
1. Introduction
Seismic phenomena analyzed on a continental scale have improved our understanding of whole-Earth dynam-
ics. Such studies have analyzed reflectors in the mid mantle (e.g., Bentham et al., 2017; Deuss, 2009; Deuss 
et al., 2006; Waszek et al., 2018), converted phases (Abt et al., 2010; Jenkins et al., 2017), and small-scale heter-
ogeneity from scattering (Hedlin & Shearer, 2000; Ma & Thomas, 2020; Waszek et al., 2015), from waveform 
complexity (Thorne et al., 2020, 2021), and through seismic tomography (Bedle et al., 2021; Fichtner et al., 2018; 
Schmandt & Lin, 2014; Sigloch et al., 2008). Using slowness vector measurements (backazimuth and horizontal 
slowness) to quantify diffraction and observe multipathing caused by mantle heterogeneity boundaries has yet to 
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Plain Language Summary Observations of many phenomena such as reflections and scattering 
of waves generated by earthquakes have been analyzed on a continental scale. These observations have led to 
great progress in our understanding of the Earth's structure and dynamics. What has yet to be analyzed on such 
a large scale are the deflections of seismic waves at the boundaries of structures such as mantle upwelling. 
Analyzing these deflections can give information on the boundary structure of mantle structures. In this study, 
we present the first continent-scale data set of measurements quantifying the extent waves have been perturbed 
from their path between the earthquake and recording station. From this new data set, we infer the extent of 
the deflection is dependent on the spatial scale we are sensitive to. When analyzing our data set spatially, we 
find evidence for several potential mantle upwellings and fragmented subducted crust beneath the US. Our 
observations support previous models of the upper mantle beneath the US but differences remain suggesting 
observations of direction and velocity could improve the creation of these models. Our observations show 
mantle structure can be well resolved with measurements of wavefield deflection and that these measurements 
will be crucial for furthering our understanding of Earth structure and dynamics.
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be performed on a continental scale. Diffraction and multipathing are sensitive to the velocity gradient strength 
and velocity perturbations of the heterogeneity. As seismic velocity changes with both temperature and composi-
tion, these observations can give insight into the thermal and compositional gradients at the boundaries of these 
anomalies, and be used to test geodynamical hypotheses. Multipathing occurs when a wavefield is incident on a 
sufficiently strong velocity gradient that, over a short distance (100s km), the wave travels at different speeds and 
will be diffracted. This results in multiple distinct arrivals each with different arrival times and, because of the 
diffraction, with different horizontal velocities and directions (horizontal slownesses and backazimuths). Multip-
athing has been observed in slowness space in surface waves (Maupin, 2011) and body waves (Ward et al., 2020) 
and its effect on waveform complexity has been extensively studied (Ni et al., 2002; Ni & Helmberger, 2003; Sun 
et al., 2009, 2019; C. Zhao et al., 2015).

As slowness vector measurements of diffraction and multipathing have not been analyzed on a continental scale, 
we present the first study analyzing these phenomena using data sampling the mantle beneath the contiguous 
United States (US). The contiguous US has been studied intensely using travel-time (Schmandt & Lin, 2014; 
Shen & Ritzwoller, 2016; Sigloch et al., 2008) and full-waveform tomography (Krischer et al., 2018; Rodgers 
et al., 2022; Yuan et al., 2014; Zhou et al., 2022) as well as higher resolution studies using scattering (Ritsema 
et  al.,  2020), structure beneath seismic arrays (Capon,  1974) and receiver functions (e.g., Abt et  al.,  2010; 
Kind  et al., 2015; Schmandt et al., 2014). These studies have shown the upper mantle is complex with the possible 
presence of mantle plumes (Porritt et al., 2014; Schmandt & Humphreys, 2010; Tao et al., 2020; Tian et al., 2009) 
and lithosphere fragments (Biryol et al., 2016; Bunge & Grand, 2000; Grand et al., 1997; Pierce & Morgan, 2009; 
Sigloch et al., 2008; Tian et al., 2011; Wang et al., 2019). The contiguous US has an abundance of data, has 
been heavily studied and has complex mantle structure. Therefore, it is an excellent location to perform the first 
continental-scale analysis of mantle structure using slowness vector measurements and multipathing. We do this 
with minimal need for visual inspection by applying the automated array technique of Ward et al. (2021) to a 
continental-scale SKS data set taken from Thorne et al. (2020), densely sampling beneath the US.

We perform the analysis over three frequency bands each sensitive to different length scales and make 5,960 
observations (Table S1 in Supporting Information S1). We first analyze the frequency dependence of multip-
athing observed by Ward et al. (2020) and slowness vector deviation magnitude, and then analyze the data set 
spatially. Forward modeling results show fast seismic anomalies cause slowness vector deviations to have a 
converging pattern and a slow seismic anomaly to have a diverging pattern (see Section  4.1). Therefore, we 
analyze slowness vector deviations by taking the divergence to highlight regions of fast or slow mantle heteroge-
neities. We observe slowness vector deviations indicative of fast and slow anomalies in the North American upper 
mantle possibly caused by subducted slab fragments, the Yellowstone anomaly and the Northern Appalachian 
Anomaly. We find multipathing is present at the boundaries of many heterogeneities in the highest frequency 
band (0.20–0.40 Hz) and anomalies that have been interpreted as lying between the 410 and 660 transition zone 
depths show multipathing strongly in the 0.15–0.30 Hz frequency band. Future work can focus on exploring the 
relationship between frequency dependence of multipathing and stagnating slabs as well as the incorporation of 
slowness vector measurements into tomographic inversions.

2. Methods
2.1. Data and Sub-Arrays

We used a subset of the global SKS data set of Thorne et al. (2020), which included events between 1990 and 
2017 with magnitudes greater than 5.8, deeper than 75 km and with epicentral distances between 90° and 130°. 
SKS has several advantages to study mantle structure. As shown in our modeling later, source-side mantle struc-
ture has little effect on the slowness vector measurement. The outer core is assumed to be well mixed and have a 
radial seismic structure so it should not affect slowness vector measurements. SKS has a near vertical incidence, 
therefore when interpreting the results, one can assume a wave exits the core and travels steeply through the 
mantle, making SKS sensitive to lateral velocity gradients. A disadvantage of using SKS is it is challenging to 
infer the depth or depth extent of the heterogeneities we find. In the future, using other phases with other inci-
dence angles in combination with SKS may constrain heterogeneity depths better.

The raw data were processed as described in Thorne et  al.  (2020) by removing the mean and trend then the 
instrument response. Low-quality data were removed first with an ensemble of neural networks each trained on 
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the amplitude spectra of 10,000 traces and their respective labels of high or low quality following the approach 
of Valentine and Woodhouse  (2010). Following this, all traces were visually inspected for quality and the 
high-quality traces were kept for analysis. For each event, the stations recording high-quality data were divided 
into sub-arrays using the following approach.

