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Lower-mantle plume beneath the Yellowstone
hotspot revealed by core waves

Peter L. Nelson* and Stephen P. Grand

The Yellowstone hotspot, located in North America, is an intraplate source of magmatism the cause of which is hotly debated.
Some argue that a deep mantle plume sourced at the base of the mantle supplies the heat beneath Yellowstone, whereas oth-
ers claim shallower subduction or lithospheric-related processes can explain the anomalous magmatism. Here we present a
shear wave tomography model for the deep mantle beneath the western United States that was made using the travel times
of core waves recorded by the dense USArray seismic network. The model reveals a single narrow, cylindrically shaped slow
anomaly, approximately 350 km in diameter that we interpret as a whole-mantle plume. The anomaly is tilted to the north-
east and extends from the core-mantle boundary to the surficial position of the Yellowstone hotspot. The structure gradually
decreases in strength from the deepest mantle towards the surface and if it is purely a thermal anomaly this implies an initial
excess temperature of 650 to 850 °C. Our results strongly support a deep origin for the Yellowstone hotspot, and also provide
evidence for the existence of thin thermal mantle plumes that are currently beyond the resolution of global tomography models.

esized to originate from deep mantle plumes created by ther-

mal instabilities along the core-mantle boundary (CMB)'.
Classically, mantle plumes are viewed as warm mushroomed-shaped
thermal anomalies that have a large spherical head with a long nar-
row vertical tail that is rooted at the CMB’. They have been pos-
tulated to be the cause of many prominent geologic features, such
as large igneous provinces® and hotspot tracks, but their existence
has not been universally accepted*’. Determining the existence or
nonexistence of deep thermal plumes is imperative to our under-
standing of mantle dynamics and interpretations of geochemically
distinct reservoirs‘. Recently, broad lower-mantle slow velocity con-
duits, most probably thermochemical in origin, have been associ-
ated with some hotspots, however, the direct detection of a classical
thin plume in the lower mantle using travel time tomography has
remained elusive™’*.

The difficulty in detecting plumes in the lower mantle using
seismic travel time tomography arises from the fact that they only
weakly reduce the travel time (<0.5s) of S waves (the primary phase
used in most shear wave tomography models). This is because
S wave ray paths in the deep mantle are largely subhorizontal
whereas plumes are assumed to be subvertical, resulting in very
little sampling of a deep plume by S waves (Fig. la). The small
influence of plumes on S waves combined with wavefront healing
effects makes imaging plumes difficult’. Furthermore, almost all
hotspots with a purported deep-mantle origin are located in oce-
anic basins where seismic station coverage is poor'’. One exception,
however, is the Yellowstone hotspot, which is located in the interior
of the western United States (Fig. 1b). The origin of the Yellowstone
hotspot has been widely debated ever since the plume hypothesis
was first proposed''. Evidence for a plume origin of the Yellowstone
hotspot is provided by a 16.4-Myr-old volcanic track starting near
the Columbia River Flood Basalts (CRB) that has followed plate
movement'’, high He’/He ratios”, a prominent regional geoid
high'* and a 12-18 km upward deflection of the 660 discontinuity"’.
Moreover, regional tomography studies have imaged a cylindrically
shaped slow seismic anomaly extending from the hotspot to 900 km

S ince the 1970s, some intraplate volcanoes have been hypoth-

depth'>'°. Below 900km depth, these studies lose the resolution
necessary to image the anomaly, if it is there. Despite evidence for
a plume origin, Yellowstone has features not in accord with clas-
sical plume theory, such as a second hotspot track propagating in
the opposite direction called the Newberry Trend, a 400km gap
between the western end of the main hotspot track and the largest
eruption centres in the CRB, and the difficulty a plume would have
in penetrating or bypassing nearby subducting slabs'”'®. Alternative
hypotheses for the hotspot attribute it to shallower lithospheric or
subduction-related processes'”'*-'.

