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Beneath the American Midwest, S-to-P (Sp) converted wave imaging and multi-mode surface wave
tomography identify a north-trending transition in seismic structure at 150–250 km depth. To the east
of this American Midwest transition (AMT), the lithosphere–asthenosphere boundary (LAB) is imaged
as a 1–2% Sp/Sv amplitude arrival at 200–240 km depth, consistent with the depth of negative shear
velocity and azimuthal anisotropy gradients imaged by surface wave tomography. To the west of the
AMT, Sp conversions are much shallower at 150–190 km depth and are much weaker (<0.7%) or
absent. Azimuthal anisotropy constrained by surface wave tomography also changes across the AMT, with
stronger anisotropy to the east of the transition beneath the thicker lithospheric root. We suggest that
the seismic changes across the AMT can be explained by considering the effects of asthenospheric flow
beneath the leading edge of the thick lithospheric root. The mantle flow is dominantly driven by the
drift of the North America plate. Locally higher flow velocities are expected where the asthenosphere is
forced to flow beneath the thicker root. This mantle underflow could create a sharper seismic LAB east
of the AMT via two effects. First, the local increase in flow velocities could steepen the thermal gradient
at the base of the lithosphere, and hence the isotropic velocity contrast. Second, the increased strain rate
along edge of the lithosphere could enhance the magnitude of azimuthal anisotropy. Our results suggest
that seismically detectable LAB sharpness variations could be used to constrain geographic variations in
coupling between plates and mantle convection. A secondary result is the image of a Mid-Lithospheric
Discontinuity arrival at 80–110 km depth that is found primarily to the east of the AMT. This arrival is
interpreted as produced by a layer of low-velocity metasomatic minerals that have accumulated since the
>1.8 Ga creation of the lithosphere.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The magnitude of stress coupling between mantle convection
and the base of the plates is a first-order issue in assessing the
force balances on plates, and hence the motion of the plate mosaic
(Forsyth and Uyeda, 1975; Ghosh et al., 2013). A first-order control
with regard to the coupling between tectonic plates and underlying
mantle convection is the physical state property variations at the
base of the lithosphere that produce a viscosity gradient that has
a 2–3 order of magnitude decrease across the 1000–1300 ◦C ther-
mal gradient (Sleep, 2011). This basal viscosity gradient is where
the buoyantly driven flow of the mantle (Ghosh and Holt, 2012)
and the relative motion of the plate must be accommodated via
exchange of stress.

Generally increasing viscosity with depth predicts that the rhe-
ologically mobile boundary layer in the ∼1000–1300 ◦C inter-

* Corresponding author.
E-mail address: dueker@uwyo.edu (K. Dueker).
0012-821X/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.epsl.2013.11.018
val will experience higher flow stresses as lithospheric thickness
increases, potentially producing an approximately 250 km limit
on lithospheric thickness for the present day convective regime
(Cooper and Conrad, 2009). Additionally, mantle flow around un-
dulations in lithospheric thickness and variations in relative ve-
locity between the lithosphere and asthenosphere will modulate
the shear strain rates in the basal thermal boundary layer that
is capable of deforming viscously. Such flow induced shear strain
variations could create variations in the strength of olivine LPO
development that would be observed as velocity anisotropy de-
tectable with seismology (Kaminski and Ribe, 2002; Ribe, 1989).
Thus, seismic interrogation of physical property variations at the
base of the lithosphere can help to constrain geographic variations
in the degree of plate–mantle stress coupling.

Ideally, one seeks to seismically interrogate a region where a
plate’s basal physical properties are changing. Here we focus on
such a region in the American Midwest, where the lithosphere
thickens substantially and the North American plate motion is
nearly perpendicular to the strike of the narrow area over which
the lithosphere thickens. In this scenario, the sub-lithospheric
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mantle must flow down and below the thickened lithospheric root
and hence the mantle flow must accelerate based on Bernoulli’s
principle given the reasonable assumption that the base of the low
viscosity asthenospheric channel remains relatively constant.

