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1 Abstract

The remains of the 1.1 Ga Mid-continent Rift (MCR) lie in the middle of the tectonically
stable portion of North America. Previous and ongoing studies have imaged strong hetero-
geneity associated with the MCR in the crust, but have not imaged such within the mantle.
It is unclear whether this is due to the absence of rift related mantle structures or these
studies had insufficient resolution to image them. To address this issue, we measured 46,374
teleseismic P-wave delay times from seismograms recorded by the USArray Transportable
Array (TA), Superior Province Rifting EarthScope Experiment (SPREE), and surrounding
permanent stations. We included these and 54,866 delay times from prior studies in our
tomographic inversion.

We find that high-velocity anomalies are widespread in our study area but there are also
prominent low-velocity anomalies. Two of these are coincident with high Bouguer gravity
anomalies associated with the MCR in Iowa and the Minnesota/Wisconsin border at 50-
150 km depth. Extensive resolution testing shows that these anomalies could be the result
of downwards vertical smearing of relatively low velocities from rift-related material that
“underplated” the crust, although we cannot exclude that the subcrustal mantle lithosphere
beneath the MCR is anomalously enriched, hydrated, or warm. Other anomalies occur at
syntaxes of the Penokean Orogen. One with the Superior Province and Marshfield Terrane in
suuthern Minnesota and another with the Yavapai, and Mazatzal Terranes, both at 100-250
km depth. In the mid-mantle, we image two linear high-velocity anomalies, interpreted as

subducted fragments of the Farallon and Kula plates.

2 Introduction

The remnants of the Midcontinent Rift (MCR), including both igneous material emplaced
during rifting and associated rift basins that were filled in and covered by Mesoproterozoic

and younger sediments ( Van Schmus, 1992; Miller et al., 2013), lie in a tectonically inactive
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portion of the North American continent. When the rift initiated at 1.1 Ga, the core of
Laurentia had already been formed ~900 My earlier through a series of Paleoproterozoic
collisions between Archean cratons (Bleeker, 2003). The rift system was active for over 20
My, during which time a large amount of volcanic material was episodically emplaced into
the crust from the Nipigon Embayment, north of Lake Superior to Kansas in the south
(Ojakangas et al., 2001). The most prominent positive Bouguer gravity anomaly in North
America is due to the high density of the volcanic material and its current shallow depth of
burial (Figure 1) in the midcontinent.

The amalgamation of North America left many sutures and shear zones as a reminder of
the turbulent history of the continent’s formation. These sutures are more easily reactivated
during rifting than the creation of new rift margins, especially through cratonic material.
This has been seen in the opening and closing of repeatedly rifted ocean basins such as the
Atlantic (Buiter and Torsvik, 2014). A discriminating feature of the MCR is that it does
not consistently follow these weakened zones as expected for a passive rift but also cross-
cuts them in a seemingly random manner ( Van Schmus and Hinze, 1985; Ojakangas et al.,
2001). Since the formation of the MCR, no major tectonic events have affected the mid-
continent of North America. The crustal portion of the failed rift has since been covered by
Mesoproterozoic sediments ( Van Schmus and Hinze, 1985; Ojakangas et al., 2001; Ojakangas
and Dickas, 2002).

Previous continental-scale tomographic studies that include this region image a fairly
homogeneous upper mantle structure beneath the MCR, (Grand, 1994; van der Lee and
Nolet, 1997; van der Lee and Frederiksen, 2005; Bedle and van der Lee, 2009). This could be
due to 1.1 Gy of mantle cooling, plate movement and a limited role of the lithosphere during
rifting, or due to limits in resolving power, controlled by the distribution and operational
periods of the seismic stations used. Frederiksen et al. (2013a) used teleseismic P-wave
tomography to investigate the lithosphere beneath the southwestern edge of the Superior

Province. However, like the larger-scale tomographic studies (van der Lee and Nolet, 1997;
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van der Lee and Frederiksen, 2005; Bedle and van der Lee, 2009; Simmons et al., 2010;
Sigloch and Mihalynuk, 2013; Schmandt and Lin, 2014), the data used had little resolving
power for structures at the scale of the MCR. Other recent tomographic studies of seismic
surface waves and seismic noise recorded by the 75-km spaced Transportable Array do show
crustal structures in the shape of the MCR (Shen et al., 2013; Pollitz and Mooney, 2014), but
have insufficient depth resolution to say whether the mantle retains evidence of the rifting.
Here we define our study area so that the MCR, overlain by the more densely-spaced stations
of the SPREE project (Wolin et al., 2015), is at the center of the model. We show that this
addition of stations increases the resolving power of our model to the level of being able to

image rift structures within the MCR.

3 Geologic Background

The Superior region consists of numerous terranes that were accreted to the margins of
the Superior Province (Figure 1) during its formation in the Proterozoic (Hoffman, 1988;
Bleeker, 2003; Whitmeyer and Karlstrom, 2007). The Superior Province, which formed at
2.7 Ga (Bleeker, 2003), is the largest and oldest province in this region, and forms the core
of the eastern Canadian Shield. On the western and northern border of the Superior is the
Trans-Hudson Orogen, which affixed the Superior Province to other Archean crustal blocks
during the assembly of Laurentia beginning at around 1.9 Ga (Hoffman, 1988).