Seismic modelling and images

Here we present a new shear wave tomography model for the mantle
beneath the western United States that is optimized to find short
-wavelength, subvertical structures in the lower mantle. We find a
structure that we interpret as a plume rising from the CMB that
is probably the cause of the Yellowstone hotspot. We build on pre-
vious seismic tomography models by carefully analysing SKS and
SKKS waves recorded by North American seismic stations (Fig. 1b).
SKS phases travel as shear waves in the mantle and as compressional
waves in the outer core. SKKS are similar to SKS, but they have one
underside CMB reflection before they leave the core. The advantage
of using SKS and SKKS is that their vertically oriented ray paths
in the deep mantle (Fig. 1a) will traverse a potential plume for a
greater distance than S, resulting in a larger travel time perturbation
while still providing enough ray-crossing for accurate tomography.
Additionally, the relative travel times of SKS and SKKS measured
across a seismic array are insensitive to source side structure, as
their ray paths are relatively close together there. Finally, the outer
core should not affect variations in SKS and SKKS travel times due
to its near homogeneous state””. Consequently, by effectively remov-
ing a mean travel time from each event, using SKS and SKKS wave
travel time residuals we should be able to image short-wavelength,
subvertical structures in the lower mantle beneath a dense array of
seismic stations. Core waves alone, of course, are not sufficient to
determine the complete three-dimensional (3D) variations in the
mantle beneath the stations. Upper mantle anomalies, for example,
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Fig. 1| Diagram of S, SKS and SKKS ray paths and a map of station and event locations with geologic features of the Yellowstone hotspot. a, Comparison
of S, SKS and SKKS ray paths through a simple plume structure (red rectangle) from 600-km-deep sources (red stars) to stations (blue triangles). Thin
black lines show the 410 and 660 km discontinuities. Note the differences in the orientation and distance of SKS ray paths through the plume structure
compared with S ray paths in the lower mantle and the closeness of the SKS ray paths on the source side. b, Map of the Yellowstone hotspot and
surrounding region. White triangles indicate the locations of the seismometers used in our experiment. The red volcano is the current location of the
Yellowstone hotspot. The CRB is located at the end of the hotspot track (yellow volcanos), which has followed plate motion. The purple line is the location
of the cross-section shown in Fig. 3. Inset: Map of the events we measured SKS (blue crosses) and SKKS (magenta crosses) travel times from, respectively.

Contour lines are in 30° increments away from Yellowstone (red volcano).

cannot be resolved well by such waves because their ray paths
become too close to vertical to cross there.

The data set we use consists of over 26,000 SKS and SKKS travel
time residuals from 71 events (Fig. 1b) measured in two frequency
bands (2-10s and 10-100s) using a modified version of the adap-
tive stacking technique (see Methods). We applied corrections for
crustal structure, station elevation and ellipticity to the travel times.
Additionally, the travel times were corrected for radial anisotropy,
as discussed more fully in the Methods. We calculated travel time
sensitivity kernels using the finite frequency theory developed by a
previous study”’. We included up to the third Fresnel zone in the ker-
nels based on comparisons with exact calculations using the spec-
tral-element method*. Travel time residuals were then determined
using the finite frequency kernels with respect to several global shear
wave tomography models including S40RTS*, SEMUCB-WM1%*,
TX2016” and the regional model US-SL-2014*. We also used an
average of the global models for the lower mantle smoothed into
US-SL-2014 to compute a set of residuals. For each earthquake, an
appropriate source term was removed (See Methods). Finally, we
inverted the residuals using the LSQR algorithm® regularized by
second-order Laplacian smoothing and damping constraints.

Figures 2 and 3 show our results; for which we used the aver-
age of the seismic models, discussed above, as the starting model
in the inversion. In Supplementary Figs. 1-5, we show results using
each individual model as the starting model. The most striking
feature in the lower mantle of our inverted model is a ~350-km-
diameter cylindrical-shaped slow anomaly that is continuous from
the CMB to the surface near Yellowstone. It is rooted at the CMB
near the Mexico/California border (Fig. 2) and has an overall tilt
to the northeast with a strong offset from 900-1,300 km depth. The
amplitude of the anomaly also changes with depth. In the deep-
est mantle the anomaly has a peak near 2% decreasing steadily to
about 1% at 1,000km depth. Larger-amplitude anomalies exist in
the upper mantle. The overall profile and amplitude of the anomaly

is generally consistent regardless of what starting model we use
(Supplementary Figs. 1-5). We do not observe any other signifi-
cant continuous fast or slow structures in the lower mantle. With
regard to fast anomalies, our results are consistent with earlier stud-
ies, which have shown that the Farallon slab is mainly to the east
of our study region®. Comparisons with the global tomography
starting models at the CMB show that they all have regions that are
notably slower than their surroundings in the proximity of where
our anomaly is rooted. However, they do not have the resolution to
image structures at the wavelengths of the anomaly we show here.

Resolution tests

To assess the reliability of our results, we conducted linear resolu-
tion tests in which we created a data set using synthetic plumes and
checked whether we could recover the structures (see Methods). The
synthetic plumes we used are 250km in diameter with a Gaussian
velocity distribution with a peak of 2%. Travel time residuals were
calculated using finite frequency kernels with 0.5s of random noise
added. The tests (Fig. 4) indicate the feature we imaged under
Yellowstone is laterally well resolved and is unlikely to be caused by
vertical smearing. This test also shows that our model most likely
underpredicts the true amplitude of anomalies by 25-40%. We also
performed additional tests to examine our ability to resolve a tilted
plume structure similar to the one we imaged (Supplementary Figs.
7 and 8). The results show that in the lower mantle we are able to
resolve the structure well, however above 1,300km the increase in
tilt and near-vertical orientation of the SKS and SKKS ray paths
cause a notable drop in the recovered amplitude (see Methods).

Plume characteristics and comparison with geodynamic
predictions

The anomaly’s proximity to the Yellowstone hotspot, continu-
ity across the whole mantle and cylindrical morphology are con-
sistent with it being a thermal plume. Assuming the derivative of
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Fig. 2 | Tomographic images of the lower mantle. Slow anomalies are shown in red while fast anomalies are shown in blue, with depth indicated to the
left of each slice. Note that the same colour scale is used for all depth slices. The dashed circles show the location of the structure that we interpret as a
plume; it is the slowest feature in each slice and is continuous from the CMB to the surface.

shear velocity with respect to temperature is 0.4% per 100°C"', the
peak excess temperature within the plume is 650-850°C in the
deepest mantle, decreasing to nearly half of that value at the top of
the lower mantle. Here we assumed that our seismic model has an
amplitude 25-40% less than the true structure, which is probably a
minimum estimate because of possible errors not included in the
resolution analysis (see Methods). The deep excess temperature, as
well as its decrease towards the surface, are consistent with geody-
namic simulations of thermal plumes®>*. Additionally, the anomaly
we imaged is not vertical but is tilted to the northeast. A previous
study® showed that upwelling mantle plumes should be tilted as
they ascend due to mantle-wide convection (mantle wind). In those
simulations, a potential plume feeding Yellowstone would indeed be
tilted to the northeast, although it should be noted that the tilt we
found is larger than his prediction, suggesting a stronger influence
of lower-mantle wind on the plume. The discrepancy could indicate
stronger convective flow in the deepest mantle and the top of the
lower mantle or a slower ascent velocity of the plume relative to the
model used in earlier work'’. We also find that the plume ascent
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is most strongly shifted laterally between 900 and 1,300 km depth.
Other studies have noted unusual behaviour at this depth, both for
upwelling regions and subducted slabs**, perhaps due to a rapid
change in viscosity near these depths™.

We conclude that a plume rising from the CMB is the ultimate
heat source driving Yellowstone volcanism. Fig. 3 shows that there
is a large volume of upper mantle with slow velocity to the south
of Yellowstone beneath the Basin and Range province. This low-
velocity feature is unlikely to be related to the lower-mantle plume
that we have imaged. The anomaly only starts to appear near 700 km
depth and becomes widespread throughout the southwestern
United States in the transition zone, whereas the structure in the
lower mantle seems to focus beneath Yellowstone (Supplementary
Fig. 6). Furthermore, none of our inversions show any direct con-
nection at depth between the two features (Supplementary Fig. 5).
Finally, as mentioned previously, there is a prominent geoid high at
Yellowstone relative to the rest of the western United States'* along
with exclusively high He*/He* ratios found in the basalts erupted
there”. These observations suggest that the heat source beneath
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Fig. 3 | Depth cross-section through the plume structure showing its
connection with the Yellowstone hotspot. The location of the cross-
section is shown by the purple line in Fig. 1, with black and orange circles
indicating positions along the cross-section. The surficial position of the
Yellowstone hotspot is shown by the red volcano. Dashed lines indicate
410, 660 and 1,000 km depth. The colour bar was chosen to highlight
lower-mantle features. Anomalies in the upper mantle mainly reflect the
choice of starting model (US-SL-2014)%.

Yellowstone is unique relative to the rest of the western United
States. The broad, slow region in the upper mantle is more probably
related to shallow tectonic processes such as extension in the Basin
and Range, delamination of lithosphere or mantle hydration caused
by the subducting slab¥, rather than originating from the narrow
lower-mantle structure we imaged.

Recent tomography studies’* have found large subvertical slow
seismic anomalies in the lower mantle that are associated with sur-
face hotspots. These 'plumes' are volumetrically larger and prob-
ably slower than the Yellowstone plume imaged here. They are
also associated with large low-shear-velocity provinces (LLSVPs)"
at the base of the mantle whereas Yellowstone is located far from
LLSVPs. Geodynamic simulations investigating plumes originating
from thermochemical boundary layers have found that the evolu-
tion of plumes is strongly controlled by the thickness and strength
of the thermal and chemical basal layers*. In particular, plumes
originating from thick thermochemical boundaries will be hotter
and volumetrically larger than purely thermal plumes. The basal
layers of the LLSVPs could be hotter and intrinsically denser than
where Yellowstone originates, providing a different set of boundary
conditions that govern plume growth. Why Yellowstone originates
where it does is still unclear, however, it has been suggested that
the low-velocity region where the Yellowstone plume is rooted was
once a small piece of the Pacific LLSVP that has been sheared off by
a subducting slab®. It could also be a purely thermal plume gener-
ated at the thermal boundary layer at the CMB. Regardless of the
cause, our results strongly support a deep-mantle plume origin for
the Yellowstone hotspot and the CRB as opposed to a shallower ori-
gin'”*2!. Plumes such as the one imaged here would not be resolved
by global tomography and thus could exist elsewhere.
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Fig. 4 | Resolution test results for 250-km-diameter plume structures. a, Starting model, which has a number of 250-km-diameter lower-mantle plume
structures with a maximum amplitude of 2%. b, Corresponding cross-section along the black line in a. ¢, Recovered structures after inversion with a
random distribution of 0.5 s added to the synthetic data. d, Corresponding cross-section along the black line in a. The test shows good recovery in the
interior of the western United States, but much poorer recovery where the station coverage is less dense (Fig. 1).
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Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
0rg/10.1038/s41561-018-0075-y.
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Methods

Data and travel time measurements. In total, our data set consisted of 25,428
SKS (40% 2-105, 60% 10-1005) and 1,352 SKKS (100% 10-100s) travel

times measured in two separate frequency bands on the radial component of
displacement seismograms. We used magnitude 5.6 or greater events that were at
distances between 85°-130° for SKS and distances greater than 130° for SKKS to
ensure minimum interference with other major arrivals. For SKS at distances less
than 108° and all SKKS, we measured relative travel times using a modified version
of the adaptive stacking technique™. First, we preprocessed the seismograms by
removing the mean, trend and instrument response. Next, we bandpass-filtered
the data into the desired frequency range using a two-pole two-pass Butterworth
filter. After preprocessing, we aligned the traces using PREM’s* predicted arrival
times for SKS/SKKS and selected a window, usually between 20-30s long, around
the arrival times. We then stacked the selected segments to form an average
wavelet, which we cross-correlated with each trace to determine a cross-correlation
coefficient (CCC) and a best correlation time shift. We applied the time shifts to
improve the alignment between the traces and then restacked them to reform the
average wavelet. Additionally, we used the CCC and the signal to noise (SNR) of
each trace as weights when updating the wavelet. The SNR was determined by
comparing the amplitude of the SKS/SKKS arrival to the average amplitude of a
section of the seismogram where we did not expect any arrivals. Traces with SNR
or CCC below a threshold were omitted from the updated average wavelet. The
process was repeated until the average wavelet converged, usually less than five
iterations. The relative travel times we used in our inversions only included data
that made it into the final stacks. Lastly, each measurement was visually inspected
to ensure a good fit and if necessary, slightly adjusted (< 0.25s) or removed from
the data set.

SKpdiffS measurements. For events with stations greater than 108°away, there

is a second arrival called SKpdiffS that greatly distorts the backend of the SKS
waveforms. SKpdiffS occurs when an SKS is incident to the CMB at the critical
angle for ScP, an S wave that is reflected as a P wave at the CMB. The phase is
commonly used to study the lowermost mantle because its onset and amplitude is
highly sensitive to the structure there. To account for this phase, we first created
an average wavelet following the procedure described above only using stations
<108°, which are unaffected by SKpdiffS. Next, we calculated approximate Green’s
functions for PREM using the reflectivity method** and convolved those with the
average wavelet for each event to make synthetic seismograms. We included no
upgoing waves or attenuation in our reflectivity calculations so that they represent
an impulse at shorter distances. To see if our synthetic seismograms fit the
observed SKpdiffS behaviour, we compared the data and synthetic seismograms
stacked into 1° distance bins and checked if the timing and relative amplitude
between the two phases was correct. If the SKpdiffS was poorly fit by PREM, we
found, by trial and error, the best fitting model we could by reducing both the S
and P velocity in a 3:1 ratio at the bottom 20 km of the mantle”'. Afterwards, we
cross-correlate the synthetic seismograms made using the best model for SKpdiffS
with all of the recorded data. As before, we manually inspect each measurement
and if necessary slightly adjust or remove them.