To ensure high-quality observations, we required a sub-array to have a minimum of 15 stations with a maximum 
aperture of 400 km. To ensure all sub-arrays met these criteria, we first used density-based clustering algorithm 
DBSCAN (Ester et al., 1996) to remove stations which do not meet the criteria defined above. DBSCAN (Ester 
et al., 1996) is a density-based clustering algorithm that classified the station locations into “core” stations, which 
have at least 15 other stations within 200 km of it, “boundary” stations which did not meet the density criteria but 
are within the 200 km neighborhood of a core station and “outlier” stations which did not meet the density criteria 
and were not in the 200 km neighborhood of a core station. The outlier stations were removed and not used to 
make sub-arrays. We spatially resampled the core stations such that none were within 200 km of each other. This 
was done by randomly selecting a core station, recording it as a centroid station, removing all core stations within 
200 km of it and randomly moving to another core station. This continued until all stations are centroid stations 
or removed as candidates to be centroid stations. For each of the centroid stations, we created a sub-array made up 
of all stations within 200 km of it. Figure S1 in Supporting Information S1 illustrates the steps to form sub-arrays 
and Figure 1 shows the resulting sub-array locations with the events and sampling of SKS in the lower mantle.

2.2. Automatic Multipathing and Slowness Vector Measurements

For each event–sub-array combination, we used the method of Ward et al. (2021) to automatically identify multi-
pathed and single arrivals in slowness space and measure their slowness vector properties. Here, we provide a 
brief summary of the method but for details, such as searching for optimal parameters, see Ward et al. (2021).

The waveforms recorded at a seismic array from which the measurement is to be made are bootstrap sampled 
(Efron, 1992) into N (1,000 here) sub-samples. For each of the N bootstrap samples, we use beamforming (Rost 
& Thomas, 2002) corrected for a curved wavefront (Ward et al., 2020) to calculate the coherent power at a range 
of slowness vector properties. From this power distribution in slowness-space, take the top M power maxima (3 
here) above a noise estimate. The location of the maxima in slowness space gives their slowness vector properties. 
For the sake of ease of explanation, we describe slowness vector properties as points in a 2-D slowness-space. 
Each bootstrap sample will have its own power distribution and respective points. Gather all points from each of 
the bootstrap samples and use DBSCAN (Ester et al., 1996), to identify arrivals as dense clusters of the points. 
DBSCAN parameters ϵ and MinPts define the density threshold to identify the clusters where at least MinPts 
points need to be within a radius ϵ for a region to be defined as a cluster. We set the DBSCAN parameters ϵ 
and MinPts as 0.20 s/° and 250 points respectively in line with the tuning from Ward et al. (2021). The number 
of clusters found is taken as the number of arrivals, the mean of the location of the points in each cluster gives 
the slowness vector properties of the arrival and the scatter of the points in each cluster gives the uncertainty 
estimates of the slowness vector measurement. Figure S2 in Supporting Information S1 illustrates the method.

By using this method, we can confidently make slowness vector measurements of a large data set and identify 
multipathing. We define multipathing as more than one SKS arrival being found within the 40 s time window by 
the method outlined above and be within 3 s/° of the PREM predicted slowness vector properties. Observations 
classified as multipathed were visually inspected to check the classification and if necessary relabeled. Multip-
athing from lower mantle structure has been observed to be frequency-dependent (Ward et al., 2020) suggesting 
the Fresnel zone size relative to the velocity gradient sharpness of the boundary may impact whether multipath-
ing is observable or not. Therefore, constraining in which frequency band multipathing is observable may give 
an indication of the velocity gradient sharpness or depths due to the variation of the Fresnel zone with depth as 
well as frequency. To identify velocity gradients of different sharpness and strength, we conduct this analysis 
in three frequency bands (0.10–0.20 Hz, 0.15–0.30 Hz, 0.20–0.40 Hz). In total there were 5,960 observations. 
The breakdown of the number of multipathed and single arrivals in each frequency band is shown in Table S1 in 
Supporting Information S1.

Instead of analyzing backazimuth and horizontal slowness deviations, we analyzed slowness vector deviations. 
We define the slowness vector deviation as the vector from the predicted location in slowness space to the 
observed location as shown in Figure 2. The larger the magnitude of the vector, the further the observation is from 
the PREM (Dziewonski & Anderson, 1981) prediction.
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2.3. Constraining Velocity Gradient Depth

A challenge with interpreting SKS slowness vector measurements and multipathing locations is determining 
the depth of the structure causing the wavefield perturbations and whether it is on the source- or receiver-side. 
Furthermore, interpretation becomes more complex as there could be multiple structures affecting the wavefield 
at different depths and locations. The unique sampling density we are able to achieve in this data set allows us 

Figure 1. Top: Event (orange stars) and sub-array (green triangles) coverage of the high-quality observations after applying 
the method from Ward et al. (2021). Middle: map of SKS pierce point coverage at 2800 km depth for the observations 
after applying the method of Ward et al. (2021). Blue and red circles show the pierce point location on the receiver- and 
source-side, respectively. Bottom: great circle paths from event to stations.
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for the first time to attempt to constrain the depth and location (source or 
receiver) of heterogeneities with the following approach.

For this analysis, assuming there is a single dominant structure causing the 
perturbation, we assume waves that sample similar regions should arrive with 
a similar slowness vector deviation as defined in Figure 2. The backazimuth 
and horizontal slowness deviations will vary with sampling azimuth but 
the vector which describes the full slowness vector deviation, as shown in 
Figure 2, will not. This is because the slowness vector deviation is orthogo-
nal to the velocity gradient that causes the wave to diffract regardless of the 
sampling azimuth as we show later through forward modeling in Section 4.1. 
We quantified the similarity of slowness vector deviations of all observations 
sampling within 200  km bins by calculating their variance. The variance 
(σ 2) of the slowness vector measurements is calculated as the mean square 
distance between all the slowness vectors and the mean as

𝜎𝜎2 =

∑𝑁𝑁

𝑖𝑖

(
√

(𝑝𝑝𝑥𝑥 − 𝑝𝑝𝑖𝑖𝑥𝑥)
2
+ (𝑝𝑝𝑦𝑦 − 𝑝𝑝𝑖𝑖𝑦𝑦)

2

)2

𝑁𝑁
,

 (1)

where N is the number of vectors in the bin, 𝐴𝐴 𝐴𝐴𝐴𝑥𝑥 and 𝐴𝐴 𝐴𝐴𝐴𝑦𝑦 are respectively the 
east and north components of the mean slowness vector in the bin, and pix and 
piy are respectively the east and north components of the ith slowness vector 
measurement in the bin. The distances between the mean slowness vector 
and each of the slowness vector measurements are illustrated in Figure S3 
in Supporting Information S1. When calculating the variance, we relocated 
the pierce point from its great circle path to the location it would travel from 
such that it arrived with the observed backazimuth and horizontal slowness 
(Ward et al., 2020).

We identified depths where mantle heterogeneities may be present by calculating the number of bins with a statisti-
cally significantly low variance. We did this by projecting the slowness vector measurements along their theoretical 
raypath from PREM to the depth in question, taking all observations within 100 km of the bin centre, and calculating 
the variance of the measurements in each bin as described in Equation 1. To infer which variances are statistically 
significantly low, we randomly took 20 slowness vector measurements from the whole data set  and calculated the 
variance. This was repeated 1,000 times and the 5th percentile of these 1,000 random variance estimates is recorded. 
Variances lower than the 5th percentile estimate are labeled as significantly low and counted for that depth.

We infer which depths are likely to have heterogeneity from histograms of the number of low-variance bins with 
depth (Figure 5). From the histogram, we took the depths with more low-variance bins than the adjacent depths 
and analyzed the slowness vector deviations spatially. This approach gives an approximation about which depths 
may have mantle heterogeneity and attempts to address the poor depth resolution of SKS. Observations from other 
phases such as direct S wave arrival should be incorporated in the future to further improve the depth resolution.

The variance analysis could be repeated by analyzing the relative slowness vectors of the multipathed arrivals in the 
same observations. Different slowness vector properties would manifest itself as different locations in slowness space 
and these relative locations of the multipathed arrivals is indicative of the velocity gradient orientation that caused 
them (Ward et al., 2020). The slowness-space locations of the multipathed arrivals can be quantified by the azimuth 
between the locations in slowness space. If the same velocity gradient causes the multipathing in several observa-
tions, we expect the multipathed arrivals to have similar relative locations in slowness space. We could perform 
similar variance analysis to that performed earlier on the azimuths between the multipathed arrivals that sample a 
similar region. We did not do this as most regions show few multipathed arrivals to reliably calculate the variance.

2.4. Estimating Velocity Gradient Length Scales

Once multipathing is observed, we cannot infer properties of the velocity gradient which caused it without 
computationally expensive finite-frequency forward modeling. We can, however, give an upper bound of the 

Figure 2. Cartoon illustrating our definition of the slowness vector deviation. 
px is the horizontal slowness in the east-west direction and py is the horizontal 
slowness in the north-south direction. The slowness vector deviation is the 
vector from the PREM (Dziewonski & Anderson, 1981) predicted arrival 
location in slowness space (black and gray cross) to the location of the 
observed arrival (blue circle).
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length scale of the transition from the ambient mantle to the interior of the heterogeneity. When we present our 
multipathing observations and discuss possible causes we will give an estimate of the upper bound of the lateral 
velocity gradient extent. We do this by calculating the total area the array of stations is sensitive to in the mantle 
at the depth from which we hypothesize the multipathing comes.

We calculate the Fresnel zone diameter using

𝑑𝑑 = 2

√

𝑧𝑧𝑧𝑧

2
, (2)

where d is the Fresnel zone diameter at depth z. The wavelength λ is calculated from the lower end of the 
frequency band in which multipathing has been observed (0.10, 0.15, or 0.20 Hz) and the PREM (Dziewonski 
& Anderson, 1981) velocity value at depth z. To find the upper bound of the velocity gradient length scale, this 
needs to be added to the diameter of the sub-array used for the recording, which we set as 400 km (Section 2.1). 
The diameter to which the array measurement is sensitive will change with depth. For example, a region spanning 
400 km at the surface will become approximately 370 km when projected to the 410 transition zone. Therefore, 
this is accounted for before adding to the diameter of the Fresnel zone. With this, we propose maximum length 
scales for the lateral velocity gradients of heterogeneity observed.

2.5. Calculating the Divergence of the Slowness Vector Field

Results of forward modeling (Section 4.1) show the divergence of slowness vector deviations is indicative of 
whether the velocity anomaly is positive or negative. Therefore, we calculated the divergence over the grid of 
binned slowness vectors using

∇ ⋅ 𝑝𝑝 =
𝛿𝛿𝑝𝑝𝑥𝑥

𝛿𝛿𝑥𝑥
+

𝛿𝛿𝑝𝑝𝑦𝑦

𝛿𝛿𝑦𝑦
, (3)

where δpx represents the differential of the east-west slowness vector component (px) of longitudinally adja-
cent slowness vector bins, δx is the spacing of the slowness vectors with longitude, δpy is the differential of the 
north-south slowness vector component (py) of laterally adjacent slowness vector bins and δy is the latitude spac-
ing. A positive divergence is expected for a low-velocity anomaly and a negative divergence for a high-velocity 
anomaly (see Section 4.1).

The grid spacing in longitude and latitude is 200 km and we calculated the divergence between the adjacent 
slowness vector components only. We assume the spacing between vectors is small enough that the effect of a 
spherical surface can be ignored. The divergence is plotted in the background of the slowness vector maps and 
can be used to infer the location of fast or slow anomalies. We can not directly relate the magnitude of divergence 
to the magnitude of the velocity anomaly, but this could be the basis of future work.

2.6. Limitations

This work is partly limited by the decisions made to automate the sub-array creation step and in the cluster anal-
ysis parameters used in the method of Ward et al. (2021). The maximum size of the sub-arrays, the minimum 
number of stations needed for a sub-array and the spacing of the sub-arrays will affect the number and distribution 
of the sub-arrays. The parameters were chosen such that each sub-array has sufficient stations to provide reliable 
observations while maximizing the coverage of the mantle without such heavy sampling that some observations 
are nearly redundant.

The parameters given to the automated method of Ward et al. (2021) to make the slowness vector measurements 
and identify multipathing is another limitation. Choosing the parameters requires a balance between finding as 
many low amplitude arrivals as possible while minimizing the misclassification of noise as arrivals. The parame-
ters used in this study were taken from the tuning in Ward et al. (2021) which were shown to agree the most with 
a human-labeled data set and are best suited to this automated task.

Another limitation is the size of the bins chosen for the variance analysis and plotting. For the variance analysis, 
the size of the bin should be on the spatial scale expected for coherent slowness vector values to exist. A bin 

 21699356, 2023, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

026260 by T
est, W

iley O
nline L

ibrary on [24/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

WARD ET AL.

10.1029/2022JB026260

7 of 22

size that is too large may include many slowness vector values and may result in high variance and the removal 
of  those observations. For plotting, too large a bin size or spacing would lose spatial resolution. For both the plot-
ting and variance analysis, too small a bin size would mean there may be too few measurements to form a bin to 
make reliable variance estimates (here we require at least 10 values in a bin to use it) limiting the spatial coverage. 
To choose the bin size, the smallest bin size was chosen which retained enough coverage over the contiguous US 
while still having at least 10 observations per bin.

We used a constant time window of 20 s before and after the PREM (Dziewonski & Anderson, 1981) predicted 
arrival time which may have led to missing some SKS arrivals if they arrived very abnormally early or late and 
may have missed some multipathed arrivals. The time window was chosen to avoid contamination by other arriv-
als, such as SKKS. Due to the dense coverage of the data, we do not expect missing some arrivals in extreme 
cases will greatly affect our results.

