 0.1 to 

2.3.  The t*-convolved P-wave stacks are then compared to the associated ScP stack by 

correlating the first three seconds of the attenuated P-wave signal prior to the main peak with the 

first three seconds of ScP-wave signal before the main ScP peak (Fig. 9).  The goal is to 

determine which t* operator produces an attenuated P-wave response that most closely matches 

the associated ScP signal. The CCC between the signals helps to determine the best match, but 

the comparisons are also manually reviewed. 

Each of the 315 selected events were individually processed using the steps outlined 

above and were then sorted into groups with A, B, or C rankings.  A-ranked events have the 

highest SNR, with a clear P and ScP peak and little noise before or after the arrivals. An event is 

given a B ranking if it displays a clear P and ScP peak but has a higher noise level. Finally, an 

event is given a C ranking if it contains significant ringing, if the P-wave signal is too complex, 

or if the SNR of the ScP arrival is too low.  Examples of events meeting each of these ranking 
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criteria are shown in Figure 10.  Of the 315 analyzed events, 20 events were given an A ranking, 

while 51 events were given a B ranking.  These events are the focus of further analysis to assess 

potential ULVZ structure.  The remaining 244 C-ranked events are not examined further. 

All A- and B-ranked events are checked to make sure the polarity has not switched 

between the P and ScP waveforms. This can occur because the radiation pattern (which the 

polarity is dependent upon) of the earthquake may not be consistent for the direct P-wave and the 

initial SV wave. Because the ScP waveform begins as an SV wave, it is possible that the two 

waveforms can be recorded with opposite polarity. The ScP stack is compared to the P stack both 

with normal and reversed polarity (i.e., the original P-stack is flipped upside down). The CCC is 

used as a guide to determine if the reversed polarity provides a better match between the ScP and 

P-waves. 

3.2.2 Quantifying Pre- and Post-cursor ScP Energy. For the 71 A- and B-ranked events, 

the attenuated P-wave stack is subtracted from the corresponding ScP stack to create a remainder 

trace that highlights the differences between the two waveforms. If there is no pre- or post-cursor 

energy associated with ULVZ structure, the remainder trace will be relatively flat; however, if 

pre- or post-cursor energy is present, the remainder trace will display significant residual signal 

(Fig. 11). 

For each remainder trace, a five-second window is created, centered on the ScP peak, to 

encompass all potential pre- and post-cursor energy (Fig. 12). The absolute amplitude of the 

remainder trace within this window is summed to determine the amount of energy, which is 

defined as the signal. For the examined events, the signal ranged from 7.8 to 96.5.  To quantify 

noise in the remainder trace, two additional time windows are defined: one 3.5 seconds before 

the signal window and one 2.5 seconds after the window (Fig. 12). Again, the absolute amplitude 
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of the remainder trace within these windows is summed, now to define the noise level. Again, for 

the examined events, the noise level ranged from 4.0 to 81.2.  When individually inspected, 

events with noise levels exceeding 30 were too noisy to clearly highlight ULVZ pre- and post- 

cursor energy.  Of the 71 events examined, 31 showed noise levels above 30 and are not assessed 

in later analysis. 

 

While events were individually examined for ULVZ signal, it should be noted that an 

attempt was made to bin events by geographic proximity to enhance pre- and post-cursor energy 

and to reduce noise for residual traces in a given area. Circular regions centered on A-ranked 

events, with radii ranging from 25-200 km, were defined, and stacks of all remainder traces 

within these defined areas were examined. However, the remainder traces display large 

variations over small geographic distances, so the binned stacks did not help highlight pre- or 

post-cursor energy; therefore, this binning approach was not employed. 
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Figure 8. Examples of P and ScP alignment and stacking.  Waveforms correspond to an event 

that occurred on February 12, 2013 recorded by TAMNNET.  The normalized P-waves (a) and 

ScP-waves (b) are originally aligned on their predicted arrival times from the IASP91 reference 

model (Kennett and Engdahl, 1991), which are marked by the blue lines in (a) and (b).  Using the 

correlation and weighting scheme outlined in the text, the waveforms are realigned on the 

waveform peak (c and d) and stacked (e and f).  In (c) and (d), the realigned waveforms (black) 

are shown in comparison to the stack (red).  The blue lines in these panels mark the peak of each 

arrival.  Station names and the associated CCC in relation to the stack are listed above each trace.  

In (e) and (f), one standard of deviation is also plotted around the stack (gray shaded area).   
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Figure 9.  Example highlighting different attenuation (t*) operators. The ScP stack (black) 

for the event shown in Figure 8 is compared to different attenuated P-wave stacks (red). Both the 

CCC and t* values are listed to the right of each trace. The black box marks the best fit for this 

event. Note that in order to emphasize the signal, the time scale has been changed compared to 

Figure 8. 
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Figure 10. Examples of A-, B-, and C-ranked events For each event, the attenuated P-wave 

stack is shown by the red trace, while the ScP stack is shown by the black trace. 
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Figure 11. Remainder traces and comparison of ULVZ energy.  (top) TAMNNET-recorded 

events that occurred on December 17 (a) and December 4 (b), 2013, respectively.  P-wave stacks 

are plotted in red, and ScP stacks are plotted in black.  Note that these traces are very similar in 

(a), indicating no ULVZ energy, while the differences in (b) highlight ULVZ pre- and post-

cursors.  (bottom) Remainder traces for each event, indicating the differences between the ScP-

stack and the attenuated P-stack.  Again, event (b) shows significant variability, indicative of 

ULVZ pre- and post-cursor energy. 
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Figure 12.  Signal and noise windows.  The remainder trace from Figure 11 (b) is shown by the 

solid black line, with the respective ScP stack shown by the dashed gray line.  Boxes denote 

where the trace is windowed to quantify signal and noise, respectively. The signal window 

encompasses the pre- and post-cursor ULVZ energy. 
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 4.0 RESULTS 

 As seen in Figure 13, the A- and B-ranked events can be separated into two distinct 

geographic locations: one in the vicinity of New Zealand and the other beneath the Weddell Sea. 

Given this, all results will be discussed in terms of these two regions. 

 

4.1 Remainder Traces 

 

4.1.1 t* Operators. As outlined in Section 3.2.2, remainder traces were generated by 

subtracting the P-wave stack, which has been convolved with a t* operator, from the ScP stack 

for the same event. In the vicinity of New Zealand, the employed t* operators varied from 0 to 

2.3 (Table 1; Fig. 14). Questions were raised on whether the t* operators varied systematically 

with their CMB reflection point distances relative to the Pacific LLSVP.  While it is important to 

note that the exact location of the edge of the LLSVP depends on the velocity model examined 

(e.g., Ritsema et al., 1999; Megnin and Romanowicz, 2000; Gu et al., 2001; Grand, 2002; Houser 

et al., 2008; Simmons et al., 2010), there seems to be no correlation between the distance from 

the LLSVP and the t* operators used (Fig. 14).  In the Weddell Sea, the t* operators employed 

also ranged from 0 to 2.3 (Table 1; Fig. 15). Given that the Weddell Sea area is far from both the 

Pacific and African LLSVPs, regardless of which tomography model is examined (e.g., Ritsema 

et al., 1999; Megnin and Romanowicz, 2000; Gu et al., 2001; Grand, 2002; Houser et al., 2008; 

Simmons et al., 2010), this further supports no correlation between t* and LLSVP proximity. 

The t* operators were also checked for correlations between the amount of attenuation loss and 

the difference between the incoming P- and ScP-wave (Fig. 16). Specifically, comparisons were
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made between the amount of signal as well as the SNR of the remainder traces. Again, no 

correlations were found. 

4.1.2. Quantifying Energy Within Remainder Traces. As discussed in Section 3.2.2 and 

as highlighted in Figure 12, the absolute amplitude of the remainder trace is summed within a 

five-second time window centered on the ScP peak to define the signal.  Similarly, the noise is 

defined by the summed absolute amplitude within a combined six-second time window.  The 

corresponding signal and noise values for all A- and B-ranked events are summarized in Table 1. 

The maps in Figures 17 and 18 highlight both the amount of signal and noise for each A- 

and B-ranked event relative to their respective CMB bounce point location. On these maps, the 

size of each circle corresponds to the amount of ULVZ energy in the associated remainder trace, 

while the color and thickness of the circle indicates the corresponding noise level.  The darkest, 

thickest circles indicate events with the lowest noise level (between 0-12; Table 1), with 

progressively lighter, thinner circles indicating higher noise levels (up to 29; Table 1).  Events 

with the highest noise levels ( 30) are indicated by small x’s on the maps as these were not 

examined further. The SNR was also computed for each event as a way to highlight the strength 

of any ULVZ signal above the noise level.  Associated values, again in relation to the CMB 

reflection points, are shown in Figures 19 and 20.  
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Figure 13. Map of all A- and B-ranked events. Green circles denote earthquakes, the orange 

triangle denotes the average location of the TAMNNET stations, gray circles denote the ScP 

reflection points at the CMB, and thin gray lines show the ray paths. The GyPSuM VS 

tomography model at 2800 km depth is shown in the background, with the pink lines denoting 

the interpreted boundaries of the LLSVPs (Simmons et al., 2010). 
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Figure 14. Map of t* operators for A- and B-ranked events in the vicinity of New Zealand. 

Circles denote ScP reflection points at the CMB, whose shading reflects the applied t* operator 

for that event. Light pink areas highlight the Pacific LLSVP as identified by the GyPSuM 

tomography model (Simmons et al., 2010). 



 37 

 
Figure 15. Map of t* operators for A- and B-ranked events in the vicinity of the Weddell 

Sea. Circles denote ScP reflection points at the CMB, whose shading reflects the applied t* 

operator for that event.  
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Figure 16 .  Scatter plots comparing applied t* operators to signal measurements.  (A) 

Applied t* values versus SNR.  (B) Applied t* values versus signal measurements.  Events 

sampling the CMB in the vicinity of New Zealand are shown as dark blue squares, while 

those sampling the CMB beneath the Weddell Sea are shown as light blue diamonds. Values 

for all A- and B-ranked events are included. 
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TABLE 1.  Event list with corresponding t* operators and SNR values.  All A- and B-

ranked events are summarized. 

 

Event Date Rank t* Event Lat Event Lon 
Event 

Depth  
SNR 

2012/11/24 A 0.2 -21.47 -178.73 538.3 1.996 

2013/02/16 
A 

1.2 -36.23 178.03 198.4 2.915 

2013/12/04 
A 

0 -25.47 178.35 585.8 7.783 

2015/06/21 
A 

1.4 -20.43 -178.33 562.6 3.807 

2012/11/29 
A 

0.2 -20.80 -177.04 282.2 1.972 

2013/04/26 
A 

0.2 -28.73 -178.90 355.4 3.890 

2013/12/15 
A 

1.2 -17.20 168.47 200.0 1.680 

2015/09/07 
A 

0.3 -24.24 179.13 535.0 4.310 

2012/12/05 
A 

1.9 -31.14 -177.50 27.0 0.833 

2013/06/15 
A 

0 -33.90 179.49 210.0 2.031 

2013/12/17 
A 

0.8 -20.75 -178.67 602.2 1.606 

2013/01/04 
A 

0 -29.65 -176.28 21.0 2.137 

2013/09/09 
A 

2.2 -14.69 167.34 151.9 2.415 

2014/07/03 
A 

0.8 -30.46 -176.45 35.0 1.086 

2013/02/12 
A 

0.8 -18.22 -177.85 524.7 1.845 

2013/11/23 
A 

0 -17.16 -176.52 370.1 2.062 

2015/04/28 
A 

0.7 -20.89 -178.63 581.0 1.492 

2012/11/29 
B 

0.9 -21.21 -178.62 550.9 1.076 

2012/11/29 
B 

0 -28.49 -178.28 252.6 2.127 

2012/11/30 
B 

1.5 -18.96 -175.51 202.8 1.568 

2012/12/05 
B 

1.9 -31.14 -177.50 27.0 0.612 

2012/12/21 
B 

1 -20.85 -173.85 34.7 1.352 

2013/02/19 
B 

0 -17.62 -173.38 42.2 1.168 

2013/02/26 
B 

1.8 -21.45 -179.28 603.5 1.281 
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2013/04/05 
B 

0.5 -31.86 -177.62 18.0 1.263 

2013/04/06 
B 

1.9 -19.61 -174.92 104.2 1.138 

2013/04/13 
B 

1.7 -19.10 169.65 269.3 1.748 

2013/04/22 
B 

2.3 -29.91 -176.10 10.8 0.907 

2013/05/15 
B 

0.6 -27.30 -177.91 180.0 3.777 

2013/05/16 
B 

1 -22.23 -179.51 596.3 2.650 

2013/06/05 
B 

0.1 -23.45 -179.75 564.3 6.402 

2013/07/26 
B 

1.8 -20.75 -174.71 45.0 0.968 

2013/08/08 B 
1 -20.35 -176.41 249.7 2.979 

2013/08/16 
B 

0.7 -41.73 174.30 13.4 3.298 

2013/08/28 
B 

1.5 -27.79 179.75 485.1 1.741 

2013/08/29 
B 

1.1 -19.40 -179.02 674.3 1.780 

2013/09/30 
B 

0.8 -30.88 -178.25 37.8 2.809 

2013/10/03 
B 

0 -29.64 -178.38 188.6 2.966 

2013/10/15 
B 

0.9 -15.23 167.56 133.0 1.595 

2013/10/23 
B 

0 -22.97 -177.04 157.7 1.945 

2013/10/29 
B 

2 -20.06 -178.23 580.2 5.694 

2013/11/01 
B 

0.2 -20.85 -178.47 549.5 3.587 

2013/11/02 
B 

2.1 -11.80 166.77 219.7 1.971 

2013/11/03 
B 

0.8 -19.49 -172.55 12.5 0.452 

2013/12/01 
B 

0.9 -17.57 -178.26 534.8 0.973 

2013/12/02 
B 

0.9 -21.25 170.26 125.2 2.914 

2014/02/02 
B 

1.1 -32.91 -177.88 44.3 1.408 

2014/04/26 
B 

2 -20.75 -174.71 45.0 0.903 

2014/05/01 
B 

1.1 -21.45 170.35 106.0 3.277 

2014/08/27 
B 

0.2 -15.05 167.39 115.3 1.273 

2014/11/01 
B 

1.7 -19.69 -177.76 434.0 1.850 
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2015/01/28 
B 

0.8 -20.97 -178.30 484.1 2.131 

2015/04/24 
B 

2 -42.06 173.01 48.0 5.899 

2015/07/07 
B 

2.1 -22.94 -177.13 169.6 1.141 

2015/07/29 
B 

1.4 -25.37 154.23 9.0 0.999 

2015/10/20 
B 

1.4 -14.86 167.30 135.0 1.810 

2015/10/25 
B 

0 -29.33 -177.80 10.0 0.865 

2012/12/30 
B 

1 -60.92 -36.92 10.0 0.640 

2013/03/12 
B 

2.1 -55.50 -27.75 10.0 0.681 

2013/06/07 B 
2 -43.85 -16.30 10.0 1.098 

2013/07/16 
B 

1.1 -60.03 -26.35 26.0 1.709 

2013/07/29 
A 

1.4 -57.86 -25.40 41.1 2.580 

2013/10/28 
B 

0.6 -56.28 -27.37 114.4 1.720 

2013/11/03 
A 

1.5 -57.87 -25.66 45.9 2.089 

2013/11/18 
B 

1.2 -60.53 -43.45 11.3 0.936 

2013/11/22 
B 

1.4 -57.79 -25.30 10.0 0.984 

2014/02/01 
A 

0 -56.83 -27.34 130.0 3.102 

2014/03/11 
B 

1 -60.86 -19.98 10.0 0.762 

2015/05/24 
B 

0.6 -59.65 -26.45 34.0 1.365 

2015/06/20 
A 

0.8 -59.63 -26.50 50.1 2.617 

2015/09/30 
B 

0.5 -56.19 -27.72 101.0 1.508 
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Figure 17.  Map summarizing ULVZ energy in the vicinity of New Zealand. Circles are 

plotted at each event’s ScP CMB bounce point. Darker, thicker circles denote events with lower 

noise level; larger sized circles indicate higher signal energy in the remainder trace. B-ranked 

events where the noise level was too high to discern possible ULVZ signal are denoted by x’s. 

Light pink areas highlight the Pacific LLSVP from the GyPSuM tomography model (Simmons et 

al., 2010). 
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Figure 18.  Map summarizing ULVZ energy in the vicinity of the Weddell Sea. Circles are 

plotted at each event’s ScP CMB bounce point in the same manner as in Figure 17. 



 44 

 
Figure 19.  Map summarizing SNR for each event in the vicinity of New Zealand. Circles 

are plotted at each event’s ScP CMB bounce point. Light pink areas highlight the Pacific LLSVP 

from the GyPSuM tomography model (Simmons et al., 2010). 
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Figure 20.  Map summarizing SNR for each event in the vicinity of the Weddell Sea. Circles 

are plotted at each event’s ScP CMB bounce point.  
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5.0 SYNTHETIC MODELING 

 As shown in Figures 17-20 in the previous section, numerous examined events in the 

vicinity of New Zealand and within the Weddell Sea display significant evidence for ULVZ 

structure.  To examine these events further, 1-D modeling was employed to conservatively 

estimate the corresponding ULVZ characteristics (i.e., thickness, VP, VS, density).  The goals of 

this modeling were to assess the range of ULVZ parameters that fit our observed waveforms and 

to determine which data are better fit by an ULVZ-inclusive model as opposed to a model 

without an ULVZ  

 

5.1 Generating Synthetic Seismograms 

Vertical component synthetic seismograms were generated for a variety of 1-D ULVZ 

models using the reflectivity method (Müller, 1985).  The thickness of the ULVZ was varied 

from 2 to 40 km in 2 km increments, and density increases of 0%, 10%, or 20% within the 

ULVZ were allowed. VP and VS reductions were assigned with either a 1:1 or 1:3 ratio, with VP 

reductions ranging from 5 to 45% in 5% increments and VS reductions ranging from 5 to 90%. 

Ultimately, 540 different 1-D ULVZ models were developed.  For each model, synthetic 

seismograms were generated for distances up to 60, corresponding to the distances of the 

examined events.  Using the IASP91 reference model (Kennett and Engdahl, 1991), the predicted 

ScP arrival time was also determined and marked on each synthetic seismogram.  For 

comparison, synthetic data were also generated for a model with no ULVZ included using the 

same reflectivity method
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5.2 Selecting Data to Model 

 

Given their higher SNR, the modeling efforts were focused on A-ranked events.  Further, 

each event had to meet certain criteria to be eligible for modeling. First, the corresponding SNR 

was required to be above 1.75, indicating that there is significant ULVZ signal above the noise 

level.  Second, in some cases, large variability between waveforms from different stations were 

observed, so the corresponding standard deviation of the ScP stack was examined.  For each 

point on the stack, the standard deviation was determined and then the average for all points was 

computed.  After evaluating each event, it was decided that events with average standard 

deviations of 0.6 or lower showed consistent ULVZ signal across all examined stations and 

therefore station variability does not significantly affect the ScP signal; therefore, only these 

events were considered. Further, it was required that the ULVZ pre- and post-cursor energy in 

the remainder trace must exceed the associated uncertainty limits. This was assessed two ways. 

First, the standard deviation of the remainder trace (d(remainder)) was computed using the 

following: 

                                             (2) 

In Equation 2 d(ScP) and d(P) are the standard deviations of the ScP and P stacks, respectively. 

As shown in Figure 21b, the remainder trace is plotted with its associated d(remainder), which 

illustrates where the remainder trace signal is larger than the associated uncertainty. In order for 

an event to be modeled, the pre- and/or post-cursor energy must extend past the standard 

deviation limits, as shown in this example. Additionally, as shown in Figure 21c, the remainder 

trace is also plotted with d(remainder), but now d(remainder) has been added to and subtracted 

from the trace itself to define the range of variability in the remainder trace.  If there is 
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significant ULVZ signal, the remainder trace and its associated variability will clear the zero 

amplitude marker (Fig. 21c), and the absolute area under the curve is summed (Fig. 21d; Table 

2).  After analyzing individual events, it was determined that when this sum is greater than 2.5, 

significant ULVZ energy can be identified despite variability in the remainder trace.  If all of the 

above criteria were met, an event was selected for modeling. Ultimately, nine events fit these 

criteria, as summarized in Table 2. 

 

5.3 Comparing Synthetic Seismograms to Observed Data 

For each event meeting the criteria outlined in the previous section (Table 2), the 

corresponding synthetic seismograms were band-pass filtered between 0.05-2 Hz.  This step was 

needed to match the ScP periodicity in the synthetic data to that in the observed data. For some 

events, further steps were needed to match the periodicity, and in these cases, different t* 

operators ranging from 0.1 to 2.0 were convolved with the corresponding no-ULVZ-present 

synthetic seismograms, which were then also compared to the observed data. This approach 

assumes that the ScP pulse width is governed only by attenuation and that it is not affected by 

ULVZ structure. Each event was visually inspected, and the t* operator that led to the best match 

in periodicity was selected.  This t* operator was then applied to all of the ULVZ-inclusive 

synthetic seismograms for that event.  

The synthetic seismograms do not take an individual event’s focal mechanism into 

account (i.e., whether the P-wave motion is compressional or dilatational); therefore, the polarity 

of the synthetic seismograms used for each event needed to be checked.  Both polarities were 

generated for all 540 different ULVZ models examined.  In some cases, synthetic seismograms 

resulting from models with extreme ULVZ parameters that have been convolved with large t* 
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operators display pre- and post-cursors that are up to 6.25 sec away from the ScP peak.  

Therefore, for each examined event, the synthetic data are aligned with the observed ScP peak 

within a 12.5 sec time window centered on the peak.  This approach encompasses all possible 

pre- and post-cursors that may be observed in the synthetic models.  The two waveforms 

(synthetic and observed) are then subtracted from one another to create a remainder trace, similar 

to that described in Section 3.2.2.  The absolute amplitude of the remainder trace is summed to 

generate a value that represents the misfit. The lower the value, the more similar the two traces 

are to each other. Whatever polarity shows the lowest misfit value is chosen for further analysis. 

It should be noted that a potential error with this approach is that some ULVZ signal may be 

disregarded.  In other words, in some cases if the polarity were reversed, there could be more 

extreme ULVZ models that could explain the observed data; however, our approach is 

conservative. 

Once the periodicity and the polarity of the synthetic seismograms have been determined, 

each generated synthetic from the different ULVZ models is compared to the observed data. As 

with the polarity analysis described above, a remainder trace is generated by subtracting the 

observed and synthetic ScP signals from one another, again within a 12.5 sec time window 

centered on the ScP peak.  A potential error in using the same 12.5 sec window for all events, 

which again was done to encompass all possible synthetic pre- and post-cursor signals, is that we 

could be looking outside of where ULVZ signal is expected.  However, this approach was 

adopted in order to avoid analyst bias on defining the limits of ULVZ energy. 
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5.4 New Zealand Events 

Five events in the vicinity of New Zealand met the modeling criteria outlined in Section 

5.2. The t* operators and polarity reversals applied to their synthetic seismograms are 

summarized in Table 3. For each event, the ULVZ parameters associated with their top 10 best-

fit synthetic models are plotted in Figure 22.  Additionally, a comparison of the waveforms, 

along with the associated misfits, is shown in Figure 23. For all of these events, the misfit of the 

best-fit synthetic model is smaller than that where no ULVZ was included, emphasizing that 

these events are better described by lower mantle structure where an ULVZ is present.  

 

 

5.5 Weddell Sea Events  

Four events beneath the Weddell Sea also met the modeling criteria described in Section 

5.2. The t* operators and polarity reversals applied to their synthetic seismograms are 

summarized in Table 4. Similar to the New Zealand events, the ULVZ parameters associated 

with the top 10 best-fit synthetic models for each event are plotted in Figure 22, and a waveform 

comparison with associated misfit is shown in Figure 24. As with the previously examined New 

Zealand events, the misfit of the best-fit synthetic models is smaller than the misfit associated 

with a model where no ULVZ is included.  This emphasizes that the examined Weddell Sea 

events are better described by lower mantle structure that includes an ULVZ. 
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TABLE 2. Events modeled using the 1-D Reflectivity Method.  Locations correspond either to 

the New Zealand (N.Z.) area or the Weddell Sea (W.S.). 

 

Event Date Location SNR 
Average Standard 

Deviation 

Sum of signal 

above noise 

2012/11/24 N.Z. 2.00 0.357 10.16 

2013/02/12 N.Z. 1.84 0.438 3.88 

2013/04/26 N.Z. 3.89 0.369 2.57 

2013/06/15 N.Z. 2.03 0.589 3.13 

2013/07/29 W.S. 2.58 0.555 8.27 

2013/11/03 W.S. 2.09 0.464 4.49 

2013/11/23 N.Z. 2.06 0.469 6.77 

2014/02/01 W.S. 3.10 0.325 8.56 

2015/06/20 W.S. 2.62 0.445 10.60 
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Figure 21. Example showing standard deviation modeling criteria.  (a) Example P-wave 

stack (red) plotted with its corresponding ScP stack (black).  (b) Associated remainder trace 

(black) plotted with d(remainder) (gray shaded area).  The red portions of the trace highlight 

where it extends past the uncertainty limits and thus shows significant signal.  (c) The remainder 

trace (black) with (d(remainder)) limits (gray shading).  Red areas highlight where there is 

significant signal that clears the zero amplitude marker. (d) Summed energy exceeding the zero 

marker from (c).  
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TABLE 3. Applied t* operators and polarities used to model the New Zealand events. 

Events here are the same as those listed in Table 2. Events with a reversed polarity are labeled as 

a “Yes,” while those that were not are listed as a “No.” 

 

Event Date  t* operator Polarity Reversed 

11/23/2013 1 Yes 

6/15/2013 0.5 Yes 

4/26/2013 1.1 No 

2/12/2013 0.6 Yes 

11/24/2012 0.8 Yes 
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Figure 22. ULVZ Parameters for Best-fit Synthetic Models. Plots of ULVZ thickness versus 

VS reduction for the modeled (a) New Zealand and (b) Weddell Sea events. Plots on the left are 

associated with models that had a 1:1 VP to VS reduction ratio, while plots on the right correspond 

to models with a 1:3 reduction ratio. Solid black dots correspond to synthetic models with no 

density increase, thick gray circles correspond to models with a 10% density increase, and thin 

gray circles correspond to models with a 20% density increase. 
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Figure 23. Best-fit Synthetic Waveforms for Modeled New Zealand Events. Event dates are 

listed on the left.  The observed ScP stack for each event is plotted as the black trace, with its 

best-fit synthetic model shown by the red trace.  For comparison, a synthetic seismogram for a 

model with no ULVZ present is shown by the green trace. Gray shaded areas illustrate increased 

misfit, with the top 5% best-fit models highlighted in dark gray and the top 10%, 20%, and 40% 

best-fit models denoted by progressively lighter shades of gray.  To the right, the ULVZ 

parameters associated with the best-fit synthetic model are listed. Additionally, the misfit values 

for the best-fit model and a model without an ULVZ are indicated. 
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TABLE 4. Applied t* operators and polarities used to model the Weddell Sea events.  

Events here are the same as those listed in Table 2.  Polarity reversals are indicated the same as 

in Table 3. 

Event Date and 

Time 
t* operator Polarity Reversed 

6/20/2015 2 Yes 

2/1/2014 0.2 No 

11/3/2013 1 Yes 

7/29/2013 0.8 Yes 
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Figure 24. Best-fit Synthetic Waveforms for Modeled Weddell Sea Events. Plotting is the 

same as Figure 23. 
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6.0 DISCUSSION AND INTERPRETATION 

6.1 ULVZ Classification 

 As discussed in Section 5.4, five events in the vicinity of New Zealand met the rigorous 

synthetic modeling criteria and showed robust evidence for ULVZ structure.  That being said, a 

conservative approach was taken to interpret these data, and it is quite likely that other examined 

events indicate the presence of ULVZ beneath this area as well.  For instance, if the SNR 

threshold is increased to 2.0 (meaning the amount of signal is at least two times greater than the 

amount of noise), whether the events meet the standard deviation criteria or not, 23 additional 

events would indicate ULVZ evidence in the New Zealand region, even though there is not 

enough confidence in the shape of the waveform to model them (Fig 25a).  That is, with this 

somewhat less conservative approach, the number of data suggesting ULVZ structure more than 

quadruples. For most of these additional events, the variability amongst waveforms at different 

TAMNNET stations is too high to have confidence on ULVZ presence.  We thus mark the other 

sampled portions of the CMB as uncertain areas (Fig 25a). 

Similar to the New Zealand dataset, four events in the Weddell Sea region also met the 

rigorous synthetic modeling criteria and showed robust evidence for ULVZ.  However, even if a 

less conservative approach is taken, similar to that described above, and a SNR threshold of 2.0 

is only applied, no additional events provide ULVZ evidence in the Weddell Sea (Fig. 25b).  

Overall, there were fewer events in this area (Fig. 13) and many were too noisy to interpret.  The 

four modeled events are important because they show ULVZ evidence along a new portion of 

the CMB that no previous study has examined.  Indeed, these data provide the southernmost 
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ULVZ sampling available (Fig. 4; Yu and Garnero, 2018). 

 

6.2 Interpreting Synthetic Modeling Results 

 The model predictions for the ULVZ parameters in the best-fit models are extremely 

heterogeneous (Fig. 22).  While the majority of the best-fit models have a 1:3 VP:VS reduction 

ratio, many with 1:1 VP:VS reduction ratios also fit the data equally well; therefore, this study is 

unable to constrain whether the ULVZs could be caused by partial melt. The best-fit models for 

some events, such as events 2/12/2013, 6/15/2013, and 11/23/2013 in New Zealand and event 

6/20/2015 in the Weddell Sea (Figs. 23-24), are associated with ULVZ parameters similar to 

those found in previous studies, as outlined in Section 2.2.1 (i.e., thickness: 18-24 km; VP 

reduction: 10-30%; VS reduction: 20-30%; density increase: 0-20%). However, the other events 

(i.e., events 4/26/2013 and 11/24/2012 in New Zealand and events 2/1/2014, 11/3/2013, and 

7/29/2013 in the Weddell Sea; Figs. 23-24) are best-fit by extreme ULVZ parameters, 

particularly in terms of the VS reduction (60-90%). Such ULVZ characteristics are more extreme 

than those indicated in previous studies.  Taken at face value, it could plausibly indicate very 

high levels of partial melt. However, it is important to note that for some of these events, the 

misfit of the best-fit synthetic may only be marginally better than a model with more typical 

ULVZ characteristics, or the misfit of the best-fit synthetic may not be significantly better than a 

model with no ULVZ included, even though all the modeled events met the robust ULVZ 

identification criteria. These small misfit differences indicate that for some events, the models 

are not well constrained.  