Traveltime corrections. We applied a series of small corrections to our travel times
to mitigate the effects of some necessary simplifications we imposed on our model.
We treated measurements made in each frequency band separately. First, we made
standard ray theory-based crustal, topography and ellipticity corrections* using
the upper, middle and lower crust layers of CRUST 1.0 and AK-135 ellipticity
coefficients”. Although SKS and SKKS source side mantle ray paths are very close,
they can accumulate non-negligible travel time differences if they travel through
areas with high velocity gradients. To better account for this, we computed source-
only side finite frequency kernels on a 1°X 1° grid and remove their predicted
travel time residuals using three global models, S40RTS*, SEMUCB-WM1* and
TX2016”. We also used an average model, computed as the arithmetic mean of the
three global models. The relative time differences between stations on the source
side were usually small (<0.25s), however, for events with source-side ray paths
near an edge of a large low shear-velocity province the differences were

more significant.

Additionally, we account for the effects of radial anisotropy in the upper mantle
by applying a first-order correction to our travel times. Assuming the medium is
radially anisotropic, the radial component R(t) of a seismogram can be written in
terms of the fast- and slow-polarized waves as

R(t) =s(t)cos’p+s (t—5t)sin’e

where s(t) is the signal in an isotropic earth, ¢ is the polarization angle and 8t is the
delay time. It can be shown to first order using Taylor expansions that

— )
tisotropic = fineasured —otsin (/)

We used SKS splitting parameters from ref.”” for stations located in the United
States, while for Canadian stations we used parameters from refs “-*'. For stations
without available splitting measurements, we used the nearest station’s parameters

as a substitute. If there were no nearby stations then we treated the station as
isotropic. Final residuals were calculated relative to several published seismic
models using finite frequency kernels. We used an averaged model consisting of
the regional model US-SL-2014* above 1,000 km depth for the mantle beneath the
United States and an average of the global models for the mantle below. Because
the models do not exactly agree at 1,000 km, we smoothed them together by using a
weighted sum between 1,000 km and 1,200 km depth.

Due to the fact that the USArray migrated across the United States, each
earthquake had a different set of stations for which travel time measurements were
made. Thus, it was inappropriate to take out a mean of residuals for each event
as is commonly done in regional tomography studies. Following the procedure
of a previous study™, we inverted for event and station statics with the constraint
that the average station static was 0. We note that the statics are with respect to
predictions of the 3D starting model. We also applied weights to the inversion
by first separating our events into 5° azimuthal bins. We then determined the
weight for each event by dividing the average number of events per bin by the
number of events in that event’s particular bin. The event static is an effective
mean for each event whereas the station static is mainly the signal from the crust
and uppermost mantle underneath a particular station that is unaccounted for
in the starting model. We removed both the event and station statics from the
data to get a set of travel time residuals. Using this data set, we calculated new
earthquake locations and origin times constrained to be within a 50 X 50 X 50 km*
box around the original location®. Our new earthquake locations are unlikely to
be the true hypocentre due to the limited azimuthal range and the single phase we
use. However, this is an effective way of removing long wavelength variations in
the data caused by a near-source structure, as well as earthquake mislocation. After
adjusting the original travel times for the new locations, we reapplied all of our
previous corrections and recalculated event and station statics.

Parameterization and inversion. We parameterized our model space (21°N to
63°N and 80°W to 140° W on the surface) into evenly spaced 50 km grid points
from the surface down to the CMB. To invert our travel times for mantle velocity
perturbations, we calculated finite frequency kernels up to the third Fresnel zone
using the paraxial approximation as described by an earlier work*. We used the
spectrums of the average wavelets we constructed for travel time measurements as
the source term in the kernel calculations. To test the accuracy of our kernels, we
compared their travel times predictions for a simple synthetic lower-mantle plume
structure against the travel times of synthetics made with SPECFEM3D* and
found them in good agreement.