In thin lithosphere areas (<130 km), the LAB velocity gradi-
ent can be adequately resolved via inversion of fundamental mode
surface wave dispersion data (Lebedev et al., 2009; Pedersen et
al., 2009). However, in thick lithosphere areas (>130 km), funda-
mental mode resolution at these depths is poor and higher-mode
surface wave data is required to constrain velocity gradients as-
sociated with the base of the lithosphere (Yuan and Romanow-
icz, 2010). Even higher resolution of velocity gradients at the
base of the plates is provided by Ps and Sp converted wave im-
ages that directly sense velocity gradients (Farra and Vinnik, 2000;
Rychert et al., 2007) and do not require a regularized inversion to
image structure. In thin lithosphere areas, Ps converted waves can
isolate LAB arrivals with minimal interference with free-surface to
Moho reverberations (Rychert et al., 2005). However, in thick litho-
sphere areas, Ps prospecting for LAB arrivals is problematic due to
the overprinting of small amplitude LAB arrivals by free-surface to
Moho reverberations (Julià, 2007).

A remedy with regard to this Ps Moho reverberation interfer-
ence is the use of converted Sp waves that has proven useful for
imaging thick lithosphere LAB arrivals because Sp converted ar-
rivals are not overprinted by Moho reverberations (Farra and Vin-
nik, 2000). The caveat to this advantage over Ps receiver functions
is that S-wave receiver functions have reduced imaging power
due to: less high-frequency bandwidth, fewer usable earthquake
recordings due to epicentral distance range constraints, deconvo-
lutional issues associated with the S and SKS branch cross-over
at 84◦ (Yuan et al., 2006a), and, the requirement that SV polar-
ized incident S-waves be used. Herein, a comparison of Sp and
multi-mode surface wave images is performed to constrain lateral
variations in isotropic and anisotropic seismic structure across the
edge of North America’s cratonic core in the American upper Mid-
west.

2. Data and methods

All EarthScope USArray seismic data recorded through Novem-
ber 2011 and most of the available PASSCAL broad-band data were
processed into an Sp image that extends from the west coast to
the longitude of Chicago with 41,731 binned Sp receiver functions.
From this dataset, a subset within the American Midwest sampled
by 6993 receiver functions is presented (Fig. 1). Our Sp receiver
functions dataset consists of both the direct S-wave branch from
58◦–84◦ epicentral distance and the SKS branch from 84◦–110◦
epicentral distance. The percentage of direct-Sp and SKSp arrivals
in our dataset is 64% and 36% respectively. Images made using only
SKSp arrivals are noisy because the data sampling is reduced to
36% of the full dataset. With regard to P contamination of SKSp
arrivals, we note that only pPPPP arrivals from >300 km depth
event arrivals are predicted to arrive in our uppermost mantle
time window of interest. Thus, given the rarity of this occurrence,
we are not concerned about P-phase contamination of our SKSp
dataset. To minimize cross-contamination between the SKS and S
branches, extensive data culling and careful time windowing of
the first-arriving S-wave packet was performed. The data culling
consists of viewing up to 440 USArray three-component traces
on multi-monitors and interactively processing the data. The first
S-wave packet is windowed with an 8–12 s window and the SV-
component relative travel-time residuals are measured and applied
to line up the data so that waveform coherence may be assessed.
Traces that are incoherent are deleted and events that have signif-
icant variations in the first-arriving S-wave packet waveshape are
not used as that would violate our common source wavelet as-
Fig. 1. Stations, topography, crustal province boundaries. The boundary between
a deeper LAB and shallower weak to absent LAB signals is demarked as the Ameri-
can Midwest Transition (AMT) red dotted line. The crustal provinces boundaries are
outlined as red dotted lines: circa. 2.6 Ga Superior Province (SP); 1.8–1.9 Ga Trans-
Hudson orogen (THO); 1.8–1.6 Ga Yavapai–Mazatzal (YM). The black crosses show
carbonatite intrusions locations that are consistent with the re-melting of an an-
cient metasomatic layer. The blue triangles are the permanent stations analyzed by
Abt et al. (2010) discussed in text.

sumption in our deconvolution method. Rather than deconvolving
the entire SV-component traces from the P-component traces, the
first-S arrival is windowed and used in our source estimation pro-
cedure (Hansen and Dueker, 2009).

Our method to produce receiver functions (Hansen and Dueker,
2009) is significantly different with respect to signal station spec-
tral deconvolution methods (Langston, 1977; Vinnik, 1977) that
use the incident component as an estimate of the source wavelet.
Instead, we assume for each event that a common source wavelet
is incident at all stations (up to 440) and a least-square in-
verse is conducted to isolate the source wavelet spectra from the
three-component receiver function spectra. Additionally, we do not
assume that pure mode scattering (Sv–Sv) potential is zero as
done in traditional receiver function analysis. The receiver func-
tion phase spectra are calculated by using the assumption that
pure-mode scattering (SV to SV in this work) is effectively min-
imum phase for velocity models relevant to the Earth (Bostock,
2004) and the Kolmogorov minimum phase operator (Kolmogorov,
1939) is used in the phase reconstruction of the receiver functions
(Mercier et al., 2006).

The Sp receiver function data were filtered using a suite of fil-
ter band-pass values and migrated into our image volume using
a common-conversion point migration method (Dueker and Shee-
han, 1997). The band-passes used were a high pass of 30 s with
low-passes of 2 s, 3 s, 4 s, 6 s, and 8 s. The image volume is pa-
rameterized using 110 km wide image bins that are two km thick.
In the upper 150 km, our migration velocity model consists of an
isotropic shear velocity model (Shen et al., 2013) that is smoothly
merged with the AK135 velocity model at 150–170 km depth to
produce a model that extends to 300 km depth. A corresponding P-
wave velocity model is derived by scaling this shear velocity model
to a P-wave model using an assumed crust and mantle Vp/Vs of
1.76 and 1.81 respectively. Sp times are mapped to depth by ex-
tracting the S- and P-wave velocity functions along the incident
and converted ray-paths and using these velocity functions in the
one-dimensional Sp move out equation.
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Fig. 2. Seismic structure in American upper Midwest. (a)–(d) E–W Sp sections at indicated latitudes with short black line indicate edge of 1–2% Sp/Sv LAB arrival at
200–240 km depth. (e) Cross-sections, crustal province boundaries, and American Midwest transition (AMT). (f) Isotropic velocity at 200 km depth from Yuan and Romanowicz
(2010). The 4.62 km/s at 150 km depth (Fig. 4(d)) is show as black dotted line. The approximate dip of the lithosphere using the 4.80 km/s contour at 200 km depth line is
14–26◦ . The mantle underflow arrow is based on the North American absolute plate motion and the high stress tractions (2.1 MPa) found by convection modeling of Ghosh
et al. (2013).
The tomographic velocity model we compare our Sp image to
is derived from waveform fitting of long-period fundamental and
higher-mode seismograms constrained by SKS shear-wave mea-
surements to provide isotropic and radial and azimuthal anisotropy
images (Yuan and Romanowicz, 2010). The model used herein is
derived from permanent and USArray recordings through the end
of 2011 (Yuan et al., 2011). The use of higher-mode seismic en-
ergy and the SKS measurements is important to provide images of
isotropic and anisotropic velocity variations at 180–250 km depths
where Sp signals are imaged. We refer to this velocity model in
our text as Yuan and Romanowicz (2010).