3. Results—Frequency Dependence of Multipathing and Slowness Vector 
Perturbation
After processing, we have 5,960 observations over three frequency bands of backazimuth deviations, horizontal 
slowness deviations, multipathing presence and slowness vector deviation (Table S1 in Supporting Informa-
tion S1). The average standard deviations of these measurements are 1.62° and 0.13 s/° showing the effects of 
array aperture, station spacing, and near-surface heterogeneity have little effect on these observations. In this 
section, we present these measurements and describe any patterns present.

3.1. Frequency Dependence of Multipathing

Frequency dependence of multipathing has been observed previously with array methods by Ward et al. (2020) 
and was interpreted as a result of different velocity contrasts, spatial scales or depths. In our observations, we 
observe clear frequency dependence of multipathing (Figure 3) with the most multipathing observed in the high-
est frequency band and the least multipathing observed in the lowest frequency band. From this, we infer that 
velocity gradients on a relatively short spatial scale are more common in the US mantle. The precise length 
scale of the velocity gradient will be depth-dependent. We can give a maximum spatial scale for these velocity 
gradients at a given depth by calculating their Fresnel zone diameter over the whole sub-array (see Section 2.4). 
For velocity gradients in the upper mantle, where we hypothesize most multipathing is taking place due to the 
high number of low variance bins in the upper mantle, we suggest the maximum scale for the velocity gradient 

Figure 3. Histogram of the proportion of multipathing observations present in each frequency band. There is a clear trend of 
more multipathed arrivals observed at higher frequencies.
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could be approximately 500, 480 and 470 km respectively for frequency bands 0.10–0.20 Hz, 0.15–0.30 Hz and 
0.20–0.40 Hz.

3.2. Frequency Dependence of Slowness Vector Deviation Magnitude

We bin the magnitudes of the slowness vector deviations in 0.1 s/° bins to investigate whether there is any frequency 
dependence on slowness vector deviation magnitude (Figure 4). We observe evidence for a frequency dependence 
on slowness vector deviation magnitude with more low magnitude slowness vector deviations observed in the 
lowest frequency band and more large magnitude slowness vector deviations observed in the highest frequency 
band. This pattern could allow broad-scale properties of mantle velocity gradients to be constrained if it is repli-
cated through forward modeling studies.

4. Results—Spatial Analysis and Forward Modeling
Figure 5 shows the results of the variance-depth analysis (Section 2.3) of the data set sampling the mantle beneath 
the US. There is little evidence for lower-mantle structure causing slowness vector deviations in our observations 
in the low and central frequency bands (0.10–0.20 and 0.15–0.30 Hz), because there are very few bins with low 
variance in the lower mantle suggesting no coherent pattern at this depth. However, the highest frequency band 
(0.20–0.40 Hz) contains several regions of high coherency, and as well as structure at ∼300 km depth, it appears 
to be sensitive to mid- and lower-mantle structure. We identify depths that may have mantle heterogeneity by 
those which have a higher number of low-variance bins than surrounding depths in the histograms (Figure 5). This 
is best shown in the 0.20–0.40 Hz band in Figure 5, where there are high bin counts at 400 km, 1,300–2,000 km 
and 2,800 km depth. The depth slices analyzed are listed in Table 1.

We perform the same variance analysis on the source-side paths of the data. While many bins have significantly 
low variance, most are low-magnitude slowness vectors (<0.5 s/°) and are not indicative of sampling mantle 
heterogeneity.

In the following sections, we first infer what the expected slowness vector deviation observation is for seismically 
slow and fast heterogeneity. Then, we present our observations at selected depth slices highlighting possible 
mantle heterogeneity. Following this, our observations are compared to synthetically generated data using three 
upper mantle tomography models (Bedle et al., 2021; Fichtner et al., 2018; Schmandt & Lin, 2014). This allows 

Figure 4. Histogram of slowness vector magnitudes binned in 0.2 s/° bins and colored by frequency band. There is a 
clear frequency dependence of slowness vector deviation magnitudes. Lower frequency bands (red) appear to have smaller 
slowness vector deviations and higher frequency bands (green) appear to have larger slowness vector deviations.
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us to evaluate the tomography models, our data, and, as these are upper mantle models, the relative contribution 
of upper and lower mantle heterogeneity to the observations.

4.1. Forward Modeling Tests

Before interpreting the observations spatially, we use 3-D ray-tracing (Simmons et  al.,  2011,  2012; D. Zhao 
et al., 1992) to infer the qualitative pattern of slowness vector deviations of seismically fast or slow mantle heter-
ogeneity on the scale of 100s of kilometres.

For a qualitative comparison, ray tracing is sufficient as we do not seek to 
compare the modeling quantitatively with our observations. The outputs of 
the ray-tracing approach used here hold no information about the amplitudes 
of the arrivals, therefore it is unclear if the arrivals will arrive with enough 
power to be observed. A direct comparison of the modeling with the data 
would require finite frequency modeling which is beyond the scope of this 
work. Figure S4 in Supporting Information S1 shows an example model setup 
of the anomalies at the CMB with the event and station locations. The fast 
anomaly has a length of 1,000 km east to west, a length of 750 km north to 

Figure 5. Histograms of the number of bins with a significantly low variance of slowness vector measurements (Section 2.3) at each depth. These have been separated 
for each frequency band.

Frequency band (Hz) Depths analyzed

0.10–0.20 200, 1,000, 1,800, 2,000 km

0.15–0.30 200, 800, 1,000 km

0.20–0.40 300, 1,800, 2,891 km

Table 1 
Depths With Possible Mantle Heterogeneity Inferred From the Slowness 
Vector Variances
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south and a height of 500 km above the CMB, with an S-wave velocity perturbation of +5%. The slow anomaly is 
a cylinder with a diameter of 1,000 km, a height of 500 km above the CMB and an S-wave velocity perturbation 
of −5% relative to PREM (Dziewonski & Anderson, 1981). The rest of the model takes the velocities of PREM. 
To test the effect of velocity anomaly perturbation we vary the anomaly strength to be +2.5 and +10% for the fast 
anomaly and −2.5 and −10% for the slow anomaly. We also test a smaller anomaly with a maximum diameter of 
500 km and with an anomaly of +5 and −5% respectively. For each of these models, we investigate the effect they 
have when placed on the source and receiver side. We find receiver-side structure has a much greater effect on the 
slowness vector deviation. We discuss the effects of these further in the Supporting Information S1.

We calculate the arrival times at each station and insert a Ricker wavelet (Ricker, 1943, 1944) with a frequency of 
0.15 Hz at the arrival times creating synthetic seismograms. Using the synthetic data, a beamforming grid search 
is conducted over a range of slowness vectors for each sub-array. We record the slowness vector properties with 
the highest power value and calculate the deviation from the PREM-predicted slowness vector properties. The 
differential slowness vector is plotted at the great circle path pierce points between the event and sub-array centre 
at the CMB. In addition to marking the slowness vector residuals at the great circle path pierce points, the vectors 
are relocated to the path through which they are inferred to travel in a 1-D Earth, such that they arrive with the 
slowness vector properties as the observation (as in Ward et al., 2020). This allows us to visualize possible origins 
of the wave after diffraction in the same way as the slowness vector plots in Section 4.2.