Directly to the south of the Superior Province are the Penokean Orogen and the Marsh-
field Terrane (Figure 1b). The former is an oceanic arc terrane, while the latter is a small
piece of Archean crust that collided with the southern margin of the Penokean Orogen in a
northwesterly direction (Schneider et al., 2002). Their emplacement may have been guided
by offsets, from a prior rifting event, in the southern margin of the Superior Province (Schulz
and Cannon, 2007; Chandler et al., 2007), at least partially resulting in the arcuate shape of

the province at its western syntaxis. South of here, the Yavapai and Mazatzal Provinces were
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accreted on a NE-SW margin. These terranes are a combination of juvenile crust from the
Yavapai and Mazatzal orogenic events and are only differentiated by their Nd model ages,
being 1.8-1.7 Ga and 1.7-1.6 Ga respectively (Karlstrom and Humphreys, 1998; Bowring
and Karlstrom, 1990; Shaw and Karlstrom, 1999). After a roughly 50 My tectonic lull, the
Granite-Rhyolite Province was added to the southern margin during the following 150 My
(Bowring and Karlstrom, 1990). During the accretion of the Granite-Rhyolite Province,
extensive granitoid bodies were emplaced within the Granite-Rhyolite Province and, to a
lesser extent, the older terranes to the northwest (Van Schmus et al., 1996; Karlstrom and
Humphreys, 1998).

The cause of initial rifting is unclear but associated with the MCR are ~2 million km?
(Cannon, 1992) of 1.1 Ga basalts distributed over a 1000 km long linear feature ( Van Schmus
and Hinze, 1985; Ojakangas et al., 2001). These iron-rich basalts are the source of the largest
positive gravity anomaly in North America due to their volume, density, and proximity to
the surface (Hinze et al., 1992). In the United States portion of the rift, the associated
volcanics follow a linear path along the axis of the rift although in Canada the volcanics
cover a wider area in the form of sills and flood basalts in the Nipigon Embayment and other
locales along the north shore of Lake Superior (Hollings et al., 2007). The MCR'’s volcanic
rocks show a strong iron enrichment over time (Ojakangas et al., 2001). Some of the later,
most iron rich magma may have remained in the previously depleted lithosphere. This could
have been related to an underplated layer as observed by Zhang et al. (2016).

The MCR crosscuts all of the above mentioned terranes, from the Superior Province
southwards, with the exception of the Granite-Rhyolite Province, which is too far to the
south and east. Another aspect of the MCR is the path it took cutting through these
provinces without following the known shear or collision zones along which the provinces were
accreted (Klasner et al., 1982). Instead, as rifting of Laurentia began, it cleaved through
these provinces in a fairly linear fashion. Some basaltic lava flows were deposited sub-

aqueously along with siltstones and shales of the Nonesuch formation, likely deposited in a
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series of lakes or a shallow sea (Anderson and McKay, 1997; Ojakangas et al., 2001). After
rifting ceased, south of Lake Superior the two sides of the rift were thrust back towards each

other during 1060 - 1045 Ma (Cannon et al., 1989; Cannon, 1994; Zhang et al., 2016).

4 Data and Methods

4.1 Instrumentation

The ~3.2 million km? study area of this paper was covered by a number of different seismic
networks. The greatest number of stations belong to the USArray Transportable Array
(TA) (Meltzer et al., 1999), which covered the southern half of the study area with stations
spaced approximately 75 km apart. The United States National Seismic Network (USNSN)
(Masse et al., 1989), Global Seismic Network (GSN) (Butler et al., 2004), and FLED (French
et al., 2009) added 42 stations to the station coverage that the TA provided. The Canadian
portion of the study area was covered by a combination of the digital Canadian National
Seismograph Network (CNSN) (North and Basham, 1993), POLARIS (Eaton et al., 2005),
University of Manitoba, and the temporary deployments FedNor (Darbyshire et al., 2007),
TW~ST (Kay et al., 1999), and APT89 (Silver and Kaneshima, 1993).

With the movement of the TA through the Midwest, there was complete coverage of

US portion of the study area and the southernmost portion of Ontario for the first
time. This was a vast improvement over Frederiksen et al. (2013a), in which the TA had
only reached the Minnesota-Wisconsin border. Another major improvement in our ability
to image structures on the scale of the MCR was the station coverage provided by the
Superior Province Rifting EarthScope Experiment (SPREE) array. SPREE was an 82 station
deployment of the EarthScope Flexible Array instrumentation in the United States and
Canada (Wolin et al., 2015). Its 16 Canadian stations extended the ambient coverage that
the TA provided northward, while the US portion of SPREE constitutes 66 closely spaced

stations (~13 km spacing on average) along and across the MCR (Figure 1c) (Wolin et al.,

6
©2018 American Geophysical Union. All rights reserved.



144

147

151

152

154

157

158

162

103

164

166

2015). Positioning the US stations in these lines, two crossing at relatively strong and weak
gravity highs, respectively and one following the rift axis of the MCR in Wisconsin and
Minnesota, allows us to resolve small structures in the lithosphere and upper mantle related
to the rift. Together these make up 206 new stations for which we measured teleseismic delay
times for 255 earthquakes spanning a 2.5-year period from April 16, 2011 to November 1,
2013. We also include the delay measurements used by Frederiksen et al. (2013a) and delay
times from FLED stations (French et al., 2009; Lou and van der Lee, 2014) within the study
region. With this inclusion, we invert all available delay times for the study area from June
8, 1989 to November 1, 2013. This results in nearly double the number of delay times used

in previous studies and much improved station coverage.

4.2 Traveltimes

Delay times of P-wave first arrivals were measured in vertical-component seismograms of
teleseismic events at all stations within the study area recording the event. Data were
downloaded and preprocessed using the Standing Order for Data (SOD) (Owens et al., 2004).
SOD used the instrument response to convert seismograms to ground velocity records and
applied a band pass filter from 0.01 to 6 Hz.

The traveltimes were measured using the multichannel cross-correlation method of Van-

ar and Crosson (1990) as implemented in the AIMBAT travel time picking tool (Lou
et al., 2013). This method yields absolute and relative traveltimes. The observed relative

traveltime for event 7 and station j is

tiy =Ty —T (1)

where Tj; is the true absolute traveltime and T, is the average of all traveltimes for the ith
event. The observed relative delay times were then compared to the predictions from the

model iasp91 (Kennett and Engdahl, 1991) by subtracting the iasp91 predicted travel times,
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TIASPO | from the observed times as shown in Equation (2).

5tij — tij _ EgASPQl + TviIASPE)l (2)

The residuals d¢;; have a zero event mean and are easily compared from event to event.
Relative delay times from a total of 255 earthquakes between April 16, 2011 and October
31, 2013 (of magnitude 5.5 and greater, 30° - 93° from the center of the study area) were
picked at 364 stations for a total of 45,006 new travel time picks. These were added to rela-
tive delay time picks for events from the previously mentioned studies for a total of 101,233
traveltime picks (Figure 1c) for 1,720 events (Figure 2) and 460 stations. At 1205 measure-
ments, the CNSN station ULM, in Lac du Bonnet, Manitoba, yields the most traveltimes.

All delay times were corrected for topography and the ellipticity of the Earth.

4.3 Rift-related Delay Times

We grouped delay times from stations on the rift (as identified by the Bouguer gravity high)
and compared them to delay times from stations away from the rift (Figure 3). Stations
in between these two domains, on the sedimentary flanks (and Bouguer gravity lows), were
not included in either group in order to enhance their contrast. The standard deviations of
both groups of relative delay times are similar to the standard deviation of all relative delays
of 0.4 s. The mean delay time of the on-rift group is roughly 0.05 s later than that of the
away-from-rift group (with a mean relative delay around 0 s) and the difference between the
mean delay times of the two groups is approximately an order of magnitude smaller than the
groups’ standard deviations, which are similar to the standard deviation of the distribution
of all relative delays in this study. This 0.05 s difference in magnitude is consistent with
what one would expect from an underplated layer found along the rift by Zhang et al. (2016).
The standard deviation of our relative delay times from Equation (2) is 0.4 s. This is less

than the standard deviation of relative delay times of 0.5 s measured for the Kenya rift
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(Park and Nyblade, 2006) and the Ethiopian hotspot (Bastow et al., 2008), which are active
segments of the East African rift. Both these studies have similar post-imaging residual-
delay distributions as our study does, but started from a wider distribution, suggesting that
1 billion years of post-rift stability experienced by the MCR, likely had a reducing effect on

heterogeneity.

5 Tomographic Model

5.1 Basis

In our inversion, the traveltime (¢;;)consists of components for the event term (e;), station

term (s;), and path component (p;;) ( VanDecar, 1991):

tij =e; + S; +pij (3)

The event term consists of four components and corrects for structure on the source side as
well as source mislocations and origin time errors, the station term corrects for station side
structure including crustal structure and site response, and the path component represents
the contribution of 3-D structure along the ray path. Since we use teleseismic events, the
incidence angles of the paths in the crust vary between 48° and 24° from vertical, and
primary crustal structure is absorbed by the station term s;. Similarly, source-side structure
is considered to be the same for all measurements t;; for event ¢ because the ray paths
near the source are similar due to the source-receiver distance being much greater than the
aperture of the array.

A number of ray crossings in the upper and mid-mantle are expected (Supplemental
Figures 7?7 and ??7), with the densest regions being beneath the US portion of the SPREE
network. The model base is at a depth of 1500 km. Laterally, the model grid extends roughly

1.5 degrees on all sides outside the footprint of the array.
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5.2 Inversion Parameters

We use the method of VanDecar (1991) to perform a tomographic inversion for P velocity.
The model is parameterized in terms of deviations from iasp91 P-wave velocities on a set
of splines under tension. This allows for smooth interpolation between the nodes of the
grid, shown in Figure 4, which also illustrates that our model extent is identical to that of
Frederiksen et al. (2013a). Due to the dense spacing and therefore greater resolving power
of the SPREE stations in the center of the model, the horizontal knot spacing was decreased
to 0.15 degrees in latitude and longitude (~17 km and ~12 km at 45°N, respectively) in the
central portion of the model space, whereas the surrounding knots have a spacing of 0.25
degrees (~28 km) in latitude and 0.33 degrees (~29 km at 45°N) in longitude. At the edges
of the model the knot spacing was widened to 0.66 degrees then 1.0 degrees in longitude and
0.5 then 1.0 degrees in latitude. Vertical knot spacing is 25 km in the uppermost 200 km,
increasing to 33 km from 200 to 700 km depth, 50 km from 700 to 800 km, and 100 km from
800 km to the base of the model at 1500 km. This brings the total grid knots in the model
to 286,638.

Additional unknowns in the inversion are 460 station terms and 4x1721 event terms.
Combining these terms with the grid nodes, results in an inverse problem with 293,982
unknowns that is therefore mixed determined, meaning some nodes are overdetermined while

ler-sampled nodes are strongly underdetermined.

5.3 Regularization

Since the inverse problem has a strongly underdetermined portion, the recovered model will
be very dependent upon the nature and strength of the regularization used. We applied a
smoothing regularization (minimizing model curvature) to the model in order to favor long-
wavelength structure in the final model. Small amounts of flattening (slope minimization)
and damping (minimization of deviation from iasp91) were also included. We also damped

the event location perturbations and station time corrections, while event time corrections
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were left undamped to compensate for the relative nature of the time picks.

The level of smoothing was chosen using the “L-curve” method, in which the model rough-
ness is plotted against data misfit for a number of different smoothing levels (Parker, 1994).
The appropriate level of smoothing is determined by selecting a level at which a reasonable
misfit is found and features in the output model are deemed geologically feasible. Below
this point represents a level of regularization where noise instead of data is being fit. The
smoothing level we selected reduced the RMS misfit from 0.40 to 0.03 s, which is comparable
to the remaining misfit found for tomographic studies of the East African rift (Park and
Nyblade, 2006; Bastow et al., 2008). Our data are thus fit to similar noise levels.

One of the most striking features of Figure 5 and Figure 6 is that the station terms of the
pre-EarthScope temporary networks (APT-89, TW~ST, and FLED) do not match the sign
or magnitude of the stations nearest to them. This phenomenon is most likely due to those
experiments being conducted at a time that did not overlap with other stations. Therefore
the travel times for those stations were measured with respect to a different effective baseline.
This difference in baseline is visible in Figure 5 and not in the tomographic anomalies in
Figure 6, so it thus has been absorbed by the station term calculation. Other noticeable
features in the station terms are that the largest negative terms of ~-0.8 s occur in the
Canadian Shield stations to the north, whereas the largest positive station terms of ~0.75
< accur in the central portion of the Williston Basin in the western Dakotas (~47 °N, ~103
°W) These features align with the regions of the least and most sediment or rock younger
than Precambrian, respectively. The large negative signature is due to the Canadian Shield
having a higher velocity than the crust to the south and the large positive signature is
due to the thick stack of sediments in the Williston Basin having a lower velocity than the

surrounding regions, which are not deep sedimentary basins.
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5.4 Model Features

A series of plan sections taken through the final model are shown in Figure 6. The largest
lithospheric anomaly in our model is a high-velocity region labeled Western Superior (WS) in
Figure 6¢. The eastern border of WS is well resolved, running roughly parallel to the 90° W
meridian and the WS velocity anomaly is at least 300 km thick (Figure 7). Its northwestern
border is poorly resolved due to a lack of stations in that region. To the east of WS, a
low-velocity region labeled Eastern Superior Low-Velocity Anomaly (ESLVA) is located in
the lithosphere and continues throughout the upper mantle. On the western edge of ESLVA
there is a portion of the anomaly that underlies the Lake Nipigon Embayment.

Another striking feature is a pair of low-velocity anomalies labeled Mid-continent Rift
(MCR). They are located between 50 and 150 km in depth and follow the rift at the locations
of the highest gravity anomalies. Other features include a a high-velocity region located
around 400 km deep, labeled Transition Zone (TZ), two deep linear features labeled Farallon
Slab (FS) and Kula Slab (KS) at depths of 1000 and 1200 km, respectively, a high-velocity
zone at a depth of 200 km to the northwest of TZ, labeled Minnesota River Valley (MRV),
and two low-velocity zones located at the syntaxes of the Penokean Orogen that extend from

100 to 250 km in depth, labeled Syntaxis 1 and 2 (S1 and S2).

5  Resolution Tests

To assess the resolving power of our dataset, we computed synthetic data from theoretical
models. These synthetic data were then inverted to reveal what sizes of structures could
be resolved in different regions of the model, and the manner in which the input structures
are smeared along the teleseismic ray paths. One set of hypothetical models consists of
a number of three-dimensional “checkerboards” (Figure 8). These consist of alternating
polarity Gaussian anomalies whose amplitudes reach 2% of the background velocity. We
created these tests for two different 3-D spacings, 100 km and 200 km. Random noise with

a standard deviation of 60 ms was also added to the computed data for all forward models
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to mimic the noise that occurs in real measurements.

Figure 8b shows that 200-km-scale structures in the study region are easily resolved,
although 100 km structures in the western portion of the model become somewhat smeared
in the southwest-northeast direction (Figure 8d). Reduced resolving power is also found for
smaller structures beneath the eastern half of Lake Superior, which has fewer crossing ray
paths than the west side of the lake.

Checkerboard resolution tests determine if small features can be detected by the model
but can also mask the effects of smearing. Resolution tests with synthetic structures similar
to features seen in the model were carried out to address this problem (Figure 9). Syn-
thetic structural resolution tests illustrate which features can be resolved, assess the role of
smearing, and evaluate the tendency of our smoothing-dominated inverse process to evenly
distribute structural anomalies even when delays can be caused by isolated anomalies. Fea-
tures were assigned velocity anomalies of +£1.5% and thicknesses of 250 km. Features S1, S2,
and the MCR were assigned a thickness of 100 km and are situated in the lower lithosphere
from 100 km to 200 km in depth to mimic the structure seen in the final model. The plan
section in Figure 9 shows that the data are capable of resolving sharp lateral boundaries of
the input structures and can even discern the shape of the narrow feature modeled after the
MCR gravity anomaly. There is minimal lateral smearing with the exception of regions that
have little-to-no station coverage. Because relative travel times are inverted, the centers of
large anomalies appear weaker in the output model than in the input model. This is because
the relative delay between two stations that pass through nearly identical anomalies would
be very small or zero, whereas stations that cross a boundary between anomalies have a large
relative delay. Absolute delay times would do a better job of preserving the amplitude in the
features’ centers, but are not used in this study. Another reason for the lessened amplitude
of the output model is due to the damping regularization that is necessary for the numerical
stability of the inversion in combination with the relative delay times used. These factors

combine to create a model that is relatively insensitive to large wavelength features and is
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more sensitive to abrupt changes in velocity and therefore Earth structure.

The structural test is especially effective in showing the degree of vertical smearing to
expect in the final model caused by the nearly vertical nature of the teleseismic rays. The
cross-sections in Figure 9 show that vertical smearing is a major feature of the output model
and the depths to which features are smeared depend on ray path coverage. In cross-section
SC-SC’ the large features are consistently smeared down to a depth of 400-450 km with
some regions smearing farther, whereas in cross-section SM-SM’ the features are smeared to
a depth of 350-400 km. The difference in station coverage and raypath density in the areas
of cross-section SM-SM’ and SC-SC’ corroborate this theory, with the majority of SM-SM’
having a higher station density than SC-SC’ (Supplemental Figure ??). When comparing
the depth that features in the final model reach with those same features in the synthetic
model, it is apparent that the features are most likely confined to the lithosphere which has
a thickness of approximately 200-250 km (van der Lee and Nolet, 1997; Goes and van der
Lee, 2002; Darbyshire et al., 2007). The large amplitudes of the anomalies are also not being

smeared down to the location of feature TZ, so it is unlikely that it is a smearing artifact.

6 Discussion

A1  Depth Controls on the MCR Low-Velocity Anomaly

Near the southern tip of Lake Superior and in Central lowa we see two low-velocity anomalies
(labeled MCR in Figures 6 and 7) that coincide with the highest bouguer gravity anomalies
associated with the rift in those areas (Figure 11). Resolution tests show that the shapes
of the features are reasonably well resolved, especially under the footprint of SPREE where
the amplitude of the anomaly is also better preserved (Figure 9).

Since teleseismic tomography tends to smear anomalies vertically along lithospheric seg-
ments of ray paths, it is necessary to conduct more than one resolution test of geologically

feasible scenarios in order to assess the resolving power for depth and depth extent of the
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anomalies. One test scenario was modeled after the discoveries of MCR underplating by
Behrendt et al. (1990) and Zhang et al. (2016). The receiver function analysis by Zhang et al.
(2016) of all SPREE receiver functions revealed a complex crustal structure beneath the MCR
that is remarkably consistent along the axial gravity high of the MCR. Together with the
results and interpretation of Behrendt et al. (1990), these SPREE findings on crustal struc-
ture provide a strong interpretation framework for inconclusive results from receiver function
studies for a handful of individual stations on the MCR’s gravity high (French et al., 2009;
Moidaki et al., 2013; Shen et al., 2013). At first glance, receiver functions produce sharp
peaks for Moho conversions away from the gravity high, but these peaks are weaker, broader,
and less consistent for Moho conversions beneath the gravity high. A closer inspection of
the individual receiver functions showed that seismic waves from different azimuths produce
weak positive conversions from two different discontinuities, one above and one below the
regional Moho depth (Zhang et al., 2016). The distance between these weaker discontinu-
ities decreases with increasing distance from the rift axis, and the intermediate-impedance
material between the two discontinuities is interpreted as “underplated”, following Behrendt
et al. (1990) and dozens additional publications of crustal structure of the MCR beneath
Lake Superior. (Zhang et al., 2016) infer that the underplated “layer” is located at 30-50
km in depth and extends axially along the segment of the MCR between Lake Superior
and Jowa, and likely beyond (Supplemental Figure ?7?7). A second test scenario is an iden-
tically shaped low-velocity anomaly, but residing in the upper mantle lithosphere at depths
of 100-120 km (Supplemental Figure ??). These scenarios were then compared to the MCR
resolution test with a low-velocity anomaly of 100 km thickness (Figure 10). A side by side
comparison of the final tomographic model and the three scenarios (Supplemental Figure
?7?) shows subtle differences between these resolution tests. Figure ?7 shows that if there
is a substantial mantle signature of the rift, our data would “see” it. However, our model
shows weak intermittent structures, similar in character to the tests shown in Supplemental

Figures 7?7 and 77, suggesting that rift-related anomalies are relatively thin but that their
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depths cannot be uniquely established. We thus conclude that the MCR anomaly seen in our
tomographic model could either be caused by smearing of a crustal underplating associated
with the rift or from a structure in the upper mantle lithosphere. We know from Zhang
et al. (2016) that a slowing underplated “layer” exists along the entire rift segment covered
by SPREE stations and its modeled effects on P velocity delay times is of the same order of
magnitude as the difference between mean delay times measured on and away from the rift

(Figure 3).

6.2 Mid-continent Rift

With the MCR forming at 1.1 Ga, the large thermal signature that comes with magmatic
intrusion has long since faded (Turcotte and Schubert, 2014). However, the basalts of the
MCR are enriched in iron, with later basalts richer than earlier ones (Qjakangas et al.,
2001). Moreover, these basalts were not devoid of volatiles (Hollings et al., 2007, 2010,
2012). If these volatiles and iron were extracted from the deeper lithosphere, it would
have increased the seismic velocity of the cooled lithosphere rather than decreased it. If
the extraction depth was sub-lithospheric, the depletion and an associated stiffening would
have thickened the high-velocity lithosphere (Goes and van der Lee, 2002; van der Lee and
Wiens, 2006). Contrary to these expectations, we observe low-velocity anomalies beneath

MCR. To explain the absence of high-velocity, depleted mantle beneath the rift, we
propose that the source of the deposited basalts was located deep beneath the lithosphere
and is no longer geographically connected or the surrounding lithosphere is equally depleted
from prior melting events.

Wave paths through the mantle lithosphere beneath the Lake Superior portion of the
MCR do not need to cross through the rift- and Lake-centered underplated layer before
being recorded at stations surrounding the Lake and underlying rift structure. In agreement
with this geometry and with inferences made by Yang et al. (2015) of electrical conductivity

of the lithosphere in the SPREE study region, our seismic-tomographic model’s velocities
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beneath the western portion of the lake indeed look similar to those of the western Superior
high-velocity anomaly, away from the MCR. According to resolution tests (Figures 8 and 9)
there is no significant lateral smearing in the western half and vertical smearing is similar to
other places within the model. However, if there were a lithospheric anomaly, it would be
resolved (Figure 10).

The previous study (Frederiksen et al., 2013a) had limited ray paths beneath Lake Su-
perior, but the Canadian SPREE stations add crossing rays that address this issue. Data
associated with these ray paths confirm that the low-velocity anomaly beneath Lake Nip-
igon is not connected to the low-velocity anomaly associated with the main arm of the MCR
but that it is actually connected to the Eastern Superior Low Velocity Anomaly to the east
(Figures 6a and c). This is in contrast with the MCR aged volcanics in place around Lake
Nipigon. It is likely that the original velocity signature beneath Nipigon was similar to the
Western Superior until the process that caused the Eastern Superior Low Velocity Anomaly
overprinted this signature as it did further to the east.

Mapping of the MCR from gravity (Chase and Gilmer, 1973) and interpretation of CO-
CORP seismic lines ( Brown et al., 1982) show that there is also an arm of the rift in Michigan.
However, our model shows no low-velocity lithospheric feature beneath Michigan as it does
beneath some parts of the main arm of the MCR. Resolution tests (Figure 10) show that if
there were a significant low-velocity structure in the mantle, it would be resolvable. However,
subcrustal underplating or intra-crustal anomalies would be too shallow to be resolved by
our data.

Lastly, we reduced our residuals to the same level as those used to image portions of the
East African Rift System (Park and Nyblade, 2006; Bastow et al., 2008), where strong heat-
related, low-velocity anomalies are observed in the mantle beneath the EARS, corresponding
to a larger spread in pre-imaging delay times. Our less variable pre-imaging delay time
distribution confirms that our data support the absence of rift-related heterogeneity in the

mantle lithosphere beneath the MCR.
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6.3 Deeper Anomalies

In and below the transition zone, there are a number of prominent anomalies. The shallowest
is the anomaly labeled TZ in Figure 6d. This anomaly has a strong high velocity that is
indicative of the mantle in the tectonically quiet portion of the North American continent.
There is an anomaly of similar extent and velocity in the tomographic model of Burdick
et al. (2014). Two linear high-velocity anomalies, labeled FS and KS, occur at 1000 and
1200 km in depth, respectively. These anomalies are interpreted as fragments of the Farallon
and Kula Plates due to their linear nature and the fact that they are in the correct location
both laterally and vertically to be slab fragments of the previously subducted plates (Grand,
1994; Bunge and Grand, 2000; Liu, 2015). Alternatively these fragments could belong to
westward subducted oceanic lithosphere from the Mezcalera and Angayucham slabs, Meso-
zoic predecessors of the Farallon Plate (Sigloch and Mihalynuk, 2013), but it would extend
both slabs slightly more westwards than projected by (Sigloch and Mihalynuk, 2013). Fur-
ther comparison with global tomographic models shows a general continuity throughout the
different models in terms of size and shape of the anomalies, as predicted by both subduction

models.

6.4 Syntaxis Anomalies

10 the southwest of the northern MCR anomaly lies the semicircular low-velocity anomaly
S1 (Figure 6¢). This feature does not correlate with the gravity anomaly and continues to a
greater depth than the imaged MCR anomalies. The location of this low-velocity anomaly
coincides with 1) the surface expression of the rift as it turns to the southeast and is offset
by the Belle Plaine fault (Chandler et al., 2007), 2) the western syntaxis of the Penokean
Province, which is, the suture zone where the Penokean Province and the Marshfield Terrane
collided with the Superior Province ( Whitmeyer and Karlstrom, 2007), 3) the East Central
Minnesota Batholith, a 1.78-1.76 Ga post-Penokean granitic magmatic event (Holm et al.,

2005), 4) the location of a high electrical-conductivity anomaly imaged by (Yang et al.,
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2015).

A low-velocity anomaly of similar size and shape to S1, named S2, is located in the lower
peninsula of Michigan near the eastern syntaxis of the Penokean Province, where it abuts
the Yavapai and Mazatzal provinces ( Whitmeyer and Karlstrom, 2007). The anomaly is also
near a 1.472 Ga anorogenic volcanic intrusion (Windley, 1993; Goodge and Vervoort, 2006),
and also has a counterpart in Yang et al. (2015)’s electrical-conductivity model. With S1
and S2 having nearly identical velocities and sizes it is possible that they may have similar
causes, making a relationship with the Penokean Orogeny likely.

These anomalies are beneath the syntaxes of the Penokean Province. This correspondence
may indicate that the Penokean Orogeny created weak zones in the lithosphere, which may
have attracted some of the MCR volcanics to become entrained. A second possibility for these
low-velocity anomalies is that they represent the fossil remnants of slab crust or subduction-
induced metasomatism, trapped by the Penokean or Mazatzal collisions in the continental
lithosphere. Using a GLIMPCE seismic profile (Green et al., 1989) in Lake Michigan between
S1 and S2, Cannon et al. (1991) suggests that young ocean basin lithosphere subducted
during the final stages of the Penokean orogeny in a northerly direction. This created the
possibility for portions of the young slab’s low-velocity crust, or its transformation products,
to be trapped by the collision. The suture between this orogeny and the Superior Craton is
known for its sulfide deposits and ophiolites (Sims et al., 1989; Schulz and Cannon, 2007).
Yang et al. (2015) imaged high-conductivities along this suture, including in the lower crust
at the western syntaxis, where we image low velocities, which they attribute to graphitic
carbon or sulfides, both associated with subducted seafloor sediments.

A third possibility pertains to the previously stated volcanic intrusions near the anoma-
lies. These could have caused the low-velocity anomalies at different times, both well pre-
dating the MCR, depending on the composition of the emplaced magma and alteration of
the lower crust by the migrating magma. It seems that the conductivity images of Yang

et al. (2015) would favor the 2nd explanation.
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6.5 Western Superior High-Velocity Anomaly

We interpret the large high-velocity anomaly (WS) as the cratonic lithospheric root of the
Superior Province, in agreement with prior studies (van der Lee and Frederiksen, 2005; Bedle
and van der Lee, 2009; Frederiksen et al., 2013a). With improved resolution provided by
the SPREE stations, we find that lithospheric velocities in this region are on average at
least 1.5% higher than the iasp91 velocities for the model. However, this is most likely an
underestimate due to the weaknesses of using relative delay times, as discussed in Section 5.4.
Our model shows that this high-velocity region extends through the western portion of Lake
Superior and northern Wisconsin. In Figure 7, cross-section WP-WP’ shows that above 200
km in depth the lithosphere between feature S1 and the low-velocity at the northwestern edge
of the model is similar in velocity to that of the lithosphere beneath the western Superior
Province (cross-section SC-SC’, Figure 7). Below that (200-400 km in cross-section WP-WP”,
Figure 7) there is a weak low-velocity zone that extends from feature S1 to the northwest.
This low-velocity zone is the same as the low-velocity “channel” noted in the Frederiksen
et al. (2013a) tomography and it separates features WS and MRV, which roughly correlate
to the locations of two sub-provinces of the Superior Province, the Wawa and Minnesota
River Valley (MRV) (Chandler et al., 2007).

Chandler et al. (2007) indicate that the southern portion of the Superior Province, the

V sub-province, was accreted to the southern margin of the Superior Province at 2.6
Ga. It also has a vastly different geology, both in age and composition, than the Wawa sub-
province to the north. The crustal boundary between the Wawa and MRV sub-provinces
is the Great Lakes Tectonic Zone (GLTZ) (Figure 1b), which runs west-southwest to east-
northeast between the two sub-provinces (Sims et al., 1980). This does not seem to be
the case in the lithosphere as the previously mentioned low-velocity zone in central /western
Minnesota departs from the Becker Embayment to the northwest instead of following the
GLTZ to the southwest. This low-velocity zone also seems to be a line of demarcation

where the shear wave splitting of Frederiksen et al. (2013b) and Ola et al. (2016) decreases
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in split time moving to the southwest and crossing the previously mentioned low-velocity
zone. Either the GLTZ is too small to image with the resolution of the model or it does not
have a lithospheric signature. It is possible that the rifting and material associated with the
MCR could have further modified this portion of the lithosphere due to its already weakened
nature from the northwest directed collision of the Marshfield Terrane with the Penokean

Orogen and Superior Province (Holm et al., 2007; Foster et al., 2017).