3. Results

3.1. LAB sharpness and depth across the AMT

E–W Sp cross-sections through the American upper Midwest
find an LAB arrival at 200–240 km depth to the east of a north
striking boundary at 98–95◦W longitude, but not to the west of
this boundary (Fig. 2(a)–(d)). The color palette used to render
Fig. 2(a)–(d) is designed to highlight the weak negative velocity
gradient arrivals and a more symmetric color palette is shown in
Supp. Fig. 1. We term this transition the American Midwest Tran-
sition (AMT). Correspondingly, our N–S cross-sections show this
difference in LAB arrivals across the AMT with <0.7% arrivals at
150–190 km depth west of the AMT and 0.7%–2% amplitude Sp ar-
rivals at 200–240 km depth to the east of the AMT (Fig. 3(a)–(b)).
The AMT demarks a thickening of the lithosphere to the east of
the AMT based on the deepening of the 4.62 km/s isotropic veloc-
ity contour to the east (Figs. 2(f), 3(d), Supp. Fig. 2). Using these
velocity contours, the estimated dip of the lithospheric thickening
to the east is 14–26◦ .

Another important seismic variation to the east of the AMT is
the higher azimuthal anisotropy strength at 250 km depth from
Yuan and Romanowicz (2010) (Fig. 3(e)). At this depth, the orienta-
tion of the azimuthal anisotropy is N60◦W that is very close to the
absolute North American plate drift direction. Thus, this azimuthal
anisotropy is interpreted as manifesting plate shear in the astheno-
sphere. Comparison of the east of AMT area where the cratonic LAB
is observed with the Yuan and Romanowicz (2010) velocity model
finds a shear velocity decrement of ∼4% along with an increase in
azimuthal anisotropy strength (Figs. 3(e), 4(b), (c), Supp. Figs. 3,
4). Thus, we interpret the seismic origin of our LAB arrivals as
manifesting gradients in both the isotropic velocity and a 50–100%
increase in azimuthal anisotropy strength in the asthenosphere
that is oriented parallel to plate motion (Fig. 3(e), Supp. Figs. 3,
4). Inspection of the imaged LAB arrival shows that it is often
composed of two arrivals that are shingled. However, at present
whether this shingled structure is resolved or just image noise
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Fig. 3. Seismic structure in American upper Midwest. (a)–(b) N–S Sp sections at indicated longitudes. (c) Sp section locations. The American Midwest Transition (AMT) is
demarked as red dotted line. See Fig. 1 for other annotation definitions. (d) Isotropic velocity at 150 km depth from Yuan and Romanowicz (2010). (e) Azimuthal anisotropy
strength at 250 km from Yuan and Romanowicz (2010). The LAB signal east of the AMT is demarked as the dotted red line that we interpret in text as shear strain localization
related to mantle flow under the thickened lithosphere (Fig. 2(f)).
remains equivocal. Noteworthy is that the LAB arrival amplitudes
are small (0.7–2% Sp/SV amplitude) because velocity gradients are
generally expected to be broad at the base of a thick lithosphere
(e.g., Abt et al., 2010). Additionally, the signal to noise ratio in the
image volume could use improvement as the seismic data fold pro-
vided by the two year 70 km spaced EarthScope USArray sampling
is sub-optimal.

We explore the physical properties gradient across the LAB as
resulting from asthenospheric flow under the leading edge of a
lithosphere that thickens to the east of the AMT. This flow is
primarily driven by the drift of the North American plates as it
has translated to the southwest at ∼2 cm/yr (Gripp and Gordon,
2002). At the leading edge of the thickening lithosphere, this flow
may thermally ablate the base of the lithosphere to increase the
thermal gradient at the base of the lithosphere (Till et al., 2010;
Zaranek et al., 2002) (Fig. 5). However, this flow controlled ther-
mal ablation effect is predicted to only slightly decrease the width
between the 1300–1000◦ isotherms from 50 to 45 km assuming
reasonable viscosity parameters (Zaranek, 2005). However, an ad-
ditional flow effect that could increase the shear velocity decre-
ment at the lithospheric base would be due to increased shear
deformation where the mantle flow descends beneath the thick-
ening lithosphere. This increased shear deformation would en-
hance the strength of the olivine fabric (Ribe, 1989) and hence
the azimuthal anisotropy strength. We interpret the increase in az-
imuthal anisotropy strength to the east of the AMT as due to this
effect (Figs. 3(e), 4(c), Supp. Fig. 3). While it is true that mantle
channel flow beneath a uniform lithosphere is predicted to satu-
rate the azimuthal anisotropy fabric strength (Kaminski and Ribe,
2002), inspection of the apparent shear wave splitting parameters
that sample within our image volume (Yang et al., in press) shows
that the splitting parameters are variable (Supp. Fig. 5) and hence
saturation of the azimuthal anisotropic fabric due to plate shear
does not seem true. To summarize, in a region of thickening litho-
sphere with mantle underflow, the combination of an increased
basal thermal gradient and an increase in the azimuthal anisotropy
strength, could produce a sufficiently sharp shear velocity gradient
to produce a small amplitude Sp arrival.