The slowness vector deviations for both model setups are shown in Figure 6. The modeling results clearly show 
a diverging pattern for the slow anomaly and a converging pattern for the fast anomaly. In both models, the slow-
ness vector azimuths are perpendicular to the orientation of the boundary, are large at the edges of the structure 
and have a low magnitude in the centre of them. This suggests refraction through the centre of the heterogeneity 
is not enough to cause slowness vector deviations and that slowness vector measurements are only sensitive to 
the diffraction at the boundaries of the heterogeneities. Larger slowness vector deviation magnitudes are observed 
for a greater velocity perturbation and smaller deviation magnitudes for weaker velocity perturbations. For a 
smaller-sized anomaly, the results suggest the magnitude of the deviations is similar, but the area they are spread 
over is smaller supporting our interpretation that we are resolving the effects of boundary structure.

Figure 6. Slowness vector residuals for a fast cuboid (a) and a slow cylinder (b) with model setups shown in Figure S4 in Supporting Information S1. The fast cuboid 
has a depth extent of 300 km from 100 to 400 km depth, a length of 1,500 km and a width of 1,000 km and a velocity perturbation of +5 δVS. The slow cylinder has 
a depth extent of 300 km between 100 and 400 km, a radius of 500 km and a velocity perturbation of +5 δVS. Note, the slowness vector patterns for the slow cylinder 
show a diverging pattern and for the fast box a converging pattern. In all instances, the slowness vector azimuths are orthogonal to the boundary of the structure.
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We test the effect of source-side structure in our synthetic testing where we use the same anomaly sizes and 
shapes but find negligible slowness vector deviation magnitudes except in the most extreme case with velocity 
anomalies of 10% with a height of 500 km and maximum width of 1,000 km. In this case, we find slowness vector 
deviations of at most 0.5 s/°. As this is the most extreme of the test anomaly cases, we do not think the source-side 
structure is  contributing significantly to our observations. We discuss this further in Section S5 in Supporting 
Information S1.

4.2. Spatial Observations of Slowness Vectors and Multipathing

Using the results of Section 4.1, we present the slowness vector deviations and multipathing spatially. Multip-
athing and slowness vector deviation measurements provide different information about the heterogeneity. The 
presence or lack of multipathing in one or multiple frequency bands constrains the sharpness of the velocity 
gradient. The relative location of the multipathed arrivals in slowness space may give the orientation of the veloc-
ity gradient. It is challenging to recover the velocity anomaly of the heterogeneity through slowness space obser-
vations of multipathing alone. Slowness vector measurements on the other hand can give inferences on whether 
the heterogeneity is seismically fast or slow and the azimuth of the vectors can be used to infer the orientation of 
the boundary. Therefore, when analyzing velocity gradients in the mantle it is important to use both.

We only analyze slowness vector measurements that have a variance lower than the significant variance estimate 
and are then binned in 200 km-radius bins. The bin size was chosen to maximize clarity while retaining as much 
detail as possible. The multipathing observations are shown as the proportion of multipathing within 200 km 
bins with a minimum of 10 observations required to form a bin. Where multipathing is observed, we can estimate 
the maximum scale of the velocity gradient given the depth and frequency band it is observed in by taking the 
approach outlined in Section 2.4. To highlight the location of possible heterogeneity, the divergence of the slow-
ness vector field is calculated with the approach discussed in Section 2.5.

4.2.1. Distribution of Slowness Vector Deviations and Multipathing Beneath the Contiguous US

In this section, we show the spatial distribution of multipathing and slowness vector deviations at selected depths 
and frequency bands with the remaining depths and frequency bands given in the supplementary material. Possi-
ble mantle heterogeneity is highlighted, with a geological interpretation presented later (Section 5). Figures 7 
and 8 show the observations at 200 km depth and show several regions of strong divergence and high multipath-
ing proportion.

We find the strongest positive divergence region (D1, Figure 7a) with large vector deviation magnitude (>1 s/°) 
and moderately high multipathing proportion (40%; M5 in Figure 8a) in the upper mantle beneath the Yellowstone 
region. Adjacent to the D1 anomaly, there are regions of high convergence (C1 and C2). The magnitudes of the 
slowness vectors around C1 vary depending on location with small magnitudes of <0.5 s/° on the west and other 
regions showing large magnitudes of up to 1.5 s/°. The C2 anomaly shows more consistent slowness vector magni-
tudes of approximately 1 s/° at all azimuths and is also near a region of high multipathing proportion (50%) in the 
central frequency band (M8 in Figure 8b). The M8 anomaly has its highest proportion at depths shallower than 
600 km and a much lower proportion deeper in the mantle (Figure 8c). At a depth of 500 km and in the frequency 
band of 0.15–0.30 Hz, we estimate the maximum transition length over which the velocity varies to be 530 km.

On either side of the C2 anomaly there are regions of strong positive divergence (D2 and D3) with slowness 
vector deviations of up to 0.7 s/°, suggesting seismically slow material where small-scale upwellings have been 
hypothesized by some (e.g., Schmandt et al., 2012). These regions show little multipathing, indicating either there 
are no sharp velocity gradients or they do not have the depth extent to cause multipathing in the slowness domain.

In the central and eastern US, we observe regions of converging slowness vector residuals with low magnitude 
residuals (<=0.2 s/°) surrounding them. These converging patterns (C4 and C5) suggest seismically fast mate-
rial is present and similar anomalies in other studies have been interpreted as lithospheric fragments (Biryol 
et al., 2016; Sigloch et al., 2008; Wang et al., 2019). As these regions are not near any diverging patterns we 
do not think they are an artifact of nearby measurements. These regions have different multipathing character-
istics depending on the frequency band. The C4 anomaly shows a high multipathing proportion (60%, M3 in 
Figure 8) in both frequency bands which suggests both a large difference in seismic velocities and a short distance 
over which the change takes place. The C5 anomaly shows some multipathing (40%, M6 in Figure 8a) near the 
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Figure 7. Figure of (a) slowness vector deviation bins at 200 km depth with the divergence in the background Plume locations from Courtillot et al. (2003) are shown 
as yellow stars. The background is the divergence of the slowness deviation vector field calculated using Equation 3. (b) velocity structure of tomography model NA13 
(Bedle et al., 2021) at 200 km depth, and (c) multipathing proportions in the 0.10–0.20 Hz frequency band using pierce points at 200 km depth beneath the US. The 
bins have a radius of 200 km with a spacing of 100 km.
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Figure 8. Proportion of multipathing observations relative to the total number of observations per bin. The sub-figures show different depth slices and frequency 
bands. (a) 200 km depth and band 0.20–0.40 Hz, (b) 200 km and band 0.15–0.30 Hz, (c) 1,800 km depth and band 0.15–0.30 Hz. This highlights the difference in the 
distribution of multipathing in the upper mantle between frequency bands (a) and (b) and the disappearance of multipathing proportion M8 with depth (b) and (c). Bins 
for the multipathing proportion measurements are 200 km radius, spaced with increments of 100 km.
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boundaries of the diverging regions in the highest frequency band only. We interpret this as the anomalies bound-
aries causing multipathing, but the velocity gradient exists on a scale of at most 470 km.

