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1 Abstract15

The remains of the 1.1 Ga Mid-continent Rift (MCR) lie in the middle of the tectonically16

stable portion of North America. Previous and ongoing studies have imaged strong hetero-17

geneity associated with the MCR in the crust, but have not imaged such within the mantle.18

It is unclear whether this is due to the absence of rift related mantle structures or these19

studies had insu�cient resolution to image them. To address this issue, we measured 46,37420

teleseismic P -wave delay times from seismograms recorded by the USArray Transportable21

Array (TA), Superior Province Rifting EarthScope Experiment (SPREE), and surrounding22

permanent stations. We included these and 54,866 delay times from prior studies in our23

tomographic inversion.24

We find that high-velocity anomalies are widespread in our study area but there are also25

prominent low-velocity anomalies. Two of these are coincident with high Bouguer gravity26

anomalies associated with the MCR in Iowa and the Minnesota/Wisconsin border at 50-27

150 km depth. Extensive resolution testing shows that these anomalies could be the result28

of downwards vertical smearing of relatively low velocities from rift-related material that29

“underplated” the crust, although we cannot exclude that the subcrustal mantle lithosphere30

beneath the MCR is anomalously enriched, hydrated, or warm. Other anomalies occur at31

syntaxes of the Penokean Orogen. One with the Superior Province and Marshfield Terrane in32

southern Minnesota and another with the Yavapai, and Mazatzal Terranes, both at 100-25033

km depth. In the mid-mantle, we image two linear high-velocity anomalies, interpreted as34

subducted fragments of the Farallon and Kula plates.35

2 Introduction36

The remnants of the Midcontinent Rift (MCR), including both igneous material emplaced37

during rifting and associated rift basins that were filled in and covered by Mesoproterozoic38

and younger sediments (Van Schmus , 1992; Miller et al., 2013), lie in a tectonically inactive39
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portion of the North American continent. When the rift initiated at 1.1 Ga, the core of40

Laurentia had already been formed ⇠900 My earlier through a series of Paleoproterozoic41

collisions between Archean cratons (Bleeker , 2003). The rift system was active for over 2042

My, during which time a large amount of volcanic material was episodically emplaced into43

the crust from the Nipigon Embayment, north of Lake Superior to Kansas in the south44

(Ojakangas et al., 2001). The most prominent positive Bouguer gravity anomaly in North45

America is due to the high density of the volcanic material and its current shallow depth of46

burial (Figure 1) in the midcontinent.47

The amalgamation of North America left many sutures and shear zones as a reminder of48

the turbulent history of the continent’s formation. These sutures are more easily reactivated49

during rifting than the creation of new rift margins, especially through cratonic material.50

This has been seen in the opening and closing of repeatedly rifted ocean basins such as the51

Atlantic (Buiter and Torsvik , 2014). A discriminating feature of the MCR is that it does52

not consistently follow these weakened zones as expected for a passive rift but also cross-53

cuts them in a seemingly random manner (Van Schmus and Hinze, 1985; Ojakangas et al.,54

2001). Since the formation of the MCR, no major tectonic events have a↵ected the mid-55

continent of North America. The crustal portion of the failed rift has since been covered by56

Mesoproterozoic sediments (Van Schmus and Hinze, 1985; Ojakangas et al., 2001; Ojakangas57

and Dickas , 2002).58

Previous continental-scale tomographic studies that include this region image a fairly59

homogeneous upper mantle structure beneath the MCR (Grand , 1994; van der Lee and60

Nolet , 1997; van der Lee and Frederiksen, 2005; Bedle and van der Lee, 2009). This could be61

due to 1.1 Gy of mantle cooling, plate movement and a limited role of the lithosphere during62

rifting, or due to limits in resolving power, controlled by the distribution and operational63

periods of the seismic stations used. Frederiksen et al. (2013a) used teleseismic P -wave64

tomography to investigate the lithosphere beneath the southwestern edge of the Superior65

Province. However, like the larger-scale tomographic studies (van der Lee and Nolet , 1997;66
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van der Lee and Frederiksen, 2005; Bedle and van der Lee, 2009; Simmons et al., 2010;67

