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S U M M A R Y 

P -wave reflections from the 410- and 660-km mantle discontinuities are visible in stacks 
of ambient noise cross-correlation functions of USArray stations spanning the contiguous 
United States. The reflections are most visible on the vertical components at frequencies 
between 0.1 and 0.3 Hz during low-noise periods, which generally occur during the summer 
months in the Nor ther n Hemisphere. Common reflection point stacking can be used to resolve 
apparent lateral differences in discontinuity structure across the continent and suggests the 
possible existence of sporadic reflectors at other depths. Visibility of the 660-km reflector is 
correlated with faster P -wave velocities at similar depth in a tomographic model for North 

America. However, the lack of clear agreement between these P -wave ambient noise features 
and prior mantle-transition-zone imaging studies using other methods suggests caution should 

be applied in their interpretation. Ambient noise sources from the southern oceans may not 
be distributed uniformly enough for cross-correlation stacks to provide unbiased estimates of 
the true station-to-station P -wave Green’s functions. However, the clear presence of 410- and 

660-km reflections in the ambient noise data suggests that it should be possible to unravel
the complexities associated with varying noise source locations to produce reliable P -wave
reflection profiles, providing new insights into mantle structure under the contiguous United
States.
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 INTRODUCTION  

he USArray seismic experiment, which spanned the contiguous
nited States from 2005 to 2016 with a nominal station spacing of

bout 70 km, has provided a wealth of new information about mantle
tructure and the tectonic history of North America. Seismic studies
f USArray data have resolved 3-D velocity variations by apply-
ng teleseismic body-wave tomography (e.g. Obrebski et al. 2010 ;
chmandt & Humphreys 2010 ; Sigloch 2011 ; Burdick & Lekić
017 ; Burdick et al. 2017 ; Boyce et al. 2023 ), surface-wave tomog-
aphy (e.g. Yang & Ritzwoller 2008b ; Yang et al. 2011 ; Babikoff
 Dalton 2019 ) and joint body- and surface-wave tomography (e.g.
brebski et al. 2011 ; Porritt et al. 2014 ; Schmandt & Lin 2014 ; Go-

os et al. 2018 ). In addition, upper-mantle discontinuity structure
as been examined using P receiver functions (e.g. Cao & Levander
010 ; Gao & Liu 2014 ; Schmandt et al. 2014 ; Burky et al. 2023 ;
arr et al. 2025 ; Luo et al. 2025 ), S receiver functions (e.g. Kind
t al. 2015 ; Hopper & Fischer 2018 ; Bissig et al. 2021 ) and topside
H -wave reflections (e.g. Shearer & Buehler 2019 ; Liu & Shearer
021 ). 
C© The Author(s) 2025. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
Cross-correlation of ambient seismic noise (e.g. Campillo & Paul
003 ; Paul et al. 2005 ; Yang & Ritzwoller 2008a ) is now widely
sed to resolve surface waves and ambient noise analyses have been
pplied in USArray surface-wave tomography studies (e.g. Bensen
t al. 2008 ; Lin et al. 2008 , 2009 ). Ambient noise methods can
lso be applied to extract core and mantle body waves (e.g. Poli
t al. 2012a , b ; Boué et al. 2013 ; Lin et al. 2013 ; Nishida 2013 ),
ut this has generally proven more challenging than surface-wave
mbient-noise analyses because of weaker body-wave amplitudes.
everal studies have shown that near-vertical P -wave reflections
rom the 410- and 660-km mantle discontinuities are visible in
ross-correlation analyses of station pairs separated by distances of
p to a few hundred kilometres (e.g. Poli et al. 2012a ; Feng et al.
017 ; Li et al. 2019 ; Feng et al. 2021 , 2022 ; Pedersen et al. 2023 ;
hen et al. 2025 ; Zhang et al. 2025 ; Aiman et al. 2025b ). 
Building on these results, here we apply ambient noise cross-

orrelation to about 1700 seismic stations from the USArray ex-
eriment to extract body-wave phases. We find that top-side upper-
antle discontinuity reflections from the 410- and 660-km disconti-

uities are visible at short periods (3 to 10 s) during low-noise peri-
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ods, which generally occur during summer months in the Nor ther n 
Hemisphere. Common-reflection point (CRP) stacking of the cross- 
correlation functions reveals substantial apparent lateral variability 
in the 410- and 660-km reflectors as well as possible evidence for 
reflectors at other depths. We evaluate whether these features can 
be taken at face value or whether further work is needed to improve 
their reliability, given the spatial and temporal variability of oceanic 
noise sources. 

2  DATA  PROCESS ING  

We use 2005 to 2016 continuous seismograms from USArray, a 
transportable network of over 400 broad-band seismic stations that 
moved across the contiguous United States for over 10 yr (Meltzer 
et al. 1999 ; Iris 2003 ). To reduce computation and memory require- 
ments, we only analyse velocity waveforms stored at 1 sample- 
per-second. Following previous work, we focus on the secondary 
microseism band and filter the data to between 0.1 and 0.3 Hz (3 
to 10 s period). We then compute and save measures of the average 
daily vertical amplitudes and horizontal-to-vertical ( H/V ) ratios 
within this band as follows: 

(i) In each hour, we separately average the squares of the vertical 
component and the two horizontal components. 

(ii) We compute an hourly amplitude measure as log 10 of the 
square root of the vertical average. 

(iii) We compute an hourly H/V ratio measure as the square 
root of the ratio of the sum of the two horizontal components to the 
vertical component sum. 

(iv) We compute daily amplitude and H/V measures by averag- 
ing the hourly measures. 

When computing cross-correlations, we do not attempt to remove 
earthquake signals, but we reduce their effect by compressing the 
waveform amplitudes using a time-domain filter that normalizes 
each point with a centred 15-point running average of the abso- 
lute values of the 0.1–0.3 Hz filtered data. Next we compute daily 
single-station autocorrelation functions and cross-correlation func- 
tions from the filtered data for every pair of stations separated by 
250 km or less, allowing time-shifts of up to ±250 s. To save space, 
we average the positive and negative parts of the cross-correlation 
functions. For the entire USArray data set, this produces over 13 
million cross-correlation functions, which we save as one binary 
file per day for subsequent processing. 

Some previous work has shown that discontinuity phases are seen 
more clearly when phase-weighted stacking (PWS) (Schimmel & 

Paulssen 1997 ) is applied to the cross-correlation functions (e.g. 
Feng et al. 2017 ; Li et al. 2019 ). We did not experiment with PWS 

but found that an n th-root stack (Kanasewich et al. 1973 ) produces 
improved results compared to simple linear stacking of the cross- 
correlation functions. For all the results presented here we use n = 5 , 
which greatly compresses the amplitudes but is not as extreme as a 
sign-bit filter. 

Pedersen et al. ( 2023 ) found that top-side P -wave reflections 
from the 410- and 660-km discontinuities ( P 410 P and P 660 P , 
following the naming convention that Pd P denotes a single topside 
P -wave reflection at depth d between a surface source and receiver) 
under the Alps region of Europe could be seen more clearly in 
noise correlation results during periods of low H/V ratios. Be- 
cause temporal variations in H/V across Europe are caused by the 
relative strength of surface waves (mostly generated in the North 
Atlantic and eastern Mediterranean Sea) to near-vertically travel- 
ling P waves from sources in the Southern Hemisphere (Lu et al. 
2022 ), the H/V ratio can be used to identify times of lower con- 
tamination by surface waves and thus more favourable conditions 
for observing body-wave signals from the deep Earth. In Europe, 
these favourable times with low H/V ratios occur most often dur- 
ing June–August, when wave-generating storms are less intense in 
the Nor ther n Hemisphere (producing weaker surface waves) and 
more intense in the Southern Hemisphere (producing stronger body 
waves) (Lu et al. 2022 ; Pedersen et al. 2023 ). 

Across the United States, we also find that P 410 P and P 660 P 
are more visible during the Nor ther n Hemisphere summer but that 
the average amplitude on the vertical component is a better predictor 
of reflector visibility than the average H/V ratio. This is illustrated 
in Fig. 1 , which shows stacks for daily cross-correlation functions 
for all USArray stations between 35 ◦ and 40 ◦ latitude during 2012 
and most of 2013. Fig. 1 (a) shows stacks binned at 20-km intervals 
in station separation distance and plotted versus distance. The near- 
vertical lines (red) at about 100 and 150 s show predicted arrival 
times for P 410 P and P 660 P based on the iasp91 velocity model 
(Kennett & Engdahl 1991 ). The diagonal line (blue) shows the 
approximate ending time of the surface-wave arrivals in the cross- 
correlation functions, which we use to exclude the surface-wave- 
contaminated times from stacking. Note that the ‘noise’ in the stacks 
at times beyond the expected P 660 P arrival decreases with the 
number of traces stacked (the fold in the language of reflection 
seismology). For example, the stack at 40 to 60 km separation 
distance sums only 15 671 cross-correlation functions and appears 
much noisier than the stack at 60 to 80 km separation distance, which 
sums 106 623 traces. The absence of station separation distances 
less than about 50 km is caused by the target USArray station 
spacing of about 70 km; the results shown at zero distance are from 

autocorrelation functions. 
To combine results from different station separation distances, 

we convert each cross-correlation function from time to depth. We 
generate a depth profile sampled at 5-km depth intervals up to 
1000 km by using the iasp91 velocity model to predict the traveltime 
for a reflector at each depth increment. This time will not exactly 
align with our 1-s data sample rate, so we suitably interpolate the 
values in the cross-correlation functions to generate the values for 
the depth profiles. We exclude from the depth profiles any depths 
that correspond to times earlier than the surface-wave limit (the 
diagonal (blue) curve in the figure). Fig. 1 (b) shows the result of 
stacking and averaging the depth profiles derived from the 1178 574 
total cross-correlation functions in this example. Note that P 660 P 
is visible but P 410 P is at or below the noise level. 