In the northeast of the US, we observe a region with diverging slowness vectors (D5) beneath the Appalachian 
mountains, indicative of seismically slow material. This region does show some multipathing at the boundaries of 
the diverging region (M7) suggesting a transition in terms of temperature or composition on the scale of at most 
470 km. We discuss the possible origins of this structure later.

West of the D5 anomaly, we observe a sharp change in slowness vector magnitudes from approximately 1 s/° 
to very small deviations giving a negative divergence (C3; Figure 7a). The large slowness vector magnitudes of 
C3 indicate a lateral velocity gradient or heterogeneity but, as there is a distinct transition to negligible magni-
tudes, only one strong velocity gradient may be present. The region does show some multipathing in the highest 
frequency band (M2 in Figure 8a). We speculate this could be the boundary of the North American craton with 
the transition occurring over at most 470 km.

A high multipathing proportion is observed in many regions when the data is projected to 200 km depth but only 
observed in the higher frequency band (Figure 8a) with very little multipathing observed in the lowest frequency 
band (Figure 10c). This suggests the heterogeneity causing this multipathing is of a sufficiently small scale to 
only be imaged by the short-wavelength observations. Not all multipathing will be caused at this depth, but we 
argue a significant proportion will be, because of the high number of low variance bins in the upper mantle 
(Figure 5). We suggest this multipathing may be caused by structures that are not individually resolvable by 
seismic tomography or do not cause multipathing in lower frequency bands. We interpret these structures to have 
velocity gradients with scales of at most 470 km.

In the lower mantle (Figure 9), there are regions of diverging slowness vector (D7 and D8) which may be indica-
tive of low-velocity structure. However, the effects of upper mantle structure affecting lower mantle observations 
mean interpreting the data for lower mantle structure is challenging. We discuss this further in Section 4.3. The 
wide distribution of high-frequency multipathing in the upper mantle is also observed throughout the lowermost 
mantle beneath North America (although at a slightly lower proportion; Figure 9), but we do not observe large 
slowness vector magnitudes or patterns in this region. We suggest most of the multipathing is caused by structure 
in the upper and mid mantle; it is challenging to discern the origin, however.

Many depths and frequency bands show a very high proportion (80%) of multipathing which we label M1 in 
Figure 8, but there is very little slowness vector deviation in either the binned or the unbinned data. We do not 
know what could be causing such a high multipathing proportion with small slowness vector magnitudes. Future 
work on a detailed regional analysis to investigate whether combinations of seismically fast and slow mantle 
structures could lead to these observations or if structures in the near surface could be the cause.

4.3. Comparison With Tomography Models

Many tomography models have been presented to understand the upper mantle beneath the US (e.g., Porritt 
et al., 2014; Schmandt & Lin, 2014; Sigloch et al., 2008; Tian et al., 2011). In this section, we compare our 
observations to those created by ray tracing through three velocity models of the upper mantle to determine how 
much upper mantle structure is contributing to our observations and test the tomography models against our 
observations. Our observations provide a good test for these models as SKS data are not used to make the models 
and slowness vector measurements are not incorporated into the inversion.

We choose the models from Fichtner et al. (2018), Schmandt and Lin (2014) and Bedle et al. (2021) because 
they use different approaches and data. These velocity models are for the upper to mid mantle only (depths of 
up to 500–1,200 km) and do not contain lower mantle structure. For the core and lower mantle, we use veloci-
ties from 1D earth model AK135 (Kennett et al., 1995) as this is the reference model used to convert Schmandt 
and Lin  (2014) to absolute velocities and for consistency we use this structure for the other models. We use 
the same ray tracing software as described in Section 4.1 to calculate the travel times for each source-receiver 
pair in the data set. We then place a Ricker wavelet at the calculated travel time and use beamforming (Rost & 
Thomas, 2002) to find the slowness vector with the maximum power. From these slowness vector measurements, 
the same binning process as described earlier is applied.

Figure 10 presents the slowness vector bins at 200 km depth where the variance analysis suggests most of the 
signal is being caused by structures at this depth. Visual inspection of Figure 10 shows the results from all models 
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are able to reproduce the general structure of the data but all show differences on a finer scale. The CSEM model 
(Fichtner et al., 2018) was made using full waveform inversion (FWI) and, in theory, could use the same informa-
tion as this study to create their velocity model. We argue using slowness vector measurements as we have here 
is still useful due to the higher frequencies useable, the lower computational cost and are able to use noisier data. 
Our preferred model is NA13 (Bedle et al., 2021) as it recovers the same converging and diverging patterns better 
than the CSEM model (Fichtner et al., 2018) and has more realistic slowness vector deviation magnitudes than 

Figure 9. Figure of (a) slowness vector deviation bins at 2891 km depth with the divergence in the background. Plume 
locations from Courtillot et al. (2003) are shown as yellow stars. The background shows the divergence of the slowness 
deviation vector field calculated using Equation 3. (b) velocity structure of tomography model SEMUCB (French & 
Romanowicz, 2014) at 2,891 km depth, and (c) multipathing proportions in the 0.20–0.40 Hz frequency band using pierce 
points at 2,891 km depth beneath the US. The bins have a radius of 200 km with a spacing of 100 km.
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US-SL (Schmandt & Lin, 2014). There are differences with the observations 
still where the model produces lower magnitude slowness vector deviations 
indicating structure is not resolved by the tomography model. The differences 
show there is information in our observations about mantle structure not 
included in the tomography and therefore the value of analyzing the mantle 
using slowness vector measurements.

As lower mantle structure is not present in the models we can infer the effect 
of upper mantle structure on our observations of lower mantle structure. We 
find that the signal for all three models in the lowermost mantle is similar 
to that in the observations (Figure 11). Therefore, we conclude the appar-
ent signal in the lowermost is caused by heterogeneity in the upper mantle 
beneath the US.

5. Geological Interpretation
Our slowness vector deviation observations agree well with the velocity 
structure of tomography model NA13 (Bedle et al., 2021) and as such our 
interpretation of the seismically slow and fast anomaly locations would be 
similar. Multipathing provides different information to the slowness vector 
measurement and tomography studies. Multipathing is indicative of sharp 
lateral velocity gradients and the frequency band in which multipathing 
is observed can give further information on the spatial scales at which the 
gradient exists. Therefore, we focus our interpretation on the meaning of our 
multipathing observations in the context of the origin and nature of possible 
mantle upwellings and the origin of the seismically fast material we observe.

5.1. Upwellings Beneath the US

In our interpretation, we assume the seismically slow regions identified are 
likely to be hot and therefore have a positive buoyancy and likely to be upwell-

ings. From our divergence maps, we observe four regions of diverging slowness vector deviations which we interpret 
as upwellings beneath Yellowstone (D1), Appalachian mountains (D5), beneath the Colorado plateau (D3) and 
beneath southwest Utah (D2). These anomalies show unique multipathing behavior.

5.1.1. Yellowstone

The Yellowstone anomaly is a heavily studied region of intra-plate volcanism with some controversy over its origin. 
Some suggest it is of shallow origin (Christiansen et al., 2002; Leonard & Liu, 2016) while others have suggested a 
deeply rooted plume (Nelson & Grand, 2018). Our observations are unable to determine if there is a lower mantle root 
as our lower mantle observations are strongly contaminated by signal in the upper mantle. The Yellowstone anomaly 
is often observed to have the seismically slowest anomaly in tomography models (e.g., Bedle et al., 2021; Schmandt 
et al., 2012) and the temperatures inferred from these anomalies are greater than the melting point of peridotite at 
50–100 km depth (Goes & Lee, 2002). Therefore, it is argued the Yellowstone anomaly is home to partial melt. 
Observations of attenuation suggest the upper 200 km beneath Yellowstone attenuates more strongly than deeper in 
the mantle and could be more hydrated (Adams & Humphreys, 2010). VP/VS ratios from tomography models agree the 
upper 200 km is distinct from deeper and may contain partial melt and be hydrated (Schmandt & Humphreys, 2010).

We observe multipathing at high frequencies at the boundaries of the Yellowstone anomaly (M4 and M5, 
Figure 8a), indicative of sharp velocity gradients at the boundaries and a distinct transition in composition or 
thermal properties. As previous studies have suggested the presence of partial melt in this region, we hypothesize 
the multipathing could be caused by a transition from a region with partial melt and high temperatures to a colder 
region without partial melt. Using the approach outlined in Section 2.4 we estimate the maximum transition 
length would be approximately 470 km.

5.1.2. Small-Scale Upwellings

In addition to the Yellowstone anomaly, we interpret slowness vector deviations as evidence for smaller-scale 
low-velocity anomalies in the upper mantle as observed in previous studies (Eagar et  al.,  2010; Gilbert 

Figure 10. A comparison of (a) observed slowness vector deviation bins 
with the divergence in the background at 200 km depth, (b) synthetic results 
of the ray tracing using tomography model NA13 (Bedle et al., 2021) at 
200 km depth, (c) tomography model US-SL (Schmandt & Lin, 2014), and 
(d) tomography model CSEM (Fichtner et al., 2018) at 200 km depth beneath 
the US. The bins have a radius of 200 km with a spacing of 100 km. plume 
locations from Courtillot et al. (2003) are shown as yellow stars. Background 
for each of the plots shows the divergence of the slowness deviation vector 
field calculated using Equation 3.

 21699356, 2023, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JB

026260 by T
est, W

iley O
nline L

ibrary on [24/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Solid Earth

WARD ET AL.

10.1029/2022JB026260

17 of 22

et  al.,  2003; Schmandt & Humphreys,  2010; Xue & Allen,  2007), labeled D2 and D3 in Figure 7. The D2 
pattern is located east of where previous studies identify a “slab window” (Porritt et  al.,  2014; Sigloch 
et al., 2008; Tian et al., 2011) where the Farallon slab may have broken apart, possibly initiating small-scale 
upwelling from hydration melting and partial melt (Cao & Levander, 2010; Schmandt et al., 2012; Schmandt 
& Humphreys, 2010; Tian et al., 2009). We observe diverging region D3 which is possibly an upwelling to the 
east of the slab window. This region has a low multipathing proportion (Figure 8), counter to what we observe 
beneath Yellowstone. The difference could be due to differences in velocity gradients or depth extents of the 
structures.

5.1.3. North Appalachian Anomaly

The North Appalachian anomaly (NAA) has been imaged in several tomography models (e.g., Bedle et al., 2021; 
Schmandt & Lin, 2014; Yang & Gao, 2018; Zhou et al., 2022), spans over 400 km in diameter and is thought to have 
very low seismic velocities of approximately −10% in VS (Menke et al., 2016; Rychert et al., 2007). Some associate 
it with the Great Meteor hotspot (Taylor & Fitzgerald, 2011), but this may be the result of a coincidental geometry 
(Menke et al., 2016). The anomaly has been hypothesized to be related to lithosphere delamination (G. A. Houseman 
& Molnar, 1997; G. Houseman & Molnar, 2001). Our multipathing observations show a small proportion in the 
high-frequency band suggesting the anomaly transitions over a distance of at most 470 km. Any future hypotheses 
of the cause of this structure will need to be able to have sufficiently sharp boundaries to satisfy our observations.

Figure 11. A comparison of the observed slowness vector deviation bins and divergence at 2,891 km depth (a) with the results of ray tracing from the tomography 
models discussed. These tomography models have no lower mantle structures and so are a good test of the effect of upper mantle structure when trying to infer potential 
lower mantle heterogeneities. The models are NA13 (Bedle et al., 2021) (b), tomography model US-SL (Schmandt & Lin, 2014) (c) and tomography model CSEM 
(Fichtner et al., 2018) (d) all projected to 2,891 km depth beneath the US. The bins have a radius of 200 km with a spacing of 100 km. plume locations from Courtillot 
et al. (2003) are shown as yellow stars. Background for each of the plots shows the divergence of the slowness deviation vector field calculated using Equation 3.
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5.2. Upper Mantle Fast Seismic Anomalies

The subduction history of the US is still a region of active debate and discussion, largely due to the complexity 
of mantle structure and how these structures interact. The upper mantle in the west can be broadly characterized 
as a large region of low velocity with high-velocity structures scattered throughout (Fichtner et al., 2018; Porritt 
et al., 2014; Schmandt & Lin, 2014). This, with observations of a thin low-velocity zone above the mantle tran-
sition zone at 410 km depth (Gao et al., 2006; Schmandt et al., 2011; Song et al., 2004; Vinnik et al., 2010), 
is interpreted as the Farallon slab subducting into the upper mantle, releasing water and causing partial melt 
and small-scale upwellings in the upper mantle (Cao & Levander, 2010; Schmandt et al., 2012; Schmandt & 
Humphreys, 2010; Tian et al., 2009). The Yellowstone plume is speculated to affect the Farallon slab by caus-
ing tears and gaps in the slab observed as patches of high-velocity regions (Leonard & Liu, 2016; Obrebski 
et al., 2010; Pierce & Morgan, 2009; Sigloch et al., 2008; Tian et al., 2011; Xue & Allen, 2007). Seismically fast 
material observed further to the east has been interpreted as lithospheric material with much discussion on its 
origin (Biryol et al., 2016; Liu et al., 2010; Wang et al., 2019). Like many tomography studies, we observe several 
seismically fast anomalies throughout the upper mantle. These fast anomalies show very different multipathing 
observations and in this section, we interpret these in the context of their subduction history.