Sigloch and Mihalynuk , 2013; Schmandt and Lin, 2014), the data used had little resolving68

power for structures at the scale of the MCR. Other recent tomographic studies of seismic69

surface waves and seismic noise recorded by the 75-km spaced Transportable Array do show70

crustal structures in the shape of the MCR (Shen et al., 2013; Pollitz and Mooney , 2014), but71

have insu�cient depth resolution to say whether the mantle retains evidence of the rifting.72

Here we define our study area so that the MCR, overlain by the more densely-spaced stations73

of the SPREE project (Wolin et al., 2015), is at the center of the model. We show that this74

addition of stations increases the resolving power of our model to the level of being able to75

image rift structures within the MCR.76

3 Geologic Background77

The Superior region consists of numerous terranes that were accreted to the margins of78

the Superior Province (Figure 1) during its formation in the Proterozoic (Ho↵man, 1988;79

Bleeker , 2003; Whitmeyer and Karlstrom, 2007). The Superior Province, which formed at80

2.7 Ga (Bleeker , 2003), is the largest and oldest province in this region, and forms the core81

of the eastern Canadian Shield. On the western and northern border of the Superior is the82

Trans-Hudson Orogen, which a�xed the Superior Province to other Archean crustal blocks83

during the assembly of Laurentia beginning at around 1.9 Ga (Ho↵man, 1988).84

Directly to the south of the Superior Province are the Penokean Orogen and the Marsh-85

field Terrane (Figure 1b). The former is an oceanic arc terrane, while the latter is a small86

piece of Archean crust that collided with the southern margin of the Penokean Orogen in a87

northwesterly direction (Schneider et al., 2002). Their emplacement may have been guided88

by o↵sets, from a prior rifting event, in the southern margin of the Superior Province (Schulz89

and Cannon, 2007; Chandler et al., 2007), at least partially resulting in the arcuate shape of90

the province at its western syntaxis. South of here, the Yavapai and Mazatzal Provinces were91
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accreted on a NE-SW margin. These terranes are a combination of juvenile crust from the92

Yavapai and Mazatzal orogenic events and are only di↵erentiated by their Nd model ages,93

being 1.8-1.7 Ga and 1.7-1.6 Ga respectively (Karlstrom and Humphreys , 1998; Bowring94

and Karlstrom, 1990; Shaw and Karlstrom, 1999). After a roughly 50 My tectonic lull, the95

Granite-Rhyolite Province was added to the southern margin during the following 150 My96

(Bowring and Karlstrom, 1990). During the accretion of the Granite-Rhyolite Province,97

extensive granitoid bodies were emplaced within the Granite-Rhyolite Province and, to a98

lesser extent, the older terranes to the northwest (Van Schmus et al., 1996; Karlstrom and99

Humphreys , 1998).100

The cause of initial rifting is unclear but associated with the MCR are ⇠2 million km3
101

(Cannon, 1992) of 1.1 Ga basalts distributed over a 1000 km long linear feature (Van Schmus102

and Hinze, 1985; Ojakangas et al., 2001). These iron-rich basalts are the source of the largest103

positive gravity anomaly in North America due to their volume, density, and proximity to104

the surface (Hinze et al., 1992). In the United States portion of the rift, the associated105

volcanics follow a linear path along the axis of the rift although in Canada the volcanics106

cover a wider area in the form of sills and flood basalts in the Nipigon Embayment and other107

locales along the north shore of Lake Superior (Hollings et al., 2007). The MCR’s volcanic108

rocks show a strong iron enrichment over time (Ojakangas et al., 2001). Some of the later,109

most iron rich magma may have remained in the previously depleted lithosphere. This could110

have been related to an underplated layer as observed by Zhang et al. (2016).111

The MCR crosscuts all of the above mentioned terranes, from the Superior Province112

southwards, with the exception of the Granite-Rhyolite Province, which is too far to the113

south and east. Another aspect of the MCR is the path it took cutting through these114

provinces without following the known shear or collision zones along which the provinces were115

accreted (Klasner et al., 1982). Instead, as rifting of Laurentia began, it cleaved through116

these provinces in a fairly linear fashion. Some basaltic lava flows were deposited sub-117

aqueously along with siltstones and shales of the Nonesuch formation, likely deposited in a118
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series of lakes or a shallow sea (Anderson and McKay , 1997; Ojakangas et al., 2001). After119

rifting ceased, south of Lake Superior the two sides of the rift were thrust back towards each120

other during 1060 - 1045 Ma (Cannon et al., 1989; Cannon, 1994; Zhang et al., 2016).121