The wide range of synthetic models that fit the data (Fig. 22), and in some cases the 

extreme ULVZ parameters acquired, may be due to using 1-D models to fit data affected by 
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complicated 3-D structure. One potential line of evidence for 3-D ULVZ structure is the fact that 

the TAMNNET data are dominated by post-cursor energy, with pre-cursors being less common 

(e.g., Fig.21a, 23-24).  As discussed in Section 2.1, pre-cursors are often associated with 

reflections from the top of a relatively flat ULVZ (Yao and Wen, 2014).  The fact that pre-

cursors are less dominant in the examined dataset may suggest that the ULVZs are not flat and 

rather have significant topography.  Further, if the ULVZs were accurately described by 1-D 

structure, inherent modeling tradeoffs between ULVZ parameters, specifically between thickness 

and velocity reduction, would be expected (i.e., a thicker ULVZ with a smaller velocity 

reduction is expected to trade off with a thinner ULVZ with a larger velocity reduction).  

However, as shown in Figure 22, such tradeoffs are not readily observed.  

There is strong confidence that the modeled events predict ULVZ presence, given the 

rigorous criteria outlined in Section 5.2. However, given the wide range of ULVZ parameters 

encompassed in the best-fit models (Fig. 22) and some of the extreme values predicted (Figs. 23-

24), the data strongly suggest that the detected ULVZs are not 1-D.  Therefore, the ULVZ 

parameters (i.e., thickness, velocity reductions, and density) beneath New Zealand and the 

Weddell Sea cannot be constrained.  More computationally intensive 3-D modeling would 

require a larger sampling of events over smaller geographic areas, which is not available with the 

TAMNNET dataset.  

 

6.3 ULVZ Interpretations 

 The detection of ULVZs near New Zealand provided by the current study is largely 

consistent with previous results, where available, and helps to bridge prior investigations (Fig. 

25a). The northeast portion of the New Zealand study area coincides with a region where the 



 61 

global study by Thorne and Garnero (2004) found ULVZ evidence. Thorne and Garnero (2004) 

also examined an area further to the south, where their ULVZ results were inconclusive.  These 

findings are similar to those in the current study.  To the northwest of New Zealand, Pachhai et 

al. (2015) interpreted a two-layer ULVZ structure in a region where the current study finds 

possible but uncertain ULVZ evidence. In contrast, Idehara et al. (2007) did not find ULVZ 

evidence in the northwestern part of the study area (Fig. 25a). It is worth noting, however, that 

the Idehara et al. (2007) results also mismatch other studies.  For instance, further to the north, 

Rost et al. (2010) suggested an ULVZ within the Pacific LLSVP east of Australia in an area 

where Idehara et al. (2007) did not identify ULVZs (Fig. 6).  Rost et al. (2010) argue that a 

possible cause of this discrepancy may be resolution issues associated with the respective 

methodologies employed.  

From Figure 25a, the current findings are consistent with the hypothesis that ULVZs are 

chemically distinct structures that are moved by mantle convection currents and that accumulate 

around the edges of LLSVPs (see Section 2.2.3).  Li et al. (2017), for instance, illustrated this 

concept using geodynamical models of the lower mantle, which were run with three distinct 

compositions: one for the background mantle, a denser composition for a thermochemical pile 

(to represent the LLSVP), and a third composition to represent ULVZs.  In these models, the 

ULVZs quickly move towards the edges of the thermochemical pile and accumulate in 

asymmetrical shapes, which is consistent with the ULVZs having complex 3-D structure. As 

noted previously, the exact location of the Pacific LLSVP boundary near New Zealand depends 

on the seismic tomography model examined (e.g., Ritsema, 1999; Megnin and Romanowicz, 

2000; Gu et al., 2001; Grand, 2002; Houser et al., 2008; Simmons et al., 2010), though Cottaar 

and Lekic (2016) argue that the LLSVP boundaries across all seismic tomography models are 
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fairly similar. Regardless of which tomography model is used, the TAMNNET dataset includes 

ScP waveforms that sample both within and outside of the LLSVP and indicate ULVZ evidence 

along its boundary.  

Beneath the Weddell Sea, all of the ScP bounce points lie within a high velocity, 

presumably cool region of the lower mantle (Fig. 13), far from either the Pacific or African 

LLSVPs.  While no prior ULVZ studies have been performed in this geographic area, previous 

studies have found ULVZ evidence in other cool, fast regions of the lower mantle (e.g., Thorne 

and Garnero, 2004; Ross et al., 2004; Rost and Garnero, 2006; Xu and Koper, 2009).  Together, 

these results further support the concept that ULVZs have compositional origins as opposed to 

solely thermal origins. Possible sources for such compositional anomalies include the fractional 

crystalization of a basal magma ocean (e.g., Labrosse et al., 2007; Sun et al., 2013), iron-rich 

post-perovskite (Mao et al., 2006), subducted material, such as oceanic crust (e.g., Hirose et al., 

2005) or banded iron formations (Dobson and Brodholt, 2005), or chemical reactions along the 

CMB (Knittle and Jeanloz, 1991; Manga and Jeanloz, 1996). The same geodynamic modeling 

discussed above (Li et al., 2017) shows that ULVZs can exist in cooler regions, though they are 

swept by convection currents towards the edges of thermochemical piles (i.e., LLSVPs), where 

they will ultimately accumulate.  