5.2.1. Cascadia

Some tomography studies observe seismically fast material along the Cascadia subduction margin on the west 
coast of the US with a possible gap between the Juan de Fuca and Gorda slab (e.g., Bedle et al., 2021; Schmandt & 
Lin, 2014), which some suggest may be due to slab break off (Obrebski et al., 2011). The presence of this window 
is debated with some arguing it is an imaging artifact due to resolution limitations of the tomographic approaches 
(Roth et al., 2008) or affected by the starting velocity model (Long, 2016). Other studies have presented observa-
tions supportive of a continuous slab without a window with reflectors (Tauzin et al., 2016) and episodic tremor 
and slip (Audet et al., 2010). Our observations show multipathing is present all along the west coast of the US 
(M4, Figure 8a) at high frequencies which is compatible with both the broken and intact slab hypotheses.

5.2.2. Mid-Mantle Slabs

We observe evidence for seismically fast anomalies beneath the eastern US (C3 and C4) and where we observe 
multipathing regions M2 and M3. There is much speculation on the origin of the C4 anomaly, where we observe 
evidence for a fast anomaly agreeing with several tomography models (Porritt et al., 2014; Schmandt et al., 2011; 
Schmandt & Lin, 2014; Sigloch et al., 2008). Some suggest it could be a Farallon slab fragment of age 40 Ma 
which has stagnated above the 660 km transition (Liu & Stegman, 2011; Sigloch et al., 2008). Other suggest it 
could be a Grenville slab fragment again stagnating in the mid-mantle. Some find by inverse convection models 
and plate reconstruction models that these align palaeogeographically with the Shatsky and Hess conjugate 
plateau as they subducted beneath North America (Liu et al., 2010). All of these require a mechanism for slab 
stagnation where other slabs have descended deeper. As neither are attached to the crust some mechanism for 
neutral buoyancy or a barrier at 660  km is needed. Alternatively, there is a suggestion of dense lithosphere 
delamination or a dripping process where lithosphere drops into the mantle by a Raleigh-Taylor instability (Biryol 
et al., 2016; G. A. Houseman & Molnar, 1997).

Like the C4 anomaly in the east, we observe a distinct region of multipathing in the central frequency band 
(0.15–0.30 Hz) near anomalies C2 southeast of Yellowstone (Figure 7a). We interpret this as the boundaries 
of the C4 and C2 heterogeneities having a large velocity contrast and also transitioning over a longer distance. 
These anomalies have been imaged as fast anomalies between the 410 and 660 km deep transition zone in several 
tomography models (Bedle et al., 2021; Porritt et al., 2014; Schmandt & Lin, 2014; Sigloch et al., 2008; Wang 
et al., 2019). We interpret this as possible lithosphere which has descended into the mid mantle and is sufficiently 
old that it has been heated by the mantle and has weaker thermal gradients at its boundaries. These weaker gradi-
ents are able to produce multipathing in the central frequency band and we estimate the transition length of the 
boundaries is at most 510 km.

6. Future Work
The results presented in this study show continent-scale observations of slowness vector deviations and multipa-
thing can be made automatically, can resolve seismically slow and fast anomalies and identify sharp boundaries 
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not easily resolved by tomography models. Better imaging can be achieved by extending the analysis to include 
direct arrivals, core reflected waves, core diffracted and other core refracted phases. This would then further 
constrain the location of mantle heterogeneity and sharp velocity gradients. As discussed above, some heteroge-
neities previously observed as fast anomalies within the transition zone (410–660 km depth) show high propor-
tions of multipathing in the central frequency band (Figure 8). We speculate this may be due to weaker velocity 
gradients around the slab as it passes through the mantle and warms. Using multipathing signatures of fast seis-
mic anomalies may be able to give more information on their thermal state and contribute to the question of why 
some stagnate while others do not. As each heterogeneity seemingly has a unique combination of multipathing 
and slowness vector observations, forward modeling could effectively constrain the morphology, velocity gradi-
ent properties and velocity perturbation of these anomalies with care taken to account for dipping boundaries 
(Niazi, 1966).

Slowness vector measurements can be made automatically on a continental scale and larger. These measurements 
are not currently included in a tomographic inversion, but we now argue these provide complementary infor-
mation to travel times and could improve the resolution in the inversion. In the forward modeling, the velocity 
vector could be measured at the points where the slowness vector measurements are made by taking the spatial 
derivative of the travel times. This would then provide a suitable comparison that can be iteratively reduced in an 
inversion setup. As the slowness vector measurements were made using beamforming described earlier, they are 
sensitive to frequency and waveform information that travel time tomography is not. Furthermore, array-based 
methods can be used to identify paths where multipathing occurs which travel time tomography is not sensitive 
to. By adding slowness vector observations as a constraint, we argue tomographic inversions will be able to better 
resolve mantle heterogeneity.

7. Conclusions
We have presented the first continent-scale data set quantifying the deflection of teleseismic shear waves and 
multipathing caused by mantle heterogeneity. This study shows this scale of data set and larger can be created 
automatically. Our observations provide insight into the lateral velocity gradients throughout the mantle beneath 
the US, giving information on thermal or chemical gradients in the mantle. We confirm a frequency dependence 
of observable multipathing, observe a frequency dependence of slowness vector deviation magnitudes and show 
the divergence or convergence of the slowness vector deviation field can image fast and slow heterogeneity 
well. Multipathing in different frequency bands can be used to identify structures in the mantle. High-frequency 
multipathing observed widely across the upper mantle suggests velocity gradients are present with length scales 
of up to 470 km, but constraining the depths of SKS multipathing is challenging. Multipathing in the central 
frequency band is observed in local regions where fast anomalies have been observed in the mantle transition 
zone (e.g., Sigloch et al., 2008). We interpret these anomalies as being older than the other fast anomalies and 
have been warmed by the mantle, leading to weaker velocity gradients at their boundaries. By comparing our 
results to those created using ray-tracing through tomography models, we find our results are best replicated by 
model NA13 (Bedle et al., 2021) showing that slowness vector measurements are effective in resolving mantle 
structure. The differences between the observed and synthetic data show slowness vector measurements provide 
more constraints on mantle structure which could be incorporated into tomographic inversions.

Data Availability Statement
The processed seismograms used to make the array measurements are stored as SAC (Goldstein et al., 2003) files 
are freely available on figshare via https://doi.org/10.6084/m9.figshare.21701621 under a CC BY 4.0 license 
with a list of events used here https://doi.org/10.6084/m9.figshare.21710564 and the results here https://doi.
org/10.6084/m9.figshare.21710603. The data is taken as a subset from Thorne et al. (2020) which was collected 
using the SOD software (Owens et al., 2004) and the raw seismograms are freely available from the IRIS Data 
Management Centre with the dois for each network used provided in Supporting Information S1. Figures were 
made using Matplotlib (Hunter, 2007) and cartopy (Met Office, 2010–2015). Travel time and slowness predic-
tions from 1D velocity models were made using the TauP toolkit (Crotwell et al., 1999). Code to make auto-
mated slowness vector measurements is publicly available from https://github.com/eejwa/Array_Seis_Circle 
(Ward, 2021).
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