4 Data and Methods122

4.1 Instrumentation123

The ⇠3.2 million km2 study area of this paper was covered by a number of di↵erent seismic124

networks. The greatest number of stations belong to the USArray Transportable Array125

(TA) (Meltzer et al., 1999), which covered the southern half of the study area with stations126

spaced approximately 75 km apart. The United States National Seismic Network (USNSN)127

(Masse et al., 1989), Global Seismic Network (GSN) (Butler et al., 2004), and FLED (French128

et al., 2009) added 42 stations to the station coverage that the TA provided. The Canadian129

portion of the study area was covered by a combination of the digital Canadian National130

Seismograph Network (CNSN) (North and Basham, 1993), POLARIS (Eaton et al., 2005),131

University of Manitoba, and the temporary deployments FedNor (Darbyshire et al., 2007),132

TW⇠ST (Kay et al., 1999), and APT89 (Silver and Kaneshima, 1993).133

With the movement of the TA through the Midwest, there was complete coverage of134

the US portion of the study area and the southernmost portion of Ontario for the first135

time. This was a vast improvement over Frederiksen et al. (2013a), in which the TA had136

only reached the Minnesota-Wisconsin border. Another major improvement in our ability137

to image structures on the scale of the MCR was the station coverage provided by the138

Superior Province Rifting EarthScope Experiment (SPREE) array. SPREE was an 82 station139

deployment of the EarthScope Flexible Array instrumentation in the United States and140

Canada (Wolin et al., 2015). Its 16 Canadian stations extended the ambient coverage that141

the TA provided northward, while the US portion of SPREE constitutes 66 closely spaced142

stations (⇠13 km spacing on average) along and across the MCR (Figure 1c) (Wolin et al.,143
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2015). Positioning the US stations in these lines, two crossing at relatively strong and weak144

gravity highs, respectively and one following the rift axis of the MCR in Wisconsin and145

Minnesota, allows us to resolve small structures in the lithosphere and upper mantle related146

to the rift. Together these make up 206 new stations for which we measured teleseismic delay147

times for 255 earthquakes spanning a 2.5-year period from April 16, 2011 to November 1,148

2013. We also include the delay measurements used by Frederiksen et al. (2013a) and delay149

times from FLED stations (French et al., 2009; Lou and van der Lee, 2014) within the study150

region. With this inclusion, we invert all available delay times for the study area from June151

8, 1989 to November 1, 2013. This results in nearly double the number of delay times used152

in previous studies and much improved station coverage.153

4.2 Traveltimes154

Delay times of P -wave first arrivals were measured in vertical-component seismograms of155

teleseismic events at all stations within the study area recording the event. Data were156

downloaded and preprocessed using the Standing Order for Data (SOD) (Owens et al., 2004).157

SOD used the instrument response to convert seismograms to ground velocity records and158

applied a band pass filter from 0.01 to 6 Hz.159

The traveltimes were measured using the multichannel cross-correlation method of Van-160

Decar and Crosson (1990) as implemented in the AIMBAT travel time picking tool (Lou161

et al., 2013). This method yields absolute and relative traveltimes. The observed relative162

traveltime for event i and station j is163

tij = Tij � T̄i (1)

where Tij is the true absolute traveltime and T̄i is the average of all traveltimes for the ith164

event. The observed relative delay times were then compared to the predictions from the165

model iasp91 (Kennett and Engdahl , 1991) by subtracting the iasp91 predicted travel times,166
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T IASP91
ij , from the observed times as shown in Equation (2).167

�tij = tij � T IASP91
ij + T̄ IASP91

i (2)

The residuals �tij have a zero event mean and are easily compared from event to event.168

Relative delay times from a total of 255 earthquakes between April 16, 2011 and October169