We solved the system of equations relating travel time residual to velocity
perturbation using an iterative LSQR* algorithm regularized by second-order
Laplacian smoothing and damping constraints. The regularization parameters
were chosen based on the L-curve criteria*. In addition to our regularization
constraints, we also applied the same azimuthal weights that we used to calculate
the event and station statics to the inversion. To mitigate contamination caused
by unaccounted crust and uppermost mantle structure on our lower mantle, we
applied a two-phase inversion technique in which we first inverted for only the top
100km of our model before we allowed deeper variations.

Data uncertainty and resolution tests. An important issue is whether our travel
time measurements are accurate enough to resolve a potential plume structure in
the lower mantle. To estimate the uncertainty of our measurements, we compared
residuals between two nearby deep events (200710050717 and 200710162105) after
all the corrections were applied. The standard deviation between common stations
for both frequency bands is <0.25s while the delay we expect from a plume on SKS
and SKKS is on the order of ~1-2s. Errors caused by the differences in location and
frequency content of the source are included in this estimate, which could account
for some of the disagreement between the measurements.

As discussed in the main text, we performed linear resolution tests to
determine how reliable our results are. We did this by first creating a model with
synthetic lower mantle plume structures that were 250 km in diameter with a 2%
Gaussian velocity distribution alternating between fast and slow (Fig. 4a). We then
used the same station—event pairs as our data to calculate residuals with respect
to the synthetic model using our finite frequency kernels. Furthermore, we added
arandom distribution of noise with a standard deviation of 0.5s to the synthetic
data. Finally, we inverted the data using the same regularization parameters and
two-phase method as for our real data. The results of the test (Fig. 4b) show in
the contiguous United States, where we imaged the plume, we see no indication
of substantial smearing or gaps in recovery, however the amplitude is reduced by
25-40% in the cores of the plumes.

To assess our ability to resolve a tilted structure, we conducted a second test
using a 350-km-diameter synthetic plume with —2% Gaussian velocity distribution
centred at the highest amplitude points in the plume structure that we imaged using
real data (Supplementary Fig. 7a). In the same way as our initial resolution test,
we added a random distribution of noise with a standard deviation of 0.5s to the
synthetic data and used the same inversion parameters. The results (Supplementary
Fig. 7b) show we were able to resolve the position and amplitude of the tilted
structure in the lower mantle with similar success to our previous test, recovering
the greatest amount of structure between 1,500 and 2,000 km in depth. However,
the test does expose the inability of core waves to constrain subhorizonal features
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in the upper portion of the mantle. Between 900 and 1,300 km depth, the increase
in the plume'’ tilt and the near-vertical orientation of the SKS and SKKS ray paths
prevents us from accurately resolving the structure there and as a result we see
a notable drop in the recovered amplitude. A comparison between results using
different starting models (Supplementary Fig. 5) show much larger variation in
that depth range than at greater depths. Given the anomalies above and below that
depth range and the low-amplitude anomaly we do detect, it is likely that the plume
is continuous but strongly tilted, such that we are unable to fully resolve it there.
As a final check to determine the degree of vertical smearing in our
experiment, we repeated the test above but added 500 km gaps to the plume
(Supplementary Fig. 8a). The inverted model (Supplementary Fig. 8b) does show
some vertical smearing in the lowermost mantle, but the artefact structures are
much lower amplitude (~0.5%) than the real structure (>1%) and do not resemble
what we imaged. Therefore, it is unlikely that the plume we identified is isolated
slow anomalies being smeared together, but rather a continuous feature across the
lower mantle.

Code availability. We are unable to make the computer code associated with this
paper available. The finite frequency code we used was written by S.-H. Hung
(National Taiwan University). The adaptive stacking code was written by S. Yu and
E. Garnero (both at Arizona State University). The figures were made using GMT
which can be downloaded here: http://gmt.soest.hawaii.edu/.

Data availability. For non-Canadian stations, we downloaded the waveforms from
IRIS DMC using SOD (Standing Order for Data), which can be found here: http://
www.seis.sc.edu/sod/. We downloaded for Canadian stations from the Canadian
National Data Center via email request: http://www.earthquakescanada.nrcan.
gc.ca/stndon/CNDC/index-en.php. The tomography model US-SL-2014* can

be accessed here: http://ds.iris.edu/ds/products/emc-earthmodels/. S40RTS>,
SEMUCB-WM1*, and TX2016* can be requested by contacting the corresponding
author in each respective paper.
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