Currently, about 95% of the Antarctic Plate is surrounded by mid-ocean ridge spreading 

centers, with subduction only potentially occurring in the vicinity of the Shetland Plate (Fig.26; 

McAdoo and Laxton, 1997; Bird, 2003). The northwest border of the Shetland plate is defined by 

the South Shetland Trench, which is a remnant of a subduction zone that once extended along the 

western margin of the Antarctic Peninsula (e.g., Hawkes, 1981; Cande et al., 1982).  Up until ~3-

4 Ma, the oceanic Phoenix plate subducted to the southeast beneath Antarctica at the South 
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Shetland Trench; however, collision between the trench and a spreading ridge on the opposite 

side of the Phoenix plate caused subduction to slow or completely cease (e.g., Pelayo and Wiens, 

1989; Larter and Barker, 1991; Klepis and Lawver, 1996), and there is debate on whether 

subduction occurs along the South Shetland Trench today (e.g., Robertson Maurice et al., 2003; 

Alfaro et al., 2010).  Whether the subducted Phoenix Plate has reached the CMB is uncertain, but 

the introduction of this material into the lower mantle could provide a compositional source for 

ULVZs, a possibility advocated by mineral physics experimentalists based on basaltic oceanic 

crust (Hirose et al., 2005). 

Alternatively, chemical reactions in the lowermost mantle (Knittle and Jeanloz, 1991; 

Manga and Jeanloz, 1996) may result in ULVZs everywhere along the CMB, though they may 

fall below seismic detection thresholds in some locations (Revenaugh and Meyer, 1997; Rost et 

al., 2010a).  Convection currents could sweep the ULVZ material into thicker, and therefore 

detectable, piles in certain areas (Sun et al., 2013), and this may be occurring beneath the 

Weddell Sea. Similar to the idea proposed by Li et al. (2017), such ULVZ piles may be swept 

towards areas of mantle upwelling (e.g., LLSVPs), as depicted in Figure 27.  If this is the case, 

the ULVZs near New Zealand may be associated with chemical anomalies that have reached the 

LLSVP boundary, while those beneath the Weddell Sea may be currently migrating towards the 

LLSVP. 
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Figure 25. Summary of ULVZ evidence. Maps denote ULVZ evidence in the vicinity of New 

Zealand (A) and the Weddell Sea (B).  Contributions from the current study are shown by circles 

with black outlines.  As with Figures 4-7, red areas highlight regions where ULVZ evidence has 

been detected, yellow areas indicate where ULVZ evidence is uncertain, and blue areas highlight 

where ULVZ evidence is not identified. Letters denote the locations of specific previous studies 

the same as Figure 7. The pink dashed line highlights the Pacific LLSVP edge as identified by 

the GyPSuM tomography model (Simmons et al., 2010). 
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Figure 26. Map Showing Plate Boundaries.  The Antarctic (AN), Shetland (SL), and Scotia 

(SC) plates are shown with their associated boundary types.  Plate boundaries are from Bird 

(2003), and topography and bathymetry are from GMT (Wessel and Smith, 1998).
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Figure 27. Cartoon illustrating the possible relationship between ULVZs and LLSVPs.  

ULVZs (red) sometimes fall below the detection threshold (dashed grey line) and may or may 

not exist everywhere along the CMB.  Mantle convection currents (black arrows) sweep the 

ULVZs toward the edges of LLSVPs (pink)
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7.0 CONCLUSIONS 

This study has examined seismic waveforms recorded by the Antarctic TAMNNET 

deployment to further ULVZ investigations beneath the southern hemisphere.  After processing 

and quality control, two geographic areas are well sampled by the examined ScP data: one in the 

vicinity of New Zealand and the other beneath the Weddell Sea.  Both study areas encompass 

new portions of the CMB that have not previously been investigated for ULVZ structure.  

Employing rigorous modeling criteria, five ScP events with CMB bouncepoints near New 

Zealand and four events with bouncepoints beneath the Weddell Sea show robust evidence for 

ULVZ energy. However, if a somewhat less conservative approach is taken, based only on event 

SNR, an additional 23 events near New Zealand show plausible evidence for ULVZ as well. 

Various lines of evidence suggest 3-D ULVZ structure in the examined study regions, including 

the fact that the TAMNNET data is dominated by post-cursors and that predictable tradeoffs in 

ULVZ parameters are not observed in the modeling results. While specific ULVZ parameters 

(i.e., thickness, VP, VS, density) cannot be determined, the pattern of ULVZs identified is 

consistent with a chemically distinct origin as they are found both along the edges of and far 

outside of LLSVPs. These compositional anomalies could be associated with fractional 

crystalization of a basal magma ocean (Labrosse et al., 2007), chemical reactions between the 

core and mantle (Knittle and Jeanloz, 1991; Manga and Jeanloz, 1996), iron-rich post-perovskite 

(Mao et al., 2006), or subducted material (e.g., Hirose et al., 2005; Dobson and Brodholt, 2005). 

Mantle convection currents may sweep ULVZs toward the boundaries of LLSVPs (Li et al.,)
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2017; Fig. 27). If this is the case, it would be expected that the observed ULVZs near New 

Zealand have already been swept toward the LLSVP boundary and that the ULVZs observed 

beneath the Weddell Sea are currently migrating towards the edges
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