To test this proposition, synthetic seismograms were calculated
for an incident S-wave at 75◦ epicentral distance for a specified
shear velocity decrement with different velocity gradient widths.
To translate the 1000–1300 ◦C basal thermal gradient to its corre-
sponding shear velocity decrement, a dVs/dT scaling of 1.3% per
100 ◦C at 200 km depth is used (Cammarano et al., 2003). This
predicts a 3.9% shear velocity decrement across the basal thermal
gradient. By comparison, the Yuan and Romanowicz (2010) tomo-
gram images a mean shear velocity decrement at 190–260 km
depth from 4.80 km/s to 4.62 km/s, which is a 3.8% decrement
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Fig. 4. E–W sections at 42◦N. (a) Sp. (b) Isotropic shear velocity. (c) Azimuthal anisotropy strength (d ln G). Note the correspondence between the east of AMT LAB arrival at
240 km depth (a), the 4% negative shear velocity gradient between 4800 and 4620 m/s (b), and the increase in the azimuthal anisotropy strength (c). The azimuthal fast-axis
anisotropy direction is near the North American absolute plate direction of N50◦E. Given that the majority of our S-waves arrive perpendicular to the fast anisotropic axis
(i.e., along the slow axis) (Supp. Fig. 4), the anisotropy gradient will be dominantly sampled as a negative velocity gradient. The net effect of the isotropic and anisotropy
gradients is modeled as an effective 6% shear decrement over a 45 km gradient width (Fig. 6). Note that the lateral resolution of the Sp image (110 km) and the velocity
slices (400 km) are quite different and hence an exact correspondence with the cratonic LAB is not expected.

Fig. 5. Thick lithospheric root translating through fluid at 3 cm/yr from Zaranek (2005). The thermal field is contoured at 90 ◦C increments and the flow streamlines are
shown. This model predicts that the flow under the cratonic root will only slightly reduce the width of the 1000–1300 ◦C isotherms outlined by the black dotted oval.
However, the increased shear strain rate within the oval region will strengthen the olivine lattice preferred orientation and hence the velocity anisotropy. Both of these flow
effects will increase the Sp negative velocity gradient conversion coefficient. This model is used to interpret the LAB arrival to the east of the upper American Midwest
mantle transition (AMT).
(Fig. 4(b), Supp. Figs. 3, 4). However, the 70 km wide shear ve-
locity gradient imaged by Yuan and Romanowicz (2010) is too
wide to produce an observable Sp conversion (Rychert et al., 2007).
Of course, in comparing our Sp images with the Yuan and Ro-
manowicz (2010) model, one should bear in mind that the Yuan
and Romanowicz (2010) models have a vertical resolution scale
length of 30 km and a lateral resolution scale length for isotropic
and anisotropic structure of 200 km and 500 km respectively (Yuan
et al., 2011).

To reduce the width of the negative velocity gradient at the
base of the lithosphere, we assess how a layer of enhanced az-
imuthal anisotropy at the base of the lithosphere (Fig. 4(e), Supp.
Figs. 3, 4) could augment the isotropic shear velocity decrement
across the LAB. First order to this analysis is the observation
that 80% of our earthquakes are clustered around the slow az-
imuthal anisotropy axis in the asthenosphere as constrained by
Yuan and Romanowicz (2010) (Supp. Fig. 6). Thus, when the re-
ceiver functions are averaged in the image domain, the net velocity
effect will be a shear velocity decrement. Based on the increase
in azimuthal anisotropy strength at the base of the lithosphere
(Figs. 3(e), 4(c), Supp. Figs. 3, 4), an azimuthally averaged 2% shear
velocity decrement is assumed. Given that high shear stresses are
predicted where the down-sloping lithospheric base flattens out
(Zaranek, 2005), we assume that the thermal and anisotropic ve-
locity gradients are spatially correlated to produce a total shear
velocity decrement of 6%.

To find a linear velocity gradient width that best fits our obser-
vations, a set of elastic synthetic seismograms (Park, 1996) were
calculated (Fig. 6). The synthetic source function was a trapezoid
with a 6 s upper frequency corner. This analysis is performed to
fit the amplitude and approximate pulse-width of the cratonic LAB
arrivals that is governed by the shear velocity decrement and ve-
locity gradient width. Given the thermal and anisotropic velocity
effects discussed above, a 6% shear velocity decrement is dis-
tributed over linear velocity gradient widths of 30, 45, and 60 km.
The 60 km gradient is too wide to produce an Sp arrival and is
therefore discounted. Whereas, the 30 and 45 km gradient models
produce 1–2% amplitude arrivals with 35–45 km wide pulses that
match the Sp observations to the east of the AMT (Figs. 2(a)–(d),
3(a)–(b)).
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Fig. 6. Sp receiver function response for a 6% shear velocity decrement for color
coded 30, 45, 60 km linear velocity gradient thicknesses. (a) Sp P-component re-
ceiver function for 75◦ delta incident SV wave band-pass filtered at 30–6 s. (b) Lin-
ear velocity gradients at LAB. The 45 km gradient predicts a 1.5% Sp/Sv amplitude
consistent with the amplitudes and pulse-width for LAB arrivals imaged east of the
AMT (Figs. 2(a)–(d), 3(a)–(b)).

3.2. Mid-lithospheric discontinuity

While the deep LAB arrival is our primary finding, we would be
remiss to not address the large negative velocity gradient arrivals
at 70–110 km depth in our image (Figs. 2(a)–(d), 3(a)–(b)). This
2–3% Sp/S amplitude arrival is higher in amplitude with respect to
the LAB. This MLD arrival shows 30 km of depth variation and
is sometimes imaged as two shingled arrivals. Interestingly, the
amplitude of our MLD signals dims to near zero within the Trans-
Hudson orogeny and Yavapai provinces (Figs. 2(a)–(d), 3(a), (b)).
Comparison of our MLD structure with the Yuan and Romanow-
icz (2010) velocity layering does not find a corresponding nega-
tive isotropic velocity gradient (Fig. 4, Supp. Figs. 3, 4). Therefore,
our American upper Midwest MLD arrivals are not consistent with
anisotropic velocity modulation of Sp conversions to make a neg-
ative velocity gradient as proposed for the Canadian shield (Yuan
and Romanowicz, 2010).

4. Discussion

4.1. Cratonic LAB

Previous Sp imaging in thick lithosphere regions has found neg-
ative velocity gradients interpreted as the LAB at 220 km under the
Baltic shield (Sacks et al., 1979), at 172 km under eastern Montana,
USA (Baumgardt and Alexander, 1984), and at ∼200 km beneath
the Canadian Shield (Miller and Eaton, 2010). A tangential Ps ar-
rival at 170–200 km has also been observed beneath the Slave
craton (Snyder, 2008). For the North American continent, Yuan and
Romanowicz (2010) produced an LAB depth map based on vertical
variations in azimuthal anisotropy to report an LAB at 180–240 km
depth beneath the upper American Midwest with lateral resolution
of about 200 km.

Equally important to LAB arrival imaging is the absence of ob-
servable Sp LAB arrivals beneath much of the thick lithosphere
regions of North America (Abt et al., 2010; Kumar et al., 2012), the
Kapaaval craton (Jasbinsek et al., 2010; Savage and Silver, 2008),
the Australian continent (Ford et al., 2010), and globally (Rychert
et al., 2010). In thick lithosphere areas, the non-observations of
an Sp LAB arrival are important because two interpretations exist:
either the shear velocity gradients are too small to convert signifi-
cant Sp energy, or the seismic data sampling fold is insufficient.
For a cratonic root translating through the mantle, an accel-
eration of the mantle as it flows beneath leading edge of the
thickening lithosphere only predicts small reduction in the width
of the basal thermal gradient from 50 to 45 km, given reasonable
thermally-dependent rheology (Zaranek et al., 2002). This velocity
gradient width using a 3.9% shear velocity decrement associated
with the basal lithospheric temperature gradient is insufficient to
produce our 1–2% Sp LAB arrival amplitudes. Hence, the seismic
velocity effects of enhanced shear strain rates where the mantle
flows under the thickened lithosphere were considered. This in-
creased shear strain rate, hence increased olivine lattice preferred
orientation, would be seismically sensed as an increased shear
wave azimuthal anisotropy strength (Kaminski and Ribe, 2002;
Ribe, 1989).

Convective flow solutions that simultaneously fit the World
Stress Map, plate velocities, and the poloidal/torrodial ratio find
that the stress traction field at 100 km depth beneath the up-
per American Midwest is directed at N70◦E (Ghosh et al., 2013;
Ghosh et al., 2013). This traction field is dominantly produced by
mantle flow toward N70◦E to underflow the region of thickened
lithosphere. Noteworthy is that this local stress traction field is
nearly perpendicular to the AMT consistent with mantle underflow
of the thickened lithosphere. The southwestward drift of the North
American plate since the opening of the North Atlantic means the
mantle flow under the thickened lithosphere has been occurring
for 90 Ma (Kreemer et al., 2003). Thus, we can assume that the
thermal boundary layer ablation and olivine LPO evolution are in a
steady dynamical state (Kaminski and Ribe, 2002).

Azimuthal anisotropy, as sampled by SKS shear wave anisotropy,
has been used to assess the direction of mantle flow around litho-
spheric thickness undulations (Assumpcao et al., 2006; Behn et al.,
2004; Conrad et al., 2007; Fouch et al., 2000; Refayee et al., 2013)
and the strength of basal tractions beneath the Canadian Shield
(Bokelmann et al., 2000). In the southern Midwest region, SKS
anisotropy analysis finds coherent changes in fast axis orientation
that could relate to mantle flow beneath an undulating lithosphere
(Refayee et al., 2013). In the upper Midwest region, a shear wave
splitting analysis performed by Yang et al. (in press) finds variable
patterns of apparent fast axis anisotropy (Supp. Fig. 5).

4.2. Mid-lithospheric discontinuity comparison

Comparison of our results with Sp results from the analysis of
long operating stations finds good agreement for the MLD arrival
depths. National Seismic Network stations and a Canadian Digital
Seismic Network station (Fig. 1) have Sp negative velocity gradi-
ent arrivals reported at 88 (CCM), 101 (FVM), 77 (SLM), 69 (CBKS),
94 (EYNM), 79 (ISCO), 59 (JWFS), and 101 (ULM) km depth (Abt et
al., 2010). The mean MLD depth from these observations is 83 km.
Our corresponding MLD depths under these stations are in the
70–110 km range with a mean depth of 87 km and hence we con-
clude that our MLD depths are consistent with these prior findings.