31, 2013 (of magnitude 5.5 and greater, 30� - 93� from the center of the study area) were170

picked at 364 stations for a total of 45,006 new travel time picks. These were added to rela-171

tive delay time picks for events from the previously mentioned studies for a total of 101,233172

traveltime picks (Figure 1c) for 1,720 events (Figure 2) and 460 stations. At 1205 measure-173

ments, the CNSN station ULM, in Lac du Bonnet, Manitoba, yields the most traveltimes.174

All delay times were corrected for topography and the ellipticity of the Earth.175

4.3 Rift-related Delay Times176

We grouped delay times from stations on the rift (as identified by the Bouguer gravity high)177

and compared them to delay times from stations away from the rift (Figure 3). Stations178

in between these two domains, on the sedimentary flanks (and Bouguer gravity lows), were179

not included in either group in order to enhance their contrast. The standard deviations of180

both groups of relative delay times are similar to the standard deviation of all relative delays181

of 0.4 s. The mean delay time of the on-rift group is roughly 0.05 s later than that of the182

away-from-rift group (with a mean relative delay around 0 s) and the di↵erence between the183

mean delay times of the two groups is approximately an order of magnitude smaller than the184

groups’ standard deviations, which are similar to the standard deviation of the distribution185

of all relative delays in this study. This 0.05 s di↵erence in magnitude is consistent with186

what one would expect from an underplated layer found along the rift by Zhang et al. (2016).187

The standard deviation of our relative delay times from Equation (2) is 0.4 s. This is less188

than the standard deviation of relative delay times of 0.5 s measured for the Kenya rift189
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(Park and Nyblade, 2006) and the Ethiopian hotspot (Bastow et al., 2008), which are active190

segments of the East African rift. Both these studies have similar post-imaging residual-191

delay distributions as our study does, but started from a wider distribution, suggesting that192

1 billion years of post-rift stability experienced by the MCR, likely had a reducing e↵ect on193

heterogeneity.194

5 Tomographic Model195

5.1 Basis196

In our inversion, the traveltime (tij)consists of components for the event term (ei), station197

term (sj), and path component (pij) (VanDecar , 1991):198

tij = ei + sj + pij (3)

The event term consists of four components and corrects for structure on the source side as199

well as source mislocations and origin time errors, the station term corrects for station side200

structure including crustal structure and site response, and the path component represents201

the contribution of 3-D structure along the ray path. Since we use teleseismic events, the202

incidence angles of the paths in the crust vary between 48� and 24� from vertical, and203

primary crustal structure is absorbed by the station term sj. Similarly, source-side structure204

is considered to be the same for all measurements tij for event i because the ray paths205

near the source are similar due to the source-receiver distance being much greater than the206

aperture of the array.207

A number of ray crossings in the upper and mid-mantle are expected (Supplemental208

Figures ?? and ??), with the densest regions being beneath the US portion of the SPREE209

network. The model base is at a depth of 1500 km. Laterally, the model grid extends roughly210

1.5 degrees on all sides outside the footprint of the array.211
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5.2 Inversion Parameters212

We use the method of VanDecar (1991) to perform a tomographic inversion for P velocity.213

The model is parameterized in terms of deviations from iasp91 P -wave velocities on a set214

of splines under tension. This allows for smooth interpolation between the nodes of the215

grid, shown in Figure 4, which also illustrates that our model extent is identical to that of216

Frederiksen et al. (2013a). Due to the dense spacing and therefore greater resolving power217

of the SPREE stations in the center of the model, the horizontal knot spacing was decreased218

to 0.15 degrees in latitude and longitude (⇠17 km and ⇠12 km at 45�N, respectively) in the219

central portion of the model space, whereas the surrounding knots have a spacing of 0.25220

degrees (⇠28 km) in latitude and 0.33 degrees (⇠29 km at 45�N) in longitude. At the edges221

of the model the knot spacing was widened to 0.66 degrees then 1.0 degrees in longitude and222

0.5 then 1.0 degrees in latitude. Vertical knot spacing is 25 km in the uppermost 200 km,223

increasing to 33 km from 200 to 700 km depth, 50 km from 700 to 800 km, and 100 km from224

800 km to the base of the model at 1500 km. This brings the total grid knots in the model225

to 286,638.226

Additional unknowns in the inversion are 460 station terms and 4x1721 event terms.227

Combining these terms with the grid nodes, results in an inverse problem with 293,982228

unknowns that is therefore mixed determined, meaning some nodes are overdetermined while229

under-sampled nodes are strongly underdetermined.230

5.3 Regularization231

Since the inverse problem has a strongly underdetermined portion, the recovered model will232

be very dependent upon the nature and strength of the regularization used. We applied a233

smoothing regularization (minimizing model curvature) to the model in order to favor long-234

wavelength structure in the final model. Small amounts of flattening (slope minimization)235

and damping (minimization of deviation from iasp91 ) were also included. We also damped236

the event location perturbations and station time corrections, while event time corrections237
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were left undamped to compensate for the relative nature of the time picks.238

The level of smoothing was chosen using the“L-curve” method, in which the model rough-239

ness is plotted against data misfit for a number of di↵erent smoothing levels (Parker , 1994).240

The appropriate level of smoothing is determined by selecting a level at which a reasonable241

misfit is found and features in the output model are deemed geologically feasible. Below242

this point represents a level of regularization where noise instead of data is being fit. The243

smoothing level we selected reduced the RMS misfit from 0.40 to 0.03 s, which is comparable244

to the remaining misfit found for tomographic studies of the East African rift (Park and245

Nyblade, 2006; Bastow et al., 2008). Our data are thus fit to similar noise levels.246

One of the most striking features of Figure 5 and Figure 6 is that the station terms of the247

pre-EarthScope temporary networks (APT-89, TW⇠ST, and FLED) do not match the sign248

or magnitude of the stations nearest to them. This phenomenon is most likely due to those249

experiments being conducted at a time that did not overlap with other stations. Therefore250

the travel times for those stations were measured with respect to a di↵erent e↵ective baseline.251

This di↵erence in baseline is visible in Figure 5 and not in the tomographic anomalies in252

Figure 6, so it thus has been absorbed by the station term calculation. Other noticeable253

features in the station terms are that the largest negative terms of ⇠-0.8 s occur in the254

Canadian Shield stations to the north, whereas the largest positive station terms of ⇠0.75255

s occur in the central portion of the Williston Basin in the western Dakotas (⇠47 �N, ⇠103256

�W) These features align with the regions of the least and most sediment or rock younger257

than Precambrian, respectively. The large negative signature is due to the Canadian Shield258

having a higher velocity than the crust to the south and the large positive signature is259

due to the thick stack of sediments in the Williston Basin having a lower velocity than the260

surrounding regions, which are not deep sedimentary basins.261
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5.4 Model Features262

A series of plan sections taken through the final model are shown in Figure 6. The largest263

lithospheric anomaly in our model is a high-velocity region labeled Western Superior (WS) in264

Figure 6c. The eastern border of WS is well resolved, running roughly parallel to the 90� W265

meridian and the WS velocity anomaly is at least 300 km thick (Figure 7). Its northwestern266

border is poorly resolved due to a lack of stations in that region. To the east of WS, a267

low-velocity region labeled Eastern Superior Low-Velocity Anomaly (ESLVA) is located in268

the lithosphere and continues throughout the upper mantle. On the western edge of ESLVA269

there is a portion of the anomaly that underlies the Lake Nipigon Embayment.270

Another striking feature is a pair of low-velocity anomalies labeled Mid-continent Rift271

(MCR). They are located between 50 and 150 km in depth and follow the rift at the locations272

of the highest gravity anomalies. Other features include a a high-velocity region located273

around 400 km deep, labeled Transition Zone (TZ), two deep linear features labeled Farallon274

Slab (FS) and Kula Slab (KS) at depths of 1000 and 1200 km, respectively, a high-velocity275

zone at a depth of 200 km to the northwest of TZ, labeled Minnesota River Valley (MRV),276

and two low-velocity zones located at the syntaxes of the Penokean Orogen that extend from277

100 to 250 km in depth, labeled Syntaxis 1 and 2 (S1 and S2).278

5.5 Resolution Tests279

To assess the resolving power of our dataset, we computed synthetic data from theoretical280

models. These synthetic data were then inverted to reveal what sizes of structