
1. Introduction
The core-mantle boundary (CMB), where the solid silicate mantle meets the predominantly iron fluid outer 
core, represents the largest absolute density contrast within the Earth. It has long been recognized that the 
lowermost mantle and the CMB display significant structural complexities, on the order of those seen with-
in the crust, and these complexities likely play a critical role in the thermal and chemical evolution of our 
planet (e.g., Garnero, 2000; Hernlund & Bonati, 2019; Liu et al., 2016; Williams & Garnero, 1996). However, 
investigating lower mantle and CMB heterogeneities is challenging. Studies often rely on small-amplitude 

Abstract Much of our knowledge on deep Earth structure is based on detailed analyses of seismic 
waveforms that often have small amplitude arrivals on seismograms; therefore, stacking is essential to 
obtain reliable signals above the noise level. We present a new iterative stacking scheme that incorporates 
Historical Interstation Pattern Referencing (HIPR) to improve data quality assessment. HIPR involves 
comparing travel-time and data quality measurements between every station for every recorded event 
to establish historical patterns, which are then compared to individual measurements. Weights are 
determined based on the individual interstation measurement differences and their similarity to 
historical averages, and these weights are then used in our stacking algorithm. This approach not only 
refines the stacks made from high-quality data but also allows some lower-quality events that may 
have been dismissed with more traditional stacking approaches to contribute to our study. Our HIPR-
based stacking routine is illustrated through an application to core-reflected PcP phases recorded by the 
Transantarctic Mountains Northern Network to investigate ultra-low velocity zones (ULVZs). We focus on 
ULVZ structure to the east of New Zealand because this region is well-sampled by our data set and also 
coincides with the boundary of the Pacific Large Low Shear Velocity Province (LLSVP), thereby allowing 
us to further assess possible ULVZ-LLSVP relationships. The HIPR-refined stacks display strong ULVZ 
evidence, and associated synthetic modeling suggests that the ULVZs in this region are likely associated 
with compositionally distinct material that has perhaps been swept by mantle convection currents to 
accumulate along the LLSVP boundary.

Plain Language Summary Our understanding of deep Earth structure is largely based on 
studies that use small amplitude, earthquake-generated signals that have interacted with structures near 
the Earth's core-mantle boundary (CMB). Multiple seismic records are typically averaged (stacked) to 
improve the signal-to-noise ratio of these signals; however, the stacked signals can still be challenging 
to interpret if they are based on low quality data. Here, we develop a new iterative stacking approach 
that compares travel-time and data quality measurements between all stations and all recorded events 
to develop historical patterns, which are then compared to individual measurements. Event and station 
weights based on the interstation measurement differences and their similarity to historical averages 
are used in our stacking algorithm to refine the signals of interest, thereby providing further confidence 
in events chosen for modeling and interpretation. Our approach is applied to seismic waves that have 
been reflected from the Earth's core and recorded by an Antarctic deployment, allowing us to explore the 
lowermost mantle structure east of New Zealand. Our results show strong evidence for anomalous CMB 
structure, which may be associated with chemically distinct material that has accumulated in the region 
due to mantle convection currents.
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reflected or long-path diffracted seismic phases that may have non-uni-
form and/or sparse coverage (e.g., Lai & Garnero, 2019) and which can 
be difficult to interpret, especially if the corresponding signal-to-noise 
ratio (SNR) is low. Further, non-ideal array locations can also complicate 
studies of deep Earth structure. For example, if seismically slow layers, 
such as ice sheets or thick sediment deposits, are present at the surface, 
reverberant energy from within these layers can lower the SNR of record-
ed data. Therefore, approaches that allow for improved imaging are im-
portant for the development of confident interpretations of lowermost 
mantle and CMB structural variabilities.

In this study, we develop a unique approach to improve the quality of 
stacked seismic data and to provide robust sampling of small-scale, deep 
Earth heterogeneities. Event and station weights based on Historical In-
terstation Pattern Referencing (HIPR) are computed using travel-times, 
SNR values, and waveform similarities. The weights are then incorpo-
rated into an iterative stacking routine, and the resulting waveforms are 
modeled by comparing the observed signals with predicted synthetic 
waveforms. Our HIPR-weighted stacking method not only refines the 
signals for high SNR data but also allows some lower-quality events that 
may have been dismissed with more traditional stacking approaches to 
contribute to our investigation.

1.1. Applying the New Stacking Approach

To illustrate our approach, the method is applied to core-reflected PcP 
waves (Figure  1) recorded by the Transantarctic Mountains Northern 
Network (TAMNNET), a 15-broadband-station seismic array that was de-
ployed in Antarctica from 2012 to 2015 (Figure 2a; Hansen et al., 2015). 
This data set allows for a range of assessment opportunities. PcP waves 
are commonly employed to investigate ultra-low velocity zones (ULVZs) 
along the CMB (e.g., Gassner et  al.,  2015; Hutko et  al.,  2009; Kohler 

et al., 1997; Mori & Helmberger, 1995; Persh & Vidale, 2004; Revenaugh & Meyer, 1997; Rost et al., 2010). 
ULVZs are small-scale (5–50 km thick), laterally varying structures that have been detected in some loca-
tions just above the CMB, and they are typically characterized by P-wave velocity reductions (δVP) up to 
∼20%, S-wave velocity reductions (δVS) up to ∼50%, and density perturbations (δρ) up to ∼20% (Yu & Gar-
nero, 2018 and references therein). The lateral extent of ULVZs is generally reported as being ∼100–200 km, 
though in some cases, ULVZs up to ∼1,000 km wide have been reported (e.g., Cottaar & Romanowicz, 2012; 
Jenkins et al., 2021; Thorne et al., 2013; Zhao et al., 2017). The source of ULVZs is still widely debated, but 
some studies attribute them to thermal anomalies, possibly associated with partial melt, along the CMB 
(Garnero & Vidale, 1999; Reasoner & Revenaugh, 2000; Rost et al., 2006; Williams & Garnero, 1996). It has 
also been suggested that the locations of ULVZs correlate with hotspots and that ULVZs may feed mantle 
plumes (Cottaar & Romanowicz, 2012; Garnero, 2000; Williams et al., 1998). However, some ULVZs have 
been identified outside warm portions of the lower mantle, and in these cases, ULVZs are typically attrib-
uted to compositional anomalies along the CMB. Such heterogeneities may be associated with iron-en-
riched material created by chemical reactions between the mantle and the core (Knittle & Jeanloz, 1991; 
Li et  al.,  2016; Mao et  al.,  2006; Wicks et  al.,  2010) or with remnants of subducted material (Andrault 
et al., 2014; Dobson & Brodholt, 2005; Hirose et al., 1999, 2005; Liu et al., 2016).

When PcP phases encounter a ULVZ, both pre- and post-cursor signals can be generated from reflections off 
the top and from the underside of the structural discontinuity, respectively (Figure 1). Modeling waveforms 
for these pre- and post-cursors allows ULVZ structure to be characterized, thereby permitting assessment 
of potential origin mechanisms. That said, PcP can be a difficult seismic phase to identify and interpret. PcP 
waves inherently have fairly low amplitudes since a significant portion of the energy continues into the core 
as a PKP wave, reducing the P-to-P reflection coefficient at the CMB. This is very different from transverse 

Figure 1. Cartoons illustrating PcP interaction with a ultra-low velocity 
zone (ULVZ; modified from Yu & Garnero, 2018). Blue ray paths are 
P-waves, red ray paths are S-waves, and H indicates ULVZ thickness. (a) 
Pre- (PdP) and post-cursors (PcpdPcP) resulting from reflections along the 
top and from the underside of the mantle-ULVZ boundary. In this panel, 
all seismic phase legs are P-waves. (b) Additional underside reflections 
from the mantle-ULVZ boundary that have two (PcsdScP) or four 
(PdScsdScsP) S-wave legs. Panel separation and line style (solid or dashed) 
is just provided for clarity.
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component ScS waves, in which 100% of the energy reflects from the 
CMB. Scattered energy in the direct P-wave coda and other noise can also 
reduce the PcP SNR. While stacking methodologies help to improve PcP 
signals, the small amplitude of this phase can still be difficult to distin-
guish if the stacks are based on low quality waveforms. We will use the 
TAMNNET PcP data set to demonstrate that our approach generates ro-
bust, weighted stacks that can be reliably interpreted for ULVZ structure.

The location of the TAMNNET array also contributes to the uniqueness 
of our data set. Like many networks in Antarctica, TAMNNET was de-
ployed to investigate the crustal and upper mantle characteristics of this 
largely unconstrained continent (Hansen et  al.,  2015). All TAMNNET 
stations were deployed on the East Antarctic Ice Sheet (Figure 2a), and 
this slow-velocity near-surface layer is a source of reverberant energy. 
Sampling of the lowermost mantle and CMB structure beneath the polar 
regions is sparse (e.g., Hansen et al., 2020; Yu & Garnero, 2018), and to 
expand coverage of the CMB in these regions, non-ideal data sets like 
TAMNNET need to be employed. While a suite of PcP data is incorpo-
rated into our refined stacking approach, we focus our interpretations 
on imaged ULVZ structure in the vicinity of New Zealand since this re-
gion is particularly well-populated with events that occurred during the 
TAMNNET deployment. Further, the area is well suited to test the HIPR 
approach because prior studies (Hansen et al.,  2020; Thorne & Garne-
ro, 2004; Thorne et al., 2020) have reported varied ULVZ evidence near 
New Zealand, and the region borders the Pacific Large Low Shear Veloc-
ity Province (LLSVP), which may influence ULVZs (see Section 6). Our 
results not only help to expand lowermost mantle constraints along this 
portion of the CMB, but they also illustrate the usefulness of the HIPR 
method when modeling sometimes poor-quality seismic phases recorded 
by arrays which were deployed in complex environments and that have 
not necessarily been designed for deep Earth investigations.

2. Data Selection, Pre-Processing, and Initial 
Stacking Procedure
To investigate PcP in this study, the TAMNNET-recorded earthquakes 
were limited to event-station distances between 30° and 75° and to mag-
nitudes ≥5.0. PcP phases in this distance range typically have favorable 
reflection coefficients from the CMB (e.g., Rost et al., 2010), and the SNR 
of PcP waves from smaller magnitude (<5.0) earthquakes is generally 
too low to reliably interpret the signal. These selection criteria yielded a 
total of 2,274 events. For each earthquake, several pre-processing steps 
were required. Specifically, the vertical and radial component waveforms 
were rotated to true longitudinal motion directions for P and PcP arrivals 
using their corresponding incidence angles, as predicted by the Prelim-
inary Reference Earth Model (PREM; Dziewonski & Anderson,  1981). 
Comparable to other PcP investigations (e.g., Gassner et al., 2015; Persh 
& Vidale, 2004; Rost et al., 2010), all data were bandpass-filtered between 

0.50 and 1.50 Hz (two poles), and PREM-predicted P and PcP arrival times were determined and marked on 
all seismograms. The rotated and filtered data were visually inspected for any evidence of identifiable PcP 
energy and were retained if present. This reduced our data set to 822 events, and these events form the base 
for our analyses (Figure 2b).

For each event, our first processing step was to create initial stacks from the individual waveforms across 
all stations (Figure 3). These stacks were generated for the P phase first, followed by a separately generated 

Figure 2. (a) Map showing TAMNNET stations (purple triangles), 
overlain on ice thickness estimates from BEDMAP2 (Fretwell et al., 2013). 
Station names are also listed. The location of this map in relation to the 
rest of the Antarctic continent is shown by the red polygon on the inset 
(upper left). (b) Map of average PcP CMB bounce points (black dots) 
for the 822 events in our base data set. The GyPSuM tomography model 
(Simmons et al., 2010) at 2,800 km depth is shown in the background, with 
red dashed lines highlighting the LLSVP boundaries. Cyan polygon marks 
the location of the TAMNNET array shown in panel (a), and green polygon 
denotes the area near New Zealand, which is the focus of our example 
application in Section 6.
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stack for the PcP phase. The P waveforms were initially aligned using the 
PREM-predicted arrival times, with the data windowed ±25 s around the 
theoretical P arrival time. Their maximum amplitudes were normalized 
to unity, and the data were then averaged to create a linear stack. Each 
individual P waveform was then cross-correlated with the linear stack 
(over a 10 s window around P) to compute a delay time and a cross-cor-
relation coefficient (CCC), somewhat similar to the approach developed 
by Rawlinson and Kennett (2004). The delay times were used to shift the 
individual waveforms in order to improve the alignment of the P phases, 
and the square of the CCC (CCC2) was retained as a weighting factor 
for each waveform. A second weighting factor (SNRweight) was also devel-
oped, based on the SNR of the individual P waveforms, where the signal 
was defined by a window extending 5 s before and 10 s after P, and the 
noise was defined by a 15 s window situated 10 s ahead of P. If the P-wave 
SNR ≥10, the SNRweight is set to a full weight of 1; if the P-wave SNR is ≤1, 
the waveform is given an SNRweight of 0.05; and if the SNR falls in between 
these end-member values, the SNRweight is determined with a linear ramp 
function. The product of these two weights defines an initial composite 
weight (ICW = CCC2 × SNRweight) that is applied to each waveform. We 
also note that the time shifts for individual waveforms were limited to 
±4 s because an examination of the arrivals across the TAMNNET array 
indicated that it would be unlikely for an individual station to have more 
than a 4 s time shift relative to its peers. If a given waveform had a larg-
er time shift, its corresponding weight was set to 0, essentially removing 
it from the data set. The realigned and weighted waveforms were then 
restacked. Using the updated stack, new waveform weights were deter-
mined, and the stacking process was iteratively repeated until the CCC 
between the current and previous stack exceeded 0.995. This approach 
optimizes the alignment of the individual waveforms and creates a repre-
sentative P stack for each event. On average, two iterations were required 
to create an optimal stack.

For the PcP waveforms, the initial stacking procedure is very similar; 
however, since P phases have higher SNRs than PcP, it was determined 
that if the P signal is unclear, then the lower amplitude PcP arrival is 
likely unreliable. Therefore, after the individual PcP waveforms were 
aligned on their PREM-predicted arrival times, they were adjusted using 
the total correlation-based time shift determined for their corresponding 
P waveform. Also, if the corresponding P waveform was given a weight of 
0 during the iterative stacking routine described above, the PcP waveform 
was also assigned a weight of 0. Further, the individual PcP waveforms 
were examined for potentially interfering depth phases (pP, sP, PP, and 

associated reflections/triplications), and in cases where such depth phases interfered with the PcP arrival, 
the individual waveform was removed from consideration. The PcP waveforms were then averaged to create 
a linear stack, and that stack was cross-correlated with each individual PcP record (again, over a 10 s win-
dow around PcP). As with the P phases, the PcP waveforms were weighted by the product of a correlation 
weight (CCC2) and an SNRweight. For this phase, the end-member SNR values were 2 and 0.5, corresponding 
to SNRweight values of 1 and 0.05, respectively, with a linear ramp function again used to determine the SN-
Rweight for intermediate SNR values. The same iterative stacking procedure as described for the P data was 
applied to the realigned, weighted PcP waveforms, again to optimize the waveform alignment and to create 
a representative stack. Typically, about four iterations were required for the PcP stack to converge given the 
lower SNR of this phase compared to the P-waves. Figure 4 shows example P and PcP waveforms before and 
after re-alignment, along with the initial and final stacks for both phases. For all events and all stations, the 
correlation-based time shifts for both the P and PcP waveforms were recorded (Figure 3).

Figure 3. Flowchart outlining the main processing steps of the new 
Historical Interstation Pattern Referencing methodology. The portion 
of the flowchart in blue corresponds to Section 2 in the text, orange 
corresponds to Section 3, and purple corresponds to Section 4.
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All 822 events in the base data set were processed using the approach outlined above. The corresponding 
stacks were then visually examined to identify those with clear P and PcP arrivals to create a subset of 
high-quality events for the interstation analysis described in the next section. The selected events had P 
stacks with an average SNR of 36.5 and an average CCC of 0.87, while the selected PcP stacks had an average 
SNR and CCC of 2.7 and 0.74, respectively. In total, 227 events were retained. Generally, the selected events 
were deeper (average depth of ∼166 km) compared to the remaining events (average depth of ∼54 km), 
which may partially explain their higher SNR and CCC values.

3. HIPR Weighting Approach
As outlined in the previous section, the P and PcP waveforms were iteratively time-shifted to create opti-
mized, weighted stacks. For a given station, the applied time shift used for the final stack may vary signif-
icantly from one event to another. This could be caused by source mislocation, structural heterogeneity 
between the earthquake and the receiver, and/or small-scale structures beneath the array; therefore, it is 
generally not possible to determine the cause(s) of individual record absolute time-shift values. However, 
this uncertainty is significant because it is important to assess whether a particular pre-stack time shift may 
be erroneous. An example of this would be the alignment of noise events in the waveforms rather than the 
signals of interest.

By examining the time-shift differences between stations, especially across a large number of events, we can 
gain a better understanding of which timing variations are similar to historical averages versus those that 

Figure 4. Examples of initial P and PcP alignment and stacking. Waveforms correspond to an event that occurred on 
December 27, 2014 recorded by TAMNNET. The normalized (a) P- and (b) PcP-waves are originally aligned on their 
PREM-predicted arrival times (Dziewonski & Anderson, 1981), which are marked by the thin gray lines on the “Before 
realignment” panels. Using the initial stacking procedure outlined in Section 2, the waveforms are realigned on the 
waveform peak, as shown in the “After realignment” panels, where the dashed gray lines mark the peaks of the arrivals. 
Station names are listed on the left, and initial composite weights (ICW) are listed on the right. We note that these 
weights are comparable to those determined for other TAMNNET-recorded events. The corresponding (c) P and (d) PcP 
stacks, both before and after realignment, are also shown with one standard deviation indicated by the gray shading.
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depart from typical values. In other words, the stability of the time-shift measurements at each station in the 
array can be systematically evaluated. Ultimately, this approach not only quantifies high- versus low-quality 
data, but it also allows us to define weights for each event and station. These HIPR-based weights permit 
further refinement of our stacked waveforms. Our approach is detailed in Figure 3 and in the following 
subsections, and an example is provided in Supporting Information S1.

3.1. Event and Station Weights for High-Quality Waveforms

For a given event (j) and a given phase (P or PcP), we define the total time-shift applied to the waveform 
recorded by station i as δTphase

i,j. We also define a reference station (RS), whose corresponding time-shift is 
δTphase

RS,j. The interstation time-shift difference (DT) for event j and station i is defined as:

DTphase
j

phase
i j

phase
RS j

i RS T T( , ) .
, ,   (1)

The DT values allow us to examine how a given station behaves relative to any particular RS. For our analy-
sis, we cycled through each of the 15 TAMNNET stations, allowing each to serve as the RS for the array. The 
DT values were determined for each RS possibility and for each event. Ultimately, for the 227 events in our 
interstation subset, 51,075 DT(i,RS) values were computed for each phase (P or PcP).

Then, for each RS possibility, we computed the average and standard deviation of DT (μDTphase(i,RS) and 
σDTphase(i,RS), respectively) across all events (see Supporting Information S1). Thus, for each TAMNNET 
station, we have historical averages and standard deviations based on the differences in a given station's 
measurements with respect to those of all other stations across the full data set. The historical average at 
any RS (i.e., μDTphase(i,RS)) can be used to assess any particular measurement at the RS, for a given event. 
Specifically, for each RS, μDTphase(i,RS) can be subtracted from DT j

phaseE  (i,RS) for each record to compute a 
difference from the average, which we define as:

DT DT DTphase
i j

phase
j

phasei RS i RS
,

( , ) ( , ).   (2)

The ΔDT differences document how any given differential measurement compares to the historical average 
for that RS and for station i. For a given RS and event j, we computed the L2 norm of the ΔDT values across 
all stations as (see Supporting Information S1):

  
22 ,

ΔDT DT .i j
phase phasei (3)

We also determined the averages and standard deviations of these L2 norm values across all events for 
each RS ( 2

ΔDTμ phaseE  and 2
ΔDTphaseE  ; see Supporting Information S1). Computing μ2

ΔDTphaseE  and σ2
ΔDTphaseE  

from the historical interstation patterns allows assessment of the interstation time-shift differences for any 
specific event (and for the phase of interest). For example, if E 2

ΔDTP is large compared to μE 2
ΔDTP for a given 

event (and for a given RS), then the P-wave time shifts for that particular event are substantially different 
compared to the historical average of all other events, meaning it is less reliable and hence should receive 
a lower weight. We note that σ2

ΔDTphaseE  (for the given RS) helps to provide context on whether μ2
ΔDTphaseE  

is meaningful. We introduce event-specific weights (EVTphase) to the data set based on μ2
ΔDTphaseE  and 

σ2
ΔDTphaseE  . After exploring various possibilities (see Supporting Information S1), we defined EVTphase as:

 
   

 

 
 



  

  
  



  

  
   


  

  
  



2 2 2

2 2 2
2 2 2

2

1 if 0.5
EVT 0.5

1 if 0.5

DTphase DTphase DTphase

phase DTphase DTphase DTphase
DTphase DTphase DTphase

DTphase

 (4)

Figure 5a illustrates the range of EVT weights for both P and PcP across the 227 events in our high-quality 
interstation subset.
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Our HIPR-based interstation time-shift differences have also been employed to determine associated sta-
tion weights (STA) for the TAMNNET array. Specifically, for each RS, we computed the L2 norm of the 
σDTP(i,RS) values defined above. That is:

  2 2
DTP P( ) ( DT ( , ) )iRS i RS (5)

The E 2
σDTP values provide a measure of stability (i.e., consistency) of the P-wave time shifts at each RS. That 

is, if E 2
σDTP(RS) is small, it indicates that the P-wave interstation time shifts are consistent at that station and 

can be reliably used to assess the time shifts of individual events. Both the σDTP(i,RS) and 2E σDTP(RS) val-
ues are summarized in Supporting Information S1. The E 2

σDTP values can be used to define DTP-based STA 
weights for each station in the array. To do so, the station with the smallest E 2

σDTP is assigned a full weight 
of 1, while the station with the largest E 2

σDTP is down-weighted by some user-specified percentage (DW%). 
The remaining stations are then weighted based on their fractional E 2

σDTP relative to the minimum and 
maximum E 2

σDTP values. That is,

 

 

 
  
 
 

 

 

2 2
DTP DTP

2 2
DTP DTP

min( )DW%STA 1
100 max( ) min( )

 (6)

For the TAMNNET data set (Figure 6a; Supporting Information S1), station BEBP had the smallest E 2
σDTP 

value (3.42), while station DONT had the largest value (7.61). Given this, station BEBP was assigned full 
weight (1), and station DONT was down-weighted by 30% (i.e., its STA weight from Equation 6 is 0.7). For 
the remaining TAMNNET stations, the corresponding STA weights were scaled using Equation 6, based 
on their fractional E 2

σDTP relative to the minimum and maximum values at stations BEBP and DONT (Fig-
ure 6a; Supporting Information S1). We note that our STA weights are only based on the P waveforms given 
the higher SNR of P phases compared to PcP. From Figure 6a, one can see that there is a rough correlation 
between a TAMNNET station's STA and its distance from the coastline. Near-coastal stations, such as DONT 
and MICH, were located on a moving glacier and their corresponding signal quality was therefore some-
what lower, as reflected by their lower STA values. Stations located further inland were deployed on the 
more stable East Antarctic ice sheet and generally have higher STA values.

Figure 5. (a) Histograms showing the range of EVTP and EVTPCP weights for the events in our high-quality interstation 
subset (227 events total). 80% of the P data and 71% of the PcP data have full EVT weights of 1. (b) Same as (a) but now 
for the remaining events in our base data set (595 events total). 69% of the P data and 60% of the PcP data have full EVT 
weights of 1.
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3.2. Event and Station Weights for Lower Quality Waveforms

The event weighting scheme described in Section 3.1 (Equation 4) was applied to the 227 events composing 
our high-quality data subset; however, we also wanted to apply this approach to the remaining 595 lower 
quality events in our base data set to assess if the HIPR method would allow us to improve their P and 
PcP stacks, thereby providing additional, reliable signals to assess ULVZ structure. Using the previously 
described relationship (Equation 1), DT values were computed for the remaining 595 events, allowing each 
TAMNNET station to have a turn as the RS, as before. However, the averages (μDTphase(i,RS)) were not rec-
omputed. Instead, we retained the average values that were determined using the 227 high-quality events 
(see Supporting Information S1), and these averages were used to compute ,ΔDT i j

phaseE  as well as 
2

DTphaseE  
for each event, as described in the previous section (see Equations 2 and 3). The 

2
DTphaseE  values were as-

sessed using the μ2
ΔDTphaseE  and σ2

ΔDTphaseE  terms, but similar to μDTphase(i,RS), these averages and standard 
deviations were again based on the high-quality event subset (see Supporting Information S1). Collectively, 
these values were used to compute EVTphase for each record using the same weighting scheme described in 
Section 3.1 (Equation 4). Similar to Figures 5a, Figure 5b shows the range of EVT weights for both P and 
PcP, but now for the remaining 595 events that were not included in the high-quality interstation subset. 
Average EVTP and EVTPcP weights for all 822 events in our base data set are summarized in Figures 6b 

Figure 6. (a) TAMNNET stations (triangles) color-coded by their corresponding STA weights, as defined by 
Equation 6. (b) Average PcP CMB bounce point locations for all 822 events in our base data set, color-coded by their 
corresponding average EVTP weight. (c) Same as (b) but now colors correspond to average EVTPcP weights.
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and 6c, respectively. Unlike the STA weights (Figure 6a), there is no clear geographic patterns observed in 
the EVTphase weights. We note that STA weights were not recomputed for the lower quality data set; instead, 
we retain those computed with the high-quality interstation subset (see Supporting Information S1).

4. Restacking Procedure
Of the 822 events in our base data set, 15 were removed because their corresponding EVT weights were 0. 
The removed events all had magnitudes <5.3 and had low SNR P arrivals. For the remaining 807 events, 
new P and PcP stacks were created by incorporating the interstation weights discussed in Section 3. As be-
fore (see Section 2), each P waveform was weighted by its CCC2 value and SNRweight; however, the waveforms 
were now also weighted by their corresponding EVTP and STA weights. Collectively, these weights are used 
to define a final composite weight (FCW):

   2
P weight PFCW CCC SNR EVT STA (7)

for each P record. For the PcP waveforms, a comparable weighting scheme was used, but we also applied the 
corresponding EVTP weight to the PcP records. Specifically, for the PcP waveforms, the FCW is defined as:

    2
PcP weight P PcPFCW CCC SNR EVT EVT STA (8)

Taking this approach allows the higher SNR P waveforms to influence the weighting of the corresponding, 
lower SNR PcP records (and, conversely, if the P waveforms are poor quality, this approach further down-
weights FCWPcP). The iterative stacking approach outlined in Section 2 was again applied to both the P and 
PcP records to optimize the phase alignment and to update all event-representative stacks (Figure 3).

The newly updated stacks were then subjected to another round of visual inspection. Most of the 227 events com-
posing our high-quality interstation subset have EVT weights with the maximum value of 1 (Figure 5a). While 
the applied STA weights modified the P and PcP stacks, the resulting waveforms for this subset were generally 
similar to those obtained with the original stacking procedure (see Event_2013.12.17.17.02.01.300 on Figure 7, 
for example). However, the HIPR weights lead to improved, higher SNR stacks for ∼11% of the remaining lower 
quality events, as illustrated by the examples shown in Figure 7. This is significant because the applied approach 
has allowed us to retain events that would have been otherwise dismissed. For all data, the HIPR approach pro-
vides further confidence in the events chosen for later modeling and interpretation because the stacks are based 
on waveforms whose weights better reflect the station and event quality. Ultimately, 242 TAMNNET-recorded 
events, whose HIPR-weighted stacks show high SNR PcP signals, were retained for ULVZ assessment.

5. Additional Considerations
Since PcP phases travel greater distances through the Earth than direct P-waves, the PcP phases generally 
experience a higher degree of attenuative energy loss. Therefore, to make the stacks more comparable, the 
P-wave stacks must often be adjusted to account for the extra attenuation experienced by the PcP waves. 
We accomplish this by convolving each P-wave stack with a family of t* operators, ranging from 0.2 to 
2.0. The t* operators represent the additional accumulated attenuation along the PcP ray path compared 
to P, where higher numbers correspond to greater attenuative energy loss (e.g., Bock & Clements, 1982; 
Hansen et  al.,  2020; Rost et  al.,  2005,  2010). For each event, the t*-convolved P-wave stacks were com-
pared to the corresponding PcP stack, and the t* operator that produced an attenuated P response which 
most closely matched the PcP signal was selected. The optimal t* operator was determined using the 
CCC between the t*-convolved P and PcP stacks, but all comparisons were also visually inspected (see 
Supporting Information S1).

For some earthquakes, the radiation pattern can result in opposite polarities for the P and PcP phases; 
therefore, we also assessed the polarization of our stacks. 228 of our 242 events of interest have entries 
in the global centroid moment tensor (CMT) catalog (https://www.globalcmt.org; Dziewonski et al., 1981; 
Ekström et al., 2012), but we note that these CMTs are derived from long-period data. Therefore, the CMTs 
were used to predict event radiation patterns and thus the relative polarities of the examined high-frequency 
P and PcP data (Lin & Garnero, 2011). All radiation amplitude values were normalized between −1 and 1. If 

https://www.globalcmt.org/
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the predicted amplitudes for the P and PcP phases have opposite signs, a polarity change is likely given the 
take-off angle from the source. Further, if either the P or PcP predicted amplitudes are close to 0 (regardless 
of sign), one or both phases may be near the nodal plane, and a polarity reversal between phases is plausible. 
Otherwise, if both radiation amplitude values have the same sign and large values, the P and PcP phases 
should have the same polarity. For any event predicted to have a high likelihood of a polarity reversal (as 
well as for any event that was not in the global CMT catalog), we compared the t*-convolved P-wave stack 
to the corresponding PcP stack with both normal and reversed polarity (see Supporting Information S1). 
For these events, if the reversed polarity provided a better match between the P and PcP stacks, then that 
polarity was adopted. Of the 242 examined events, 20 had reversed polarity.

6. Example Application: Investigating ULVZ Structure Near New Zealand
To further illustrate the results provided by our new HIPR-based stacking approach, we highlight a group 
of events that sampled the lowermost mantle east of New Zealand (Figure 2b). This region was selected 
because it is the best sampled by the TAMNNET PcP data set and is of particular interest because it borders 

Figure 7. Illustration of HIPR-based stacking for six different example events. For each, the individual P and PcP waveforms are shown on the left and right 
panels, respectively, station names are listed on the left, and corresponding initial composite weights (ICW) and final composite weights (FCW) are listed 
above each trace. The waveform alignment corresponds to the interstation-based stacking procedure. Also shown are the P and PcP stacks obtained with the 
initial stacking procedure as well as with the HIPR-based stacking procedure. On all stacks, gray shading indicates one standard deviation of the stacked signal. 
Corresponding weights for each trace are summarized in Supporting Information S1. Event_2013.12.17.17.02.01.300 was included in our high-quality data 
subset, but all other events were part of the lower quality data set.
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the Pacific LLSVP. LLSVPs are large-scale mantle structures that extend hundreds of kilometers above the 
CMB and are characterized by negative δVS of several percent relative to standard reference models (e.g., 
Cottaar & Lekic, 2016; Garnero et al., 2016). Some previous studies (e.g., Li et al., 2017; Zhao et al., 2017) 
have suggested that ULVZs may be preferentially concentrated near the boundaries of LLSVPs, associated 
with chemically distinct material advected there by mantle convection currents. Only three prior stud-
ies have investigated the CMB structure in the area east of New Zealand (Hansen et al., 2020; Thorne & 
Garnero, 2004; Thorne et al., 2020); therefore, our PcP results allow for further assessment of potential 
ULVZ-LLSVP relationships. Of our examined events, 90 probe the lower mantle structure in this region, 
and refined P and PcP stacks were generated for all of these earthquakes using our refined, HIPR-based 
stacking scheme.

6.1. Synthetic Modeling

Synthetic modeling was employed to assess the lowermost mantle structure sampled by our PcP waveforms. 
The generalized ray method (GRM, Gilbert & Helmberger, 1972) was used to compute a series of synthet-
ic spike trains for the PcP and PdP phases as well as for three first-order reverberations generated within 
ULVZs (PcpdPcP, PcsdScP, and PdScsdScsP; Figure 1). The spike trains were calculated for the range of epi-
central distances covered by our data and for a variety of ULVZ characteristics. Specifically, the ULVZ layer 
thickness was varied from 2 to 20 km in 2 km increments, δρ varied from −10% to 20% in 5% increments, 
δVP varied from 0% to 20% in 1% increments, and δVS varied from 0% to 50% in 2% increments. All δρ, δVP, 
and δVS are relative to PREM (Dziewonski & Anderson, 1981). These ULVZ parameter ranges are similar to 
those typically found in previous investigations (e.g., see review by Yu & Garnero, 2018). A model without 
a ULVZ (i.e., the PREM model) was also included. Ultimately, for each epicentral distance, over 38,000 1-D 
synthetic models were generated.

For each event, a Hanning-tapered P-wavelet was extracted from the t*-convolved P stack using a ±3  s 
time-window centered on the P arrival. The wavelet was convolved with each of the GRM-generated syn-
thetic spike trains to create a series of synthetic PcP waveforms (PcPsyn), and the synthetic signals were cor-
related with the observed PcP stack (PcPobs), in order to align them at their point of maximum similarity and 
to determine their associated CCC. For the most extreme ULVZ models examined, the pre- and post-cursors 
arrive within ±8 s of the main phase (see Supporting Information S1). Therefore, PcPobs and PcPsyn were 
compared over a 16 s window centered on the PcP arrival. The fit between PcPobs and PcPsyn was assessed 
with a “Comparison Quality” (CQ) factor, defined as:

 CQ CCC , (9)

where E  is a measure of the goodness of fit between PcPsyn and PcPobs, defined by the sample-by-sample 
differences between their waveforms within the 16 s comparison window:
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1

PcP

N
n

N
n

 (10)

In Equation 10, N is the number of samples within the comparison window.

Two additional criteria were applied to ensure our interpretations are based on the most reliable results. 
First, we required that PcPobs have SNR ≥ 1.5. Second, for the top 100 best-fit models, we require that their 
average CQ must be >0.2. These criteria help to ensure that the PcP signal is stable and that there is a good 
match between PcPobs and PcPsyn. For events meeting these criteria, we also determined the percent CQ 
improvement for each PcPsyn compared to that computed for the PREM synthetic to determine whether a 
ULVZ model fits the data significantly better than a non-ULVZ model. Here we specify that robust ULVZ 
evidence for any event requires the average CQ of the top 100 best-fit synthetic models to be at least 10% 
greater than the CQ of PREM. Otherwise, the synthetic modeling does not reliably distinguish between a 
CMB region possessing or lacking ULVZ structure. We note that our final HIPR-based P and PcP stacks and 
modeling results for the east New Zealand data set are openly available (see Acknowledgments).
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Figure 8. Synthetic modeling examples. For each event, (a) shows the HIPR-based PcP stack (black) along with the synthetics from the best-fit model (red) 
and from PREM (green). The ULVZ parameters for the best-fit model are listed next to the event ID (H: ULVZ thickness). (b) Histograms showing the range 
of CQ values across all synthetic models. The CQ values for PREM and the average CQ over the top 100 best-fit models are marked by green and orange 
lines, respectively. For reference, the PcP stack SNR, the average CQ value, and the average percent CQ improvement over PREM are listed on the upper left 
(note: averages are again over the top 100 best-fit models). (c–e) Scatter plots illustrating the range of ULVZ parameters for the top 100 best-fit models, with 
corresponding linear fits. Symbol colors represent different δρ values, as noted in the legend in the top row. The symbols are sized so that they can be nested 
since models that only differ by δρ will plot atop one another. For reference, the parameters for the best-fit model (a) are indicated by the X on each scatter plot.
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6.2. ULVZ Results

Six of the 90 New Zealand events did not meet the specified PcPobs SNR 
criterion and an additional three events fell below the average CQ thresh-
old; therefore, we focused our assessment on the remaining 81 events. Of 
these, 63 show robust ULVZ evidence as defined by the average percent 
CQ improvement threshold (10%). We note that ∼15% of these events had 
PcP stacks that were improved by our HIPR-based weighting scheme and 
hence were retained for ULVZ assessment (see Section 4). The remain-
ing 18 events fell below the specified percent CQ improvement threshold 
and hence provide uncertain ULVZ evidence (see Supporting Informa-
tion S1). Examples of our modeling results are shown in Figure 8.

Modeling tradeoffs between ULVZ thickness and velocity reduction 
are common (e.g., Cottaar & Romanowicz, 2012; Garnero & Helmberg-
er, 1998; Rost et al., 2005; Thorne et al., 2013; To et al., 2011). That is, a 
model with a thicker ULVZ and a smaller velocity reduction may fit the 
data equally well as a model with a thinner ULVZ and a larger veloci-
ty reduction. ∼58% of our 81 modeled New Zealand events show such 
characteristic tradeoffs, as illustrated in the examples shown in Figure 8. 
However, this tradeoff is expected for fairly flat (at least locally) 1-D 
ULVZ structure; therefore, the lack of such linear tradeoffs for the re-
maining modeled events may reflect more complicated 3-D ULVZ struc-
ture (Hansen et al., 2020). If we focus on the top 100 best-fit models for 
each of the 63 events meeting our ULVZ criteria, the average ULVZ layer 
thickness (±1 standard deviation) across the study region is 16 ± 2 km, 
with average δVP and δVS of 13% ± 3% and 30% ± 7%, respectively, re-
sulting in an average δVS:δVP of 2.3:1. If we instead only focus on the 47 
events displaying linear tradeoffs in ULVZ characteristics, thereby poten-
tially avoiding complex waveforms from 3-D ULVZ structure, the average 
slope of the δVP versus δVS plots indicates a δVS:δVP of 1.7:1. This is no-
table because previous studies that advocate for ULVZs being associated 
with partial melt along the CMB typically report higher δVS:δVP, averag-
ing about 3:1 (e.g., Berryman, 2000; Garnero & Vidale, 1999; Reasoner 
& Revenaugh, 2000; Rost et al., 2006; Williams & Garnero, 1996; Yu & 
Garnero, 2018).

6.3. Comparison to Previous Studies and ULVZ Interpretation

Figure 9 shows a comparison of our PcP results in relation to previous investigations in our study area. 
As part of their global study, Thorne and Garnero (2004) examined the lowermost mantle structure both 
northeast of New Zealand as well as in a region just to the east of the south island (Figure 9). That investi-
gation used SPdKS waves, which can be difficult to interpret because of uncertainty on whether the imaged 
ULVZ structure is present along the source- versus receiver-side of the SPdKS ray path (unless there is good 
crossing ray path coverage, e.g., Thorne et al., 2021). Thorne and Garnero (2004) find ULVZ evidence in the 
region northeast of New Zealand, with possible, though less certain, evidence along the CMB adjacent to 
the south island (Figure 9). Thorne et al. (2020) also examined SPdKS waves in their global assessment of 
ULVZ structure, a small number of which sample the lowermost mantle east of New Zealand, but they did 
not find any evidence for ULVZ structure in this region. Hansen et al. (2020) modeled core-reflected ScP 
phases also recorded by TAMNNET. That study identified 10 events that displayed robust ULVZ evidence, 
with an additional 16 events showing possible but less certain evidence (Figure 9). There does not appear to 
be any compelling trend of where the robust versus uncertain ULVZs exist, but there is evidence for ULVZs 
throughout the general region. This is similar to the Idehara et al. (2007) study, who examined the lower-
most mantle structure beneath the western and southern Pacific and found broad but irregular evidence for 
ULVZ structure.

Figure 9. ULVZ comparisons between different studies in the vicinity of 
New Zealand (see green polygon on Figure 2b). Similar to the review by 
Yu and Garnero (2018), red markers indicate areas where ULVZ evidence 
has been found, and yellow markers indicate where ULVZ evidence is 
uncertain. PcP results from the current study are indicated by dots with 
bold black outlines, which are plotted at each event's average CMB bounce 
point. Remaining dots show ScP results from Hansen et al. (2020), and 
lines marked “TG” indicate results from the SPdKS study by Thorne and 
Garnero (2004). Thorne et al. (2020) found no ULVZ evidence in this 
region. The dashed cyan and blue lines denote the boundary of the Pacific 
LLSVP as identified by Houser et al. (2008) and Simmons et al. (2010), 
respectively.
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The aforementioned studies as well as the PcP results from the current investigation all sample a portion 
of the CMB near the boundary of the Pacific LLSVP. Two different LLSVP margin locations from tomog-
raphy studies by Houser et al.  (2008) and Simmons et al.  (2010) are shown in Figure 9 to illustrate that 
there is some uncertainty over where this boundary may be located, but we also note that the edges of the 
LLSVPs are, to first order, fairly consistent across all seismic tomography models (Cottaar & Lekic, 2016). 
Both our PcP results and those from prior studies (Figure 9; Hansen et al., 2020; Thorne & Garnero, 2004) 
indicate ULVZ structure along/near this boundary, which may suggest that the imaged ULVZs are associ-
ated with chemically distinct material moved by mantle convection currents. Geodynamic models show 
that compositionally unique ULVZs are driven toward the edges of LLSVPs (Hernlund & Tackley, 2007; Li 
et al., 2014, 2017; McNamara et al., 2010), and the approximately 2:1 δVS:δVP indicated by our PcP synthetics 
is more consistent with a compositional ULVZ origin as opposed to a solely thermal source (such as par-
tial melting, e.g., Berryman, 2000; Williams & Garnero, 1996). Therefore, we interpret the ULVZ structure 
sampled by the TAMNNET data set as chemical heterogeneities (with or without partial melt) that have 
accumulated along the southwestern boundary of the Pacific LLSVP.

7. Conclusions
Our study presents a new iterative stacking routine that incorporates weighting based on interstation tim-
ing differences to improve signals of small-scale deep Earth structures. The method uses a HIPR approach, 
which permits any signal to be evaluated relative to expected interstation behaviors and thus weighted 
accordingly. The refined waveform stacks developed with our approach more objectively and systematically 
incorporate higher station and event quality, thereby providing further confidence in events chosen for 
synthetic modeling and interpretation. While not specifically aimed at identifying unclear seismic phases 
(below the noise level), the HIPR method does also allow some lower-quality events that may have been dis-
missed with more traditional stacking approaches to contribute to lower mantle and CMB investigations. To 
illustrate our method, we examined PcP phases recorded by the Antarctic TAMNNET array. The approach 
worked well for the examined network deployment duration and aperture, and while we have not tested the 
method on larger seismic arrays, we anticipate that HIPR would also be beneficial in these cases to establish 
relative time differences between stations, if sufficient historical event data is available. Results from our 
example application, which focus on a portion of the CMB east of New Zealand, provide strong evidence for 
ULVZ structure in this area, and we interpret the ULVZs as being associated with compositionally distinct 
material that has accumulated along the boundary of a LLSVP (Li et al., 2017).

Data Availability Statement
Data management handling was provided by the Incorporated Research Institutions for Seismology (IRIS) 
Data Management Center (DMC), and all TAMNNET data are openly available through the DMC (http://
www.fdsn.org/networks/detail/ZJ_2012). Our final HIPR-based P and PcP stacks and all ULVZ modeling 
results are available at https://zenodo.org/deposit/4950169.
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