Yet, for the stations east of the AMT, the Abt et al. (2010)
analysis did not find a deep LAB arrival. To explain this differ-
ence, we note two primary differences in our processing. First,
single station receiver function stacks are averages over a wide
range of incident S-wave azimuths and ray parameters. This means
that at 200 km depth a single station stack is averaging data over
an annulus with a 100–250 km radius from the station (Yuan et
al., 2006b). This very large sampling area can produce stack in-
coherence if there are significant structural variations within the
sampling annulus. Second, our deconvolution method is quite dif-
ferent from Abt et al. (2010) method. Hence, our ability to image
a deep weak Sp LAB arrival beneath the upper Midwest is be-
cause: (1) the 400 seismic stations EarthScope USArray data per-
mits a more accurate estimation of the incident source wavelet,
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and hence higher quality receiver functions; (2) USArray data per-
mits three-dimensional imaging to be performed rather than ana-
lyzing single station stack averages. Within our sampling area, two
other Sp RF images based on USArray data find a negative velocity
gradient MLD arrival at 75–95 km depth (Kumar et al., 2012), and
at 80–110 km (Levander and Miller, 2012).

4.3. Mid-lithospheric discontinuity origins

Models to explain the origin of cratonic MLD signals are:
(1) non-eclogtized oceanic crust entombed during the accretion
process (Bostock et al., 2010); (2) grain-boundary sliding anelas-
ticity enabled by hydration effects (Karato, 2012); (3) aluminous-
orthopyroxene water solubility melt effect (Mierdel et al., 2007);
(4) the accumulation of a layer of low-velocity minerals due to the
infiltration of CO2/H2O/K-rich magmas which crystallize at 2–3 GPa
(60–90 km) over Ga time-scales (McKenzie, 1989). We rule out
model (1) because our MLD layer is too extensive and has little
structural dip. Model (2) is possible, but at present the model is
speculative and no data with respect to lithospheric mantle hy-
dration exists in this region. Model (3) predicts a water solubility
minimum for a cratonic geotherm that is too deep (150 km) with
respect to our observations.

Thus, we conclude that a metasomatic layer (model 4) is the
most plausible interpretation of our MLD signals, as other work in
cratonic areas has concluded (Chen et al., 2009; Savage and Silver,
2008; Wolbern et al., 2012). This conclusion is consistent with the
540 Ma REE-rich Elk-Creek carbonatite intrusion in SE Nebraska
with a mantle Sr87/Sr86 ratio of 0.7027 (Farmer, 2013) being de-
rived via re-melting of a pre-existing metasomatic mineral rich
layer (Pilet et al., 2008). This conclusion is also consistent with
the petrogenesis of carbonatite intrusions in the Black Hills, South
Dakota, and in eastern Montana (Fig. 1) (Duke, 2009).

5. Conclusions

Our Sp LAB structure and amplitudes observed to the east of
the AMT are consistent with a 6% shear velocity decrement over
a 45 km wide linear gradient. This shear velocity decrement is
consistent with the combination of the anelastic thermal velocity
effects over a 1000–1300 ◦C basal thermal gradient along with the
fact that 80% of our incident S-waves sample the slow azimuthal
anisotropy axis in the asthenospheric layer. The mantle down-flow
along the down-sloping lithosphere will produce high shear strains
consistent with the observation of high azimuthal anisotropy to
the east of the AMT. Given that our seismic velocity gradients can
sense the basal temperature interval and olivine LPO development,
future work in areas of deepening lithosphere can help constrain
the viscosity gradients which couple the rigid lithospheric blocks
to the underlying buoyancy-driven mantle flow. Our MLD signals
are interpreted as a metasomatic layer with high modal concen-
tration of low-velocity minerals that have been re-melted to make
the carbonatite intrusions within this area. The general absence
of MLD signals beneath the Trans-Hudson Proterozoic mobile belt
likely relates to the mode of construction of the Trans-Hudson
province versus the Superior and Yavapai provinces.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.epsl.2013.11.018.
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