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The mantle plume model for the Yellowstone and Snake River 
Plain volcanism (Fig. 1) has been under much debate for sev-
eral decades1–4. Seismically slow (hot) anomalies in the upper-

most ~200 km of the mantle beneath Yellowstone and the Snake 
River Plain have been consistently imaged in recent tomographic 
studies in the western United States, but a continuous hot plume 
structure down to the deep mantle has been absent5–9. The most 
dominant seismic features in the mid mantle are fast (cold) anoma-
lies associated with the subducted oceanic Farallon Plate, currently 
in the North American mantle transition zone (MTZ)6–12. The 
geometry of the fast anomalies indicates a strong slab fragmentation 
that created ‘gaps’ in an otherwise spatially continuous feature in 
tomographic images8–12. The absence of a continuous mantle plume 
down to the lower mantle in seismic images has been attributed to 
possible complex interactions between a narrow uprising plume 
beneath the Yellowstone and the massive downgoing Farallon slab 
in the North American mantle3,7–10. However, geodynamical simula-
tions have been unsuccessful in reproducing the age migration of the 
volcanic track at Yellowstone in a complex subduction environment 
when seismic constraints are applied4,13. This controversy left sub-
duction-driven mantle flows as alternative models for Yellowstone 
volcanism, for example, the eastward intrusion of hot Pacific mantle 
driven by the subduction of the Farallon Plate13 or possible upwell-
ings around a fragmented slab during rapid trench retreat9.

A major ‘slab gap’ in seismic wave speed was first published in 
20087 and later confirmed by other seismic studies based on data 
recorded at the USArray seismic network, which has provided 
unprecedented data coverage in the United States with an aver-
age station spacing of about 70 km. The slab gap is most evident 
in the MTZ in which subduction becomes stagnant just above the 
660 km discontinuity and extends northeastward from the Oregon 
and Idaho border, roughly following the Yellowstone volcanic track. 
The exact cause of the slab gap was unclear, but different subduc-
tion angles have been suggested as a possible mechanism7,10. The 
size and location of the slab gap vary among different wave-speed 
studies because spatial resolutions in these models are generally 

limited to ~300 km in the MTZ and smaller structures may have not 
been well resolved. Teleseismic receiver functions, however, can be 
used to provide complementary constraints with better lateral reso-
lution at depths of the MTZ as they utilize waves converted directly 
at seismic discontinuities near receivers. However, to date receiver 
function studies have been unable to resolve the disparity of opinion 
about the plume origin of the Yellowstone volcanism largely due to 
the limitations of back-projection imaging methods used in those 
studies14–16.

Finite-frequency receiver function tomography
The mantle transition-zone discontinuities, that is, the 410 km dis-
continuity and the 660 km discontinuity, are associated with pres-
sure-induced olivine phase transformations. The actual depths at 
which these phase transitions occur depend strongly on the temper-
ature and water content17,18. In the classic plume model, the 660 km 
discontinuity is expected to occur at a depth shallower than 660 km, 
whereas the 410 km discontinuity occurs at a depth greater than 
410 km. The depths of the two discontinuities can be constrained 
using receiver functions constructed from horizontal- and vertical-
component P-wave coda seismograms because teleseismic P waves 
generate secondary converted S waves at the seismic discontinuities 
that arrive later in the P-wave coda. Traditional receiver function 
imaging is based on back-projection using ray theory, which breaks 
down for structures that are comparable to or smaller than the size 
of the Fresnel zone19. To obtain high-resolution depth variations 
of the two discontinuities in the western United States, I measured 
finite-frequency travel times of P410 and P660 receiver functions 
recorded at USArray Transportable Array (TA) stations and imaged 
the topography of the two discontinuities based on a newly devel-
oped finite-frequency tomographic theory for receiver functions19. 
Finite-frequency imaging theory is more general than ray theory 
as it accounts for wave diffractional effects and, therefore, can be 
applied to recover small-scale slab structures that are often in the 
order of a couple of hundred kilometres20, which may not be resolv-
able in traditional receiver function analysis19.

Anomalous mantle transition zone beneath the 
Yellowstone hotspot track
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The origin of the Yellowstone and Snake River Plain volcanism has been strongly debated. The mantle plume model successfully 
explains the age-progressive volcanic track, but a deep plume structure has been absent in seismic imaging. Here I apply dif-
fractional tomography to receiver functions recorded at USArray stations to map high-resolution topography of mantle transi-
tion-zone discontinuities. The images reveal a trail of anomalies that closely follow the surface hotspot track and correlate well 
with a seismic wave-speed gap in the subducting Farallon slab. This observation contradicts the plume model, which requires 
anomalies in the mid mantle to be confined in a narrow region directly beneath the present-day Yellowstone caldera. I propose 
an alternative interpretation of the Yellowstone volcanism. About 16 million years ago, a section of young slab that had broken 
off from a subducted spreading centre in the mantle first penetrated the 660 km discontinuity beneath Oregon and Idaho, and 
pulled down older stagnant slab. Slab tearing occurred along pre-existing fracture zones and propagated northeastward. This 
reversed-polarity subduction generated passive upwellings from the lower mantle, which ascended through a water-rich mantle 
transition zone to produce melting and age-progressive volcanism.
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The most striking feature in the high-resolution 410 km and 
660 km discontinuity topography maps is a trail of anomalies 
beneath Yellowstone and the Snake River Plain, which extends in 
the northeast–southwest (NE–SW) direction and closely follows 
the surface volcanic track (Fig. 2). The 660 km discontinuity along 

this track is shallower than that in the surrounding mantle in which 
the associated olivine phase transformation occurs deeper than in 
a normal mantle, as expected in a region with a large stagnant slab 
near the 660 km discontinuity. If we assume that seismic anomalies 
in the lower MTZ are caused dominantly by temperature variations, 
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Fig. 1 | Location of the Yellowstone hotspot track. Triangles indicate general locations of the Yellowstone and Snake River Plain age-progressive volcanoes 
(age in millions of years), plotted on a topography map of the western United States. MFZ, Mendocino Fracture Zone; PFZ, Pioneer Fracture Zone. The 
dark lines indicate major geological boundaries.
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Fig. 2 | Mantle transition-zone discontinuities from receiver function diffraction tomography. a,b, Depth perturbations of the 660 km (a) and 410 km 
(b) discontinuities, respectively. c, Thicker MTZ where the two discontinuities are anticorrelated and perturbations are larger than uncertainties (3 km 
for the 660 km and 5 km for the 410 km discontinuities). The anomalies can be explained by a possible vertical slab throughout the MTZ, except for the 
anomaly at Yellowstone where the thicker MTZ corresponds to the trench of the reversed polarity subduction (Fig. 5). d, The sum of discontinuity-depth 
perturbations where both discontinuities are deeper, which is indicative of possible vertical upwellings through a hydrated MTZ.
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the trail of anomalies in the 660 km discontinuity map could be 
explained well by a hot mantle flow rising up through a linear gap 
within a large slab of the cold Farallon Plate. The distribution of 
slab anomalies in the 660 km discontinuity map in Fig. 2 correlate 
well with seismic wave-speed anomalies in the MTZ, but show more 
detail in slab fragmentation (Supplementary Fig. 7). The width of 
the hotspot-track anomalies in the 660 km discontinuity model is 
about 150 km, narrower than the slab gap imaged in the wave-speed 
models, as the wave-speed models have a lower resolution at those 
depths due to a ~200 km grid spacing used in the model param-
eterization. The hotspot track at the MTZ cannot be explained by 
a plume model because a stationary mantle plume may only pro-
duce a volcanic track at the surface due to the movement of the rigid 
lithospheric plate, but not in the mid mantle.

The correlation between depth perturbations of the 410 km and 
the 660 km discontinuities in the western United States is overall 
positive, as both phase transformations occur at greater depths than 
in a normal mantle. The mean depths are about 416 and 663 km, 
respectively. This observation is largely consistent with previous 
receiver function studies14,16. I interpret this positive correlation 
as a result of thermal variations in the mid mantle. Although the 
Clapeyron slope is positive for the 410 km and negative for the 
660 km, seismic anomalies suggest that the western United States 
is hotter (than normal) in the upper mantle but colder in the lower 
MTZ due to slab stagnation7,8,10 (Supplementary Fig. 7). The depth 
perturbations along the Yellowstone anomaly track, however, show 
an opposite polarity: both the 410 km and the 660 km disconti-
nuities are shallower than the surrounding mantle. I interpret the 
elevated 410 km discontinuity along the anomaly track as wet spots 
due to a high water solubility in the MTZ21–23. A hydrated layer asso-
ciated with the 410 km discontinuity, and the consequential melting 
events, have been reported in regions in which mantle flows rise 
through the 410 km discontinuity24,25. In the western United States, 
the MTZ is hydrated by the stagnant oceanic Farallon slab, and the 
seismic attenuation structure in the western United States supports 
the presence of water and partial melt at those depths10. The anom-
alies at the 410 km discontinuity are at locations slightly different 
from those in the 660 km discontinuity map (Fig. 2). This indicates 
that the rising mantle flows are probably not strictly vertical.

Reversed polarity subduction of the Farallon Plate
Subduction of a large oceanic plate is one of the most spectacular and 
complex processes in plate tectonics. The convergence between the 
oceanic Farallon Plate and the North American Plate eventually led 
to the subduction of the youngest seafloor, including active seafloor 
spreading centres, into the mantle beneath the North American 
continent. The ridge subduction event explains the termination 
of arc volcanism and the development of the San Andreas strike-
slip system26. As a result, a slab window formed and widened, and 
the Mendocino Triple Junction propagated northward26,27. Seismic 
structures north of the Mendocino show that slab in the upper 
mantle is still connected to the currently active Cascadia subduc-
tion zone Supplementary Fig. 7). To the south, slab anomalies are 
absent in the upper mantle where subduction ceased about 30 mil-
lion years ago (30 Ma), and most slab materials have sunk down to 
the MTZ beneath present-day Utah (Fig. 3 and Supplementary Fig. 
7), with only small volumes of fossil slab remnants in the upper-
most 120 km of mantle28. The anomalies at the 660 km disconti-
nuity show a northeastward subduction of an enormous Farallon 
oceanic plate, fragmented along subducted oceanic fracture zones 
(Fig. 2). If we extend the hotspot track on the discontinuity maps 
westward, it roughly meets the Pacific Mendocino Fracture Zone 
(Fig. 1). However, current plate reconstruction model predicts a tra-
jectory of the Farallon Mendocino Fracture Zone (the ‘conjugate’ of 
the Pacific Mendocino Fracture Zone) with an orientation different 
from the hotspot track8.

Based on the high-resolution discontinuity maps and a re-
examination of the seismic wave-speed structure in the mid mantle 
at their respective resolution, I propose that the slab south of the 
Farallon Mendocino Fracture Zone broke off from a subducted 
spreading centre in the shallow mantle about 25 Ma (Fig. 4). The 
upper slab either stayed neutrally buoyant in the shallow 150 km of 
the upper mantle or was captured by the Pacific Plate28, whereas the 
lower slab sank with a steep angle. The lack of strong coupling with 
a surface plate facilitated a fast sinking rate of about 5 cm yr–1 and an 
easier penetration through the 660 km discontinuity. This detached 
slab is weakly coupled to the northern slab through the Mendocino 
Fracture Zone, and slab tearing occurred along the fracture zone as 

Fig. 3 | 3D rendering and re-examination of S-wave slab anomalies in 
the western United States. The isosurface represents 1% fast seismic 
wave-speed anomalies at depths from 50 km to 1,600 km (ref. 10). US 
state boundaries are plotted at the surface for geographical reference. 
Fast anomalies in the upper mantle beneath the craton are removed for a 
better illustration of the slab. Map views of the same wave-speed model at 
different depths are plotted in Supplementary Fig. 8. The horizontal plane in 
grey is plotted at a 660 km depth for reference. A cartoon representation of 
this figure is plotted in Fig. 4d.
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Fig. 4 | Cartoon illustration of the stages of subduction in the western 
United States (not to scale). a, Stagnant slab subduction >​30 Ma. b, Ridge 
subduction and slab break off ~25 Ma. c, Reversed subduction (polarity 
reversal) ~16 Ma. d, Present-day slab geometry as seen in Fig. 3: slab tearing 
along the Mendocino and Pioneer Fracture Zones. For simplicity, the Pioneer 
Fracture Zone is not illustrated in a and b and is indicated as a dashed line in c.
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the detached southern slab sank further down to the lower mantle. 
The southern slab started to penetrate the 660 km discontinuity 
about 16 Ma, which made subduction reverse its polarity with the 
younger slab in the lower mantle pulling down older, stagnant slab 
in the MTZ (Figs. 4 and 5). The reversed polarity subduction started 
from the west end of the detached slab, south of the Mendocino, and 
propagated northeastward along the Yellowstone anomaly track. 
Slab tearing also occurred along the Pioneer Fracture Zone during 
the reversed polarity subduction, which resulted in a fragment of 
slab sinking deeper into the lower mantle (Figs. 2–5).

The slab tearing during reversed polarity subduction produced 
strong passive upwellings from the lower mantle (Fig. 5). This 
poloidal component of mantle flow associated with the sinking of 
the slab may have become more significant with increasing mantle 
viscosity29. The upwellings through the slab-hydrated MTZ con-
tain a high water content, which facilitates dehydration melting as 
the flows cross the 410 km discontinuity. The melt further rises up 
in the superadiabatic upper mantle due to buoyancy, which leads 
to surface volcanism. This model explains both the lower mantle 
signature of the helium-3/helium-4 isotope ratios observed in the 
basaltic volcanism and the absence of a lower-mantle plume tail 
in seismic images. Seismic wave-speed structure, although with 
a limited lateral resolution of about 300 km at those depths, also 
supports an early slab breaking-off event as well as the sequen-
tial tearing and reversed polarity subduction (Fig. 3). The relation 
between the onset of the reversed polarity subduction and the 
formation of the Columbia River Flood Basalt remains unclear 
and requires further investigation in its geodynamics. Slab tear-
ing in the mantle indicates that the stress conditions and physical 
properties are not uniform, but are strongly influenced by pre-
existing structures. In general, the stagnant slab in the western 
United States does not show significant differences with age in 
both wave-speed and discontinuity models, which indicates that 
older (earlier) subducted materials may have warmed up due to 
their longer residence time in the mantle, which balances out their 
initial temperature differences.

The deepest subducted slab in this reversed polarity subduction 
has reached to about 1,200 km (with limited depth resolution), which 
indicates a vertical sinking speed of about 3.5 cm yr–1 in the lower 
mantle (Fig. 3 and Supplementary Fig. 8). The rest of the stagnant slab 
in the western United States has been gradually pulled down to about 
700–800 km and dips to the east with a normal subduction polarity 
(Fig. 3). This indicates that, as slab tearing propagated northeastward, 
the pulling force associated with reversed polarity subduction became 

stronger, which facilitated an overall subduction mode switch of 
the Farallon slab from stagnating to penetrating. If we extend the 
Yellowstone hotspot track westward, it meets the subduction front 
roughly at the latitude of the Mendocino Fracture Zone about 30 Ma, 
assuming a northwest relative motion between the Pacific Plate and 
the North American Plate at a rate of about 4.5 cm yr (ref. 30). The 
geometry of the stagnant slab in the MTZ indicates that subduction 
was at a northeast direction, different from the present-day eastward 
subduction (Fig. 2) and consistent with the change in plate boundary 
orientation associated with the extension of the basin and range.

Implications on fracture zones and plate movement
The difference in orientation between fracture zones on the North 
American Plate and their ‘conjugates’ on the subducted Farallon 
Plate suggests that the evolution of fracture zones on the Farallon 
Plate may have been a complex process (Fig. 5), possibly related to 
the break-up of the Farallon Plate into smaller microplates. In the 
Southern Pacific, where seafloor records on the remnant Farallon 
Plate have not been subducted, gravity and magnetic anomalies sug-
gest a complex evolution history of the Farallon Plate31,32. For exam-
ple, The Mendãna Fracture Zone on the Nazca Plate and the Orozco 
Fracture Zone on the Cocos Plate have orientations very different 
from their conjugates on the Pacific Plate due to the formation and 
rotation of a short-lived Bauer microplate and re-orientation of the 
East Pacific Rise. In our model (Fig. 6), slab tearing and hotspot 
track occurred along fracture zones on the Farallon Plate. The slab 
window, on the other hand, would have been influenced by the con-
figuration of the Pacific Plate, which includes the Pacific fracture 
zones and the migration of the Mendocino Triple Junction26,27.

The close proximity between the anomaly track in the MTZ 
and locations of the surface Neogene volcanism indicates that the 
absolute movement of the North American Plate in the past 16 mil-
lion years was 1–2 cm yr–1 or less. This rate is comparable to the 
the seafloor-spreading rate in the North Atlantic Ocean and much 
smaller than estimates obtained from caldera locations using a 
simple mantle plume model33. In global reconstruction models, the 
absolute plate motion of the North American Plate varies between 
1 cm yr–1 and 2.5 cm yr–1 depending on the reference frame34, in gen-
eral agreement with our model.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41561-018-0126-4.
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Fig. 6 | Sketch of the Pacific and Farallon fracture zones. This sketch 
illustrates a possible scenario that explains the difference in orientation 
between Pacific fracture zones and their conjugates on the subducted 
Farallon Plate. PA, Pacific Plate; FA, Farallon Plate; NA, North American 
Plate; MFZ, Mendocino Fracture Zone. The thick solid and dashed lines 
indicate the PA–FA and FA–NA plate boundaries, respectively. a, Pre-ridge 
subduction configuration (~40 Ma): the Pacific-Farallon Fracture Zone 
configuration resembles the present-day Pacific–Cocos and Pacific–Nazca 
system (main text). b, Configuration at ~30 Ma when the PA–FA mid-ocean 
ridge approached the FA–NA subduction boundary.
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Fig. 5 | Cartoon illustration of reversed subduction (not to scale). 
Reversed subduction (polarity reversal) of the stagnant slab was initiated 
at the MTZ and generated strong upwellings that rose through a hydrated 
MTZ. Dehydration melting occurred across the 410 km discontinuity. This 
process explains the Yellowstone and Snake River Plain age-progressive 
volcanoes (hotspot track) as well as undulations of the MTZ discontinuities 
(thick lines). Two thin green lines are plotted at 410 km and 660 km depths 
for reference.
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Methods
I processed the broadband seismic data recorded at 550 USArray TA stations 
for earthquakes that occurred between January 2011 and January 2015 with 
magnitudes between 6.0 and 7.8. The epicentral distances of the events ranged from 
45 to 90°. I used only shallow earthquakes with focal depths less than 100 km in this 
study to limit the interference between the depth phase (pP) and P-to-S converted 
waves (P410s and P660s) in the frequency band I investigated. For earthquakes 
shallower than 100 km, the dPs arrived within the first 25 s of the P-wave code, 
which can be modelled as part of the source process as the coda window used 
includes pP410 and pP660 waves, and those interactions are automatically 
accounted for in the calculation of finite-frequency sensitivity kernels. Aftershocks 
that occurred closely in time were also excluded from the study. This leaves an 
average of about 40 events at stations with a full deployment period of two years, 
and about 15 events for stations in the eastern part of the study regions (deployed 
shortly before 2011). Station locations and geographical distributions of the 
earthquakes are shown in Supplementary Fig. 1.

Receiver functions are calculated based on frequency-domain deconvolution 
using vertical and radial component P-wave coda seismograms. The time window 
starts at 20 s before the P-wave arrival and the length of window is 200 s, unless a 
PP wave arrives before the end of the window, in which case the PP arrival time 
defines the end of the time window. This limits the interference between Pds waves 
and PPds waves, which have different incident angles. A 20% time-domain cosine 
taper was applied to windowed seismograms before deconvolution. I calculated 
synthetic seismograms in a reference Earth model based on travelling-wave mode 
summation and applied the same data processing to generate synthetic receiver 
functions. The reference Earth model has a 35 km thick crust superimposed on a 
model IASP91 mantle. The transition-zone discontinuities in the reference model 
are at depths of 410 km and 660 km, respectively. I measured time differences 
between the observed and synthetic receiver functions using a 30 s cosine window 
centred at the reference arrival of the Pds phase. An example of the receiver 
function time-shift measurements is plotted in Supplementary Fig. 2. The observed 
and synthetic receiver functions show a general agreement in waveform at periods 
between 10 and 100 s. At periods shorter than 10 s, the observed receiver functions 
show strong structural noises (multiple scattering) that contaminate the Pds waves. 
To avoid strong multiple scattering, I filtered seismograms in the frequency domain 
with a flat response between the 10 and 100 s period. The 30 s cosine window used 
in the receiver function time measurements indicates that measurements at a 20 s 
period (0.05 Hz) represent frequency averaging roughly between 10 s (0.1 Hz) and 
100 s (0.01 Hz).

A shallow seismic interface may generate multiple-reflected waves and 
those waves may arrive between the P410 and P660 phases. I excluded traces in 
which the P410 and P660 waves are contaminated by strong multiples. Finally, 
I excluded measurements beyond a 1.5 standard deviation to limit the impact 
of other uncertainties, such as hypocentre location and the focal mechanism of 
earthquakes. Overall, this leaves about 86% of the measurements in tomographic 
inversions.

Finite-frequency tomography. To image high-resolution discontinuity 
topography, I calculated the finite-frequency sensitivity for receiver function time 
measurements. The finite-frequency sensitivity kernels account for first-order 
wave-diffraction effects and therefore allow us to image small-scale features (in the 
order of a couple hundred kilometres) that are not resolvable in traditional ray-
theory-based methods. Based on the Born scattering approximation, time shifts 
(δt) between the observed and synthetic P410s (or P660s) receiver functions can 
be written as a two-dimensional (2D) integration over depth perturbations (δd) on 
the seismic discontinuity Σ:

δ ω ω δ Σ= ∬
Σ

t K r r( ) ( , ) d( )d (1)t
d

I formulated the sensitivity kernel ωK r( , )t
d  in the framework of the travelling-

wave-mode coupling and fully accounted for the spectral division as well as 
interactions of all possible phases arriving in the P-wave coda, including PcP and 
pP waves. Here, ω is the angular frequency and r is the position vector. Examples 
of finite-frequency sensitivity to depth perturbations of the 410 km and 660 km 
discontinuities are given in Supplementary Fig. 3. The topography models are 
parametrized into 0.5° ×​ 0.5° grid points and I assumed that depth variations can 

be determined by linear interpolation using four-corner grid points in latitude–
longitude cells. Sensitivity kernels were calculated at much denser grids to ensure 
integration accuracy. The depth perturbations in equation (1) are solved in a 
regularized least-square inversion:

α∥ − ∥ + ∥ ∥ =Gm d m minimum (2)2 2 2

where G is the kernel matrix, m is the model vector and α is the Tikhonov 
regularization parameter.

The minimization problem leads to:

α− + =G G G dm m( ) 0 (3)T T 2

The superscript T denotes the transpose of a matrix. I solve the above inverse 
problem based on the singular value decomposition of the n ×​ m matrix G:

Σ=G U V (4)T

Matrices U and V contain left and right singular vectors, u and v, respectively. 
The singular value matrix Σ is a rectangular diagonal matrix with an upper  
m ×​ m diagonal matrix and a lower zero matrix. The Tikhonov solution of the 
inverse problem can be written as
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where p is the rank of the singular value matrix. The corresponding resolution 
matrix is:

=R VFV (6)T

where F is a diagonal matrix with elements σ σ α∕ +( )j j
2 2 2 , and σj is the jth 

singular vector. Trade-off curves, kernel densities as well as diagonal elements 
of the resolution matrix R for the the 410 and 660 models in Fig. 2 are plotted in 
Supplementary Figs. 4 and 5.

Wave-speed and crustal corrections. In addition to discontinuity depth variations, 
mantle wave-speed perturbations as well as 3D crustal structure can introduce 
time shifts on P410s and P660s receiver functions. I corrected receiver-function 
time measurements based on 3D finite-frequency P-wave8 and S-wave10 models. In 
general, time corrections based on mantle wave speed and crustal structure do not 
change the overall structure of the perturbations. This is because receiver functions 
reflect the relative timing between P waves and P-to-S converted waves, which is 
less sensitive to wave-speed structures when P-wave and S-wave perturbations are 
highly correlated. On average, the upper mantle is slower than the global average 
and the MTZ is colder than the global average in this region. The corrections 
reduce the mean P410 and P660 delay times by 0.21 and 0.16 s, respectively. Crustal 
corrections are calculated using a global crust model CRUST1.0 (ref. 35). Crustal 
thickness in most of the region is between 30 and 40 km (35 km in the reference 
model) and calculated corrections are less than 0.15 s, except for in the Rocky 
Mountains where crustal thickness reaches about 52 km, which corresponds to 
0.45 s in crustal correction. The average P-wave and S-wave speed in the upper 
mantle and the MTZ, as well as in the 410 km and 660 km discontinuity models 
with and without those corrections are plotted in Supplementary Fig. 7.

Code availability. The GMT software package used to prepare Figs. 1 and 2 is 
available here www.soest.hawaii.edu/gmt/.

Data availability. Seismic data used in this research are available from the IRIS 
Data Management Center (www.iris.edu).
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