7 Conclusions

Inversion of teleseismic P delays from permanent, TA, SPREE, and other short term seismic
station deployments shows a number of low-velocity zones in the North American mid-
continent that agree with the tectonic history of the area. Some of the low-velocity patches
appear associated with the Mid-continent Rift, but cannot be uniquely ascribed to man-
tle structure. It is more likely that the observed anomalies are associated with P-wave
delay times caused by an along-rift sub-crustal layer of igneous origin, as found by Zhang
et al. (2016). In other words, and despite our data having sufficient resolving power to
image anomalies in the mantle lithosphere, our results show no convincing evidence of one
billion-year-old rift-related structures remaining as anomalies in the mantle lithosphere. The
resolving power of our analysis was enabled by the combined data coverage of the midwestern
portion of the Transportable Array and densely spaced SPREE stations along and across
the rift. Other interesting features include anomalies that occur at two different syntaxes
of Proterozoic crustal terranes, the Western Superior Craton, and the presence of the sub-
ducted Farallon and Kula plates. These syntaxis anomalies had not been previously imaged
seismically, but they do align very well with the provincial boundaries shown in Figure 1b,
and coincide with electrical conductivity anomalies images by Yang et al. (2015). The lo-
cations of the Western Superior Craton and Farallon and Kula plates match very well with

previous studies, albeit with a clearer image due to our increased resolution, especially in
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the case of the Western Superior Craton.
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Figure 1: a) The Bouguer gravity anomaly of North America from the Decade of North
American Geology 6 km spacing gravity grid (Tanner et al., 1988). The study region is
shown by the box. b) Map of the terranes/provinces of the region from Whitmeyer and
Karlstrom (2007). c¢) Seismic stations used in this study. Green circles are stations from
the SPREE network, red are USArray Transportable Array stations, orange are permanent
stations in the GSN or USNSN, blue are CNSN, University of Manitoba, Polaris Ontario
or Fednor stations, and purple are stations from the pre-EarthScope TW~ST, FLED, or
APT-89 experiments. Station symbols are sized by the number of measurements at each
station.

Figure 2: The 1,721 events used in this study. Green circles are new events, blue circles are
events also used in Frederiksen et al. (2013a, 2007), and purple circles are events recorded by
the FLED array (French et al., 2009). Yellow triangles indicate locations of seismic stations
used in this study. The box around the stations is the study region.

Figure 3: a) Map of stations with new delay times separated by whether they are within the
positive Bouguer anomaly, the negative Bouguer anomaly, or outside the rift completely. b)
Frequency-percent histogram of delay-time measurements away from the rift. ¢) Frequency-
percent histogram of delay-time measurements from on the rift.

Figure 4: The model grid used in the inversion. Grid knots are located at the intersections of
the white lines. Between the knots, the model is interpolated according to VanDecar (1991).
The center of the model is densified to take advantage of the increased density of stations,
which are shown by black squares.

Figure 5: Station statics calculated during the inversion. Station symbols are sized by the
number of measurements taken at each station.

Figure 6: Plan sections through the final model. MCR-Midcontinent Rift, WS-Western
Superior, ESLVA-Eastern Superior Low Velocity Anomaly, MRV-Minnesota River Valley,
S1/S2-Syntaxis Anomalies, TZ-Transition Zone, FS-Farallon Slab, KS-Kula Slab: (a) in-
cludes the outline of the MCR gravity anomaly (dark red line), (b) includes station residuals
calculated during the inversion, and (c) includes terrane boundaries from Whitmeyer and
Karlstrom (2007) (solid black lines) and the surface expression of the Great Lakes Tectonic
Zone, modeled after Holm et al. (2007) (dashed line). Small black dots in sections are seismic
stations.

Figure 7: Cross-sections through the final model to a depth of 600 km. Dashed lines on
the cross-sections are intersection points of cross-sections and match the color of the section
lines on the map view. Labeled features in cross-sections are the same as in Figure 6.

32
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Figure 8: Selected checkerboard resolution tests. (a) Coarse input at 200 km depth. (b)
Coarse output at 200 km depth. (c¢) Fine input at 266 km depth. (d) Fine output at 266
km depth.

Figure 9: Structural resolution test to quantify the amount of lateral and downward smearing
of features similar to those seen in the final model. Cross-section locations are the same as
in Figure 7.

Figure 10: Resolution test mimicking the spatial extent of the MCR Bouguer gravity anomaly
between 100 and 200 km depth and a velocity anomaly of 2 percent.

Figure 11: Zoomed in map of the northern MCR velocity anomaly at 50 km (left) and
Bouguer gravity anomaly (right) to show similarity in anomaly shape. Black squares are
seismic stations.
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