Fig. 1 (c) shows the depth profile stacks as a function of time 
(days from 2012 January 1). Here both P 410 P and P 660 P are 
visible as vertical streaks but only during limited time periods. 
For comparison, the right two panels show the average daily log 
vertical-component amplitude and H/V measures. The amplitude 
measure shows clear seasonal variations that inversely correlate with 
P 410 P and P 660 P visibility. That is, the discontinuity reflectors 
are most visible during low-amplitude periods, which are mostly 
in the Nor ther n Hemisphere summer months (May to August). In 
contrast, the H/V measure shows much more limited seasonal 
variations. 

Motivated by this result, we apply an amplitude cutoff and stack 
the cross-correlation functions (and depth-converted profiles) only 
for the 209 d with average vertical amplitude measures less than 
or equal to 2.9. These results are shown in Fig. 2 . Although far 
fewer total cross-correlation functions are stacked (357 514 versus 
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Figure 1. (a) Stacks of USArray ambient noise cross-correlation functions, binned at 20 km intervals in station separation distance. The number of daily 
cross-correlation functions contributing to each stack is labelled on the right. The near-vertical lines (red) at about 100 and 150 s show predicted arrival 
times for the topside P 410 P and P 660 P reflections. The diagonal line (blue) defines the approximate extent of the surface wave energy and is used to limit 
contributions to the depth profile stacks. (b) A sum of the cross-correlation functions after conversion from time to depth based on the iasp91 velocity model 
(Kennett & Engdahl 1991 ). The P 660 P reflection is labelled. (c) Daily depth profile stacks shown as a function of days since 2012 January 1. Positive values are 
black and negative values are white. For plotting purposes, the stack values are increased with depth, z, as ( z − 100)1 . 2 to compensate for generally decreasing 
amplitudes at deeper depths. The right panels show a measure of the average daily amplitude and H/V ratio (see the text for details). Note that the 410- and 
660-km reflections appear as the vertical streaks in the image during low-amplitude periods, which mainly occur during the Northern Hemisphere summer. 
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178 574), both P 410 P and P 660 P are visible with greater clarity
n Fig. 2 (b) compared to the previous figure. This is consistent with
he results of Pedersen et al. ( 2023 ) for the Alps region of Europe,
ho found that stacking a subset of the data during times of low

H/V ratios (e.g. June through August) improved the signal-to-noise
f P 410 P and P 660 P compared to stacking the complete data set.
owever, we find for the USArray data that a measure of average
ertical-component amplitude works better than the H/V ratio to
efine the favourable stacking periods. 

To include more station pairs and extend our depth coverage,
e repeated the waveform cross-correlation calculation for our en-

ire USArray data set only for the days with average vertical am-
litude measures less than or equal to 2.9, while increasing the
aximum station separation distance from 250 to 300 km and the

ross-correlation time-shifts from ±250 to ±300 s. This resulted
n about 12 million total cross-correlation functions from the low
urface-wave noise periods, which form the basis of the analyses
hat follow. 

To image lateral variations in upper-mantle reflectors, we first
onvert every autocorrelation and cross-correlation function to a
epth profile extending to 1200 km using the iasp91 velocity model,
ssuming the ray path for the station-to-station Green’s function,
hat is, a Snell’s law reflection at the bouncepoint. To avoid surface-
ave contamination, we exclude cross-correlation times less than
0 + x / 2 . 7 , where x is station separation distance (km) and 2.7 is
elocity in km s−1 . We then consider a grid of reflector locations,
paced at 1-deg ree inter vals in both latitude and longitude. At each
 (  
rid point, we then search for station-pair midpoints (or autocor-
elation station locations) within a 200-km radius and stack the
orresponding depth profiles to obtain a reflectivity estimate at the
rid point. We will refer to the results as common-reflection-point
CRP) stacks. Note that there is considerable overlap in the sampling
etween adjacent grid points, as the 200-km CRP radius exceeds
he grid point spacing, which naturally imposes some degree of spa-
ial smoothing to our results. The nominal lateral resolution could
e increased by reducing the cap radius, but this would lower the
tack fold and reduce the signal-to-noise of the P 410 P and P 660 P 
eflections. We have not yet thoroughly explored these trade-offs,
ut a 200-km radius appears a reasonable compromise between
esolution and fidelity for our data set. 

 RESULTS  

ig. 3 plots the average absolute value of the CRP stacks as a func-
ion of depth, with the bottom panel showing results for the entire
ata set at all station separation distances. In general, the aver-
ge absolute amplitude decreases steadily with depth, most sharply
n the uppermost mantle, and the 410- and 660-km reflectors ap-
ear as bumps overlain on this general trend. There are no other
epths, at least below 200 km, that show obvious peaks, although
here are hints of a possible peak near 270 km and a broader peak
ear 890 km. The overall decreasing amplitude with depth could
e caused by incomplete time-domain removal of surface waves
which would have its strongest impact for the very upper mantle)

art/ggaf416_f1.eps
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Figure 2. Similar to Fig. 1 but only using daily cross-correlation functions when the average daily log amplitude is less than 2.9, as shown by the vertical line 
in (c). 
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and the reduction in reflector amplitude expected from increased 
geometric spreading for deeper reflectors. However, it is also likely 
that much of the amplitude decrease with depth reflects stronger 
heterogeneity and/or layering in the shallow mantle, which results 
in greater seismic scattering. This interpretation is supported by the 
strong increase in heterogeneity within the top few hundred kilome- 
tres observed in mantle tomography models (e.g. Becker & Boschi 
2002 ; French & Romanowicz 2014 ). 

Fig. 3 also shows the overall results divided into different station 
separation distances. Both the 410- and 660-km reflector peaks are 
seen at station separations between 50 and 200 km. Only the 660 
peak is seen beyond 200 km because the surface-wave arrival begins 
to overlap with P 4410 P and is windowed out. Interestingly, single- 
station autocorrelation results do not show the 410- and 660-km 

reflector peaks. We will discuss possible reasons for this later, but 
exclude the autocorrelation results from the CRP stacks that are 
presented in the remainder of this paper. It should be noted that 
there are far more station pairs within our distance limits than there 
are individual stations, so excluding the autocorrelations removes 
only a small fraction of the total data set. 

Results for the CRP caps are shown in west–east profile cross- 
sections at constant latitude in Figs 4 to 7 . Caps are only plotted 
that contain at least 40 000 daily cross-correlation functions in their 
stack. Plotted amplitude is increased with depth in the plots as 
( z/ 100)1 . 2 , where z is depth in kilometres, to compensate for the 
generally lower amplitudes at deeper depths (as shown in Fig. 3 ). 
We do not show results at less than 200-km depth because of the 
increasingly limited data at shallow depths caused by our surface- 
wave exclusion cutoff (which causes a tr uncation ar tefact reflection 
at about 150-km depth) and our decision to exclude the autocorre- 
lation functions. For reference, 3-D velocity perturbations from the 
tomography model of Boyce et al. ( 2023 ) are shown as background 
colours. Because topside reflections from positive impedance in- 
creases with depth should be negatively polarized compared to 
the direct P -wave arrivals (e.g. Shearer 1991 ), we flip the stack 
polarities and shade in black the negative parts of the traces to 
highlight expectations for P 410 P and P 660 P reflections. Exam- 
ples of such clean negative-polarity pulses in Fig. 5 include the 
660-km reflection in the 36 ◦N profile near −85 ◦ longitude and the 
410-km reflection in the 38 ◦N profile near −117 ◦ longitude. How- 
ever, in many areas the polarity of the discontinuity reflections ap- 
pears unclear or even reversed compared to the negative-polarity 
pulses. This likely results from a combination of the relatively 
narrow band 0.1 to 0.3-Hz filter applied to the data, which pro- 
duces ‘ringy’ waveforms, and incoherent stacking effects, that is, 
where discontinuity topography and/or time-shifts from 3-D ve- 
locity structure produce irregular pulse alignments and incoherent 
stacking. 

Because of the nonlinear nature of our processing (time- 
dependent amplitude normalization of seismograms, n th root fil- 
tering applied to the cross-correlation functions), we retain no ab- 
solute amplitude information regarding the strength of the P 410 P 
and P 660 P reflections. However, because adjacent parts of the 
data set likely share similar signal-to-noise properties, the relative 
strength of reflections at nearby locations and depths should pro- 
vide useful insights into discontinuity properties. Thus, for now we 
do not attempt to interpret discontinuity polarity or infer the size 
of impedance changes, and focus only on the depth and relative 

art/ggaf416_f2.eps
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Figure 3. Average amplitude in the CRP stacks as a function of reflector 
depth. Results are shown for all station separation distances in the bottom 

panel, and for different station separation intervals in the top four panels. 
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isibility of the reflections. We also do not attempt to resolve dis-
ontinuity depth variations, which would require correcting the trav-
ltimes for a specific 3-D velocity model, a complication we defer
o future work. 

Our results place some constraints on the sharpness of the discon-
inuities that generate the observed P -wave reflections. As noted by
ichards ( 1972 ), near-vertical reflections for wavelength λ decrease

apidly when the gradient depth interval exceeds λ/ 5 . For 5-s period
aves this occurs at about 10-km thickness for the 410- and 660-km
iscontinuities. For our filtered data, about a 50 per cent reduction
n refection amplitude occurs for a ∼15-km linear impedance gra-
ient compared to a sharp discontinuity. Note that discontinuity
opography within the CRP stacking region can produce a similar
eduction in reflection amplitude because of incoherent stacking
ffects. 

 DISCUSS ION  AND  CONCLUS IONS  

oth the 410- and 660-km reflectors appear in the profiles of Figs 4
o 7 , but the 660-km discontinuity is seen more clearly and more
ontinuously. This contrasts with the recent P -wave ambient noise
esults of Chen et al. ( 2025 ) in northeast China and Zhang et al.
 2025 ) in Japan, in which the 410-km reflector is imaged more
trongly than the 660-km discontinuity. The Chen et al. ( 2025 )
nd Zhang et al. ( 2025 ) studies applied a 0.1–0.2 Hz bandpass
lter, compared to the 0.1–0.3 Hz filter used here; the inclusion of
igher frequencies may reduce the relative visibility of the 410-km
iscontinuity assuming that it occurs over a broader depth range than
he 660-km discontinuity. We do not see any widespread reflectors at
epths other than 410 and 660 km, as is also indicated in Fig. 3 . We
lso do not see apparent reflections from the Farallon Slab, although
ur CRP stacking approach assumes near-horizontal reflectors and
ill tend to suppress dipping features. 
Many of the profiles suggest an association between strong 660-

m reflections and faster regions in the Boyce et al. ( 2023 ) P -wave
omography model. Examples include the latitude 30 ◦ to 34 ◦ profiles
ear longitude −95 ◦ (Fig. 4 ), the latitude 35 ◦ to 38 ◦ profiles near
ongitude −85 ◦ (Fig. 5 ) and the latitude 41 ◦ to 42 ◦ profiles near
ongitude −97 ◦ (Fig. 6 ). To check this relationship more directly,
ig. 8 plots velocity perturbations at both 410 and 660 km from
oyce et al. ( 2023 ) versus our reflector peak amplitudes (taken from
etween 620 and 700 km depth). Although there is considerable
catter, a clear positive correlation is apparent at 660 km depth
hile no correlation is observed at 410 km. 
To the extent that faster velocities in the Boyce et al. ( 2023 )

omography model plotted here are related to subduction of the
arallon slab, a correlation with 660-reflector amplitude is opposite
o that seen in global SS-precursor studies, in which lower S 660 S 
mplitudes are seen in subduction zones (Tauzin et al. 2022 ; Hao
t al. 2024 ). These lower S 660 S amplitudes can be explained by
ssuming greater basalt enrichment in subduction zones compared
o the surrounding mantle (e.g. Tauzin et al. 2022 ). Possible reasons
or the apparent discrepancy in subduction zone 660-km reflection
mplitudes warrant further study, but it should be noted that the
S precursor studies mainly sample the western Pacific subduction
ones and are sensitive to S waves at longer periods than the P
aves used here. In addition, as discussed below, more work is
eeded to validate details of the features seen in our P reflection
rofiles. 

Other interesting features in our profiles include: 

(i) Gaps in the 410 reflections and a lack of 660 reflections near
atitude = 44 ◦N, longitude = −109 ◦ (Fig. 6 ). 

(ii) An apparent reflector near 500-km depth seen in the latitude
 43–44 ◦N profiles near longitude = −106 ◦ (Fig. 6 ). 
(iii) An apparent reflector near 480-km depth seen in the latitude
 31–32 ◦N profiles near longitude = −87 ◦ (Fig. 4 ). 

It is tempting to begin interpreting some of these features and re-
ating them to tomography models and mantle dynamics. However,
an we be sure these details are real and not caused by some kind
f data- or processing-related artefact? Caution is warranted for the
ollowing reasons: 

(i) The results show no clear agreement with previous MTZ stud-
es using other methods. For example, the Gao & Liu ( 2014 ) US-
rray P receiver function study finds continuous 410- and 660-
m discontinuities across the United States, without the gaps and
arge amplitude variations we see here. Fig. 9 compares amplitudes
ear 410, 520 and 660 km as imaged with P -wave noise cross-
orrelation (this study), top-side SH -wave reflections (Shearer &
uehler 2019 ) and S S precursors. Although the 520-km discon-

inuity does not appear as a distinctive feature in our results (see
ig. 3 ), we include its possible amplitudes in these maps to compare
ith other studies. There is little apparent correlation between the
oise cross-correlation and the top-side SH -wave reflections, which
ere stacked over similar CRP bins. This lack of correlation with

he top-side SH reflection amplitudes can be seen more directly in
ig. 10 , which compares the amplitudes near 410 and 660-km at

art/ggaf416_f3.eps
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Figure 4. P dP reflection profiles from stacks of noise cross-correlations, plotted along lines of constant latitude from 30 ◦ to 34 ◦N. Dashed lines show reference 
depths of 410 and 660 km. Background colours are from the tomography model of Boyce et al. ( 2023 ), with red and blue indicating slower and faster than 
average P velocity, respectively (see colour bar). The number of cross-correlations (in thousands) included in the CRP bin is labelled above each profile. Colors 
in the PDF version of this figure may not display correctly in some versions of the Mac Preview program. 
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the same CRP locations as our P -wave cross-correlations. The S S 

precursor amplitude results shown in Fig. 9 have much lower lateral 
resolution, but also do not show much agreement. Given differences 
among methods in frequency content, ray path geometry, data vol- 
umes and corrections in many cases for 3-D velocity structure, some 
disagreement in results for upper-mantle discontinuity topography 
and amplitudes should be expected. Thus, we do not mean to imply 
that any of the results plotted in Fig. 9 are wrong, only that more 
work is needed to understand the observed differences and what 
they imply for the true nature of the upper-mantle discontinuity 
structure under the United States. 

(ii) Some CRP bins appear noisy at all depths and these higher 
amplitudes occur more often at the edges of array. For example, 
this is seen on the 30 ◦N-latitude profile at −97◦ to −89 ◦ longitude, 
the 37 ◦N-latitude profile at −120 to −115 ◦ longitude and in the 
49 ◦N-latitude profile near −105 ◦ longitude. These features are not 
simply related to smaller numbers of CRP bouncepoints in the 
stacks. 

(iii) In principle, there should be source-side reflections from 

upper-mantle discontinuities, which will arrive at the same times 
as the receiver-side reflections, an issue discussed by Shearer & 

Buehler ( 2019 ) for topside SH -wave reflections from teleseisms 
recorded by USArray stations. This complicates interpreting imaged 
features solely in terms of receiver-side structure. 

Aiman et al. ( 2025b , a ) recently identified and mapped mantle 
reflectors under the contiguous United States in P -wave ambient 
noise cross-correlation analyses that have many similarities to our 
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Figure 5. P dP reflection profiles from stacks of noise cross-correlations, plotted along lines of constant latitude from 35 ◦ to 39 ◦N. Dashed lines show reference 
depths of 410 and 660 km. Background colours are from the tomography model of Boyce et al. ( 2023 ), with red and blue indicating slower and faster than 
average P velocity, respectively (see colour bar). The number of cross-correlations (in thousands) included in the CRP bin is labelled above each profile. Colors 
in the PDF version of this figure may not display correctly in some versions of the Mac Preview program. 
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tudy. The main differences are: (1) They supplemented the USAr-
ay TA stations with 356 permanent stations; (2) They used time
indows with low H/V ratios (e.g. Pedersen et al. 2023 ) rather

han the noise amplitude criteria applied here; (3) They used sta-
ion pairs with separation distances of 40 to 180 km (compared to
ur use of 50 to 300 km); (4) They stacked correlation data from
tation pairs within 400 km radius of each model grid point, which
rovides more intrinsic smoothing than the 200-km radius that we
mploy in our common-reflection point approach, although they
lso downweight data at greater distances, increasing their effec-
ive resolution; (5) They correct traveltimes for the 3-D velocity
odel US-SL-2014 (Schmandt & Lin 2014 ); and (6) They discard

ndividual noise cross-correlation functions that have correlation

oefficients with the stack less than 0.1. d  
We have not attempted a detailed comparison of our results to
hese studies. However, Fig. 3 (c) from Aiman et al. ( 2025b ) shows
 profile at 40 ◦N latitude that can be directly compared with the
ame latitude in Fig. 6 . In general, the Aiman et al. ( 2025b ) 410-
nd 660-km reflectors appear much smoother and more continuous
han is seen in our profile at the same latitude, which has gaps in
he 410-km reflector near −115 and −98 degree longitude. We do
ot fully understand the origin of these differences, but the greater
ateral smoothing and the discarding of cross-correlation functions
hat do not fit the final result in Aiman et al. ( 2025b ) likely both
lay important roles. The data selection procedure has a significant
ffect, as the 520-km discontinuity is not apparent in Fig. 3 (c) from
iman et al. ( 2025b ), whereas it is seen strongly in the 520-km
iscontinuity focused study of Aiman et al. ( 2025a ), which used
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Figure 6. P dP reflection profiles from stacks of noise cross-correlations, plotted along lines of constant latitude from 40 ◦ to 44 ◦N. Dashed lines show reference 
depths of 410 and 660 km. Background colours are from the tomography model of Boyce et al. ( 2023 ), with red and blue indicating slower and faster than 
average P velocity, respectively (see colour bar). The number of cross-correlations (in thousands) included in the CRP bin is labelled above each profile. Colors 
in the PDF version of this figure may not display correctly in some versions of the Mac Preview program. 
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only cross-correlations with greater than 0.1 correlation coefficient 
with the final stack just within a narrow time window of the expected 
520-km reflection. 

Thus, while it is clear that 410- and 660-km reflections are ob- 
served in our noise cross-correlation results for many locations, 
more research will be required to understand and reliably inter- 
pret the variability seen in the CRP profiles of Figs 4 to 7 . Ambient 
noise methods recover an unbiased estimate of the station-to-station 
Green’s function when there exists a reasonably well-distributed set 
of noise sources (Tsai 2009 ), such that only sources along the ‘cor- 
rect’ ray path sum constructively (we use ‘correct’ to refer to the 
upcoming ray path aligned with the station-to-station Green’s func- 
tion ray path). A strong noise source from a single location away 
from the correct ray path may yield erroneous cross-correlation 
peaks if not enough noise sources are present from nearby locations 
for destructive interference to occur (because the traveltime and 
phase change with respect to differences in source location except 
for the stationary phase point at the correct ray path geometry). In 
our case, this could result in a reflection from the 410- or 660-km 

discontinuity being assigned an incorrect depth in our analysis. An- 
other possible artefact is ‘cross terms’ arising from different body 
wave phases (e.g. P and P P ) from a persistently active source 
region (Pedersen & Colombi 2018 ). 

Beam forming results have shown that P -wave noise sources 
are often generated by oceanic storms (e.g. Gerstoft et al. 2008 ; 
Landès et al. 2010 ; Pandey et al. 2024 ) that are localized in time 
and space. P -wave microseism noise recorded at global seismic 
stations was back-projected by Zhang et al. ( 2023 ) to map source 
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Figure 7. P dP reflection profiles from stacks of noise cross-correlations, plotted along lines of constant latitude from 45 ◦ to 49 ◦N. Dashed lines show reference 
depths of 410 and 660 km. Background colours are from the tomography model of Boyce et al. ( 2023 ), with red and blue indicating slower and faster than 
average P velocity, respectively (see colour bar). The number of cross-correlations (in thousands) included in the CRP bin is labelled above each profile. Colors 
in the PDF version of this figure may not display correctly in some versions of the Mac Preview program. 
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ocations during 2015 and 2020. The noise sources are highly het-
rogeneous, with some oceanic locations appearing much more
nergetic than surrounding regions. This suggests that non-uniform
oise sources may well be an issue for global P -wave ambient noise
ross-correlation studies, an issue recently discussed by Li et al.
 2020a , b ). 

To gain some insight regarding the likely location of noise sources
or our USArray analysis, Fig. 11 shows points 180 ◦ away from the
tation locations (i.e. at the antipodes). Results from Zhang et al.
 2023 ) suggest that the strongest noise sources in the Indian Ocean
re at latitudes between 40 ◦S and 60 ◦S, as shown by the dashed lines
n the figure. Note that only antipodes from the nor ther n USArray
tations are within this zone, which may at least partially explain
hy we do not see 410- and 660-km reflections in the averaged
utocorrelation data, which require noise sources directly below
he stations. Another factor may be that P K P amplitudes at 180 ◦

i.e. on the DF branch) have lower amplitudes than other parts of
P K P . The P K P ( BC) branch is particularly bright and occurs at
45 ◦ to 155 ◦ distance. For reference, Fig. 11 shows points located
50 ◦ away from USArray stations. Note that many of these points
re within the zone of expected noise sources, but the coverage is
ikely to be far from isotropic. P K P ( BC) has an expected slowness
ncreasing from 2.20 s deg−1 at 154 ◦ distance to 3.07 s deg−1 at 146 ◦

istance (Kennett & Engdahl 1991 ). These slownesses align with
hose predicted for the surface-to-surface P -wave reflection for the
10-km discontinuity at station separation distances of about 130
o 200 km and for the 660-km discontinuity at separation distances
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Figure 8. Tomographic P -wave velocity perturbation from Boyce et al. ( 2023 ) versus (a) 410-km reflector amplitude, and (b) 660-km reflector amplitude from 

our noise cross-correlation analysis. 

Figure 9. A comparison of average amplitudes of the 410, 520 and 660-km discontinuities measured by different methods and the P -wave tomography model 
of Boyce et al. ( 2023 ) at the same depths. In (a), (c) and (d), the reflection amplitudes are plotted at the centre of their CRP bins. The area of each circle is 
proportional to the average absolute value of the stack amplitude between 390 and 430 km for the ‘410’, 480 and 560 km for the ‘520’, and 630 and 690 km 

for the ‘660.’ A reference amplitude of 0.08 is plotted at the lower right of each panel. (a) The P -wave noise cross-correlation results from this study. (b) 
P -wave velocity perturbations from Boyce et al. ( 2023 ), with faster velocities in blue and slower velocities in red (see Fig. 7 for colour scale). (c) Topside SH 

reflections from Shearer & Buehler ( 2019 ). (d) S S precursors normalized by S S amplitudes in circular caps with 5 ◦ spacing and 10 ◦ radius from Tian et al. 
( 2020 ). Colors in the PDF version of this figure may not display correctly in some versions of the Mac Preview program. 
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The observed amplitude of Indian Ocean noise sources at USAr- 
ray stations will depend both on the strength of the source and its 
distance, in particular whether it lies with the ∼ 145◦ to 155 ◦ range 
for P K P ( BC) arrivals. Thus, we can expect both the orientation 
and amplitude of the upcoming P -wave microseisms to be highly 
heterogeneous in both time and space. However, in principle this het- 
erogeneity can be mapped using beamforming or back-projection 
approaches (e.g. Gerstoft et al. 2008 ; Landès et al. 2010 ; Zhang 
et al. 2023 ; Pandey et al. 2024 ) and could be taken into account 
when interpreting noise cross-correlation results for mantle discon- 
tinuity mapping. For example, daily beamforming with sub-arrays 
could be performed to identify spatially compact noise sources, with 
ray tracing then used to map any observed top-side reflections to 
the correct location and depth. Such analyses could also search for 
cross-term contamination from different body wave phases, such as 
those observed to interfere with P -wave reflections from the 410- 
km discontinuity by Pedersen & Colombi ( 2018 ). A recent detailed 
synthetic analysis by Pawlowski et al. ( 2025 ) of topside 410- and 
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Figure 10. Top-side SH -wave reflection amplitudes from Shearer & Buehler ( 2019 ) versus (a) 410-km reflector amplitude, and (b) 660-km reflector amplitude 
from our noise cross-correlation analysis. Note the lack of correlation. 

Figure 11. A map showing that USArray station antipodes (plotted in blue) 
are located in the Indian Ocean. The red points show 10 000 locations 150 ◦
away from USArray stations at random azimuths, which should sample the 
relatively bright P K P ( BC) phase. The heavy dashed lines are at latitudes of 
40 ◦ and 60 ◦S, which bracket the strongest noise sources mapped by Zhang 
et al. ( 2023 ) in the Indian Ocean. 
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60-km P -wave reflections in noise cross-correlation results high-
ighted the important role of the b-caustic of the P K P ( BC) branch
nd showed that selecting favourable source conditions can reduce
iases in true station-to-station Green’s function recovery. 

The problem of distinguishing source-side and receiver-side re-
ections in P -wave noise cross-correlation data deserves more at-

ention, as Earth’s microseism noise sources all occur at the sur-
ace. As discussed by Shearer & Buehler ( 2019 ) in an analysis of
op-side S -wave reflections from distant ear thquakes obser ved at
SArray stations, the nearly universal global presence of the 410-

nd 660-km discontinuities makes it difficult to separate source-

nd receiver-side contributions to observed reflections because it 
annot be assumed that the source-side reflections from different
ource locations will destructively interfere. However, the shorter
eriods of the P -wave reflections in noise cross-correlation data
ompared to the longer period S -wave reflections in Shearer &
uehler ( 2019 ) makes it more likely that the source-side reflections
ill cancel out, given some degree of source-side discontinuity
epth and/or 3-D upper-mantle velocity variations. In addition, as
rgued by Pawlowski et al. ( 2025 ), the differing station locations on
he receiver side will have a similar effect as an extended source in
erms of cancelling the unwanted cross-terms in cross-correlation
esults. 

None of these possible complications should distract from our
ain result—that P -wave reflections from the 410- and 660-km

iscontinuities are readily visible in stacks of ambient noise cross-
orrelation functions from USArray stations across the contiguous
nited States. This is consistent with other recent P -wave ambi-

nt noise studies (e.g. Poli et al. 2012a ; Feng et al. 2017 , 2021 ,
022 ; Pedersen et al. 2023 ; Aiman et al. 2025b ; Chen et al. 2025 ;
hang et al. 2025 ) and opens up new approaches to studying tran-
ition zone structure. Encouragingly, discontinuity reflections are
een in common reflection point stacks within caps of 200-km ra-
ius over limited time periods (typically one to two seasons of
or ther n-hemisphere summer months when the ambient P waves
ave the best signal-to-noise), suggesting that mapping lateral vari-
tions in mantle discontinuities is possible given suitable station
overage. The observed P -wave reflections are primarily sensitive
o the P -wave impedance contrast across the discontinuities, mak-
ng them a useful complement to receiver function studies, which
re mainly sensitive to the S -velocity contrast (e.g. Rychert et al.
007 ). They are also observed at relatively short periods (3 to 10)
nd have greater intrinsic vertical resolution than receiver function
tudies or P P precursor studies (e.g. Deuss et al. 2006 ; Waszek
t al. 2021 ; Yu et al. 2023 ). Thus, ambient noise topside P -wave
eflections have great potential to improve our understanding of
antle discontinuities, as evidenced by the detailed reflection pro-
les presented here, although further work is required to unravel

he effects of non-uniform noise sources on the cross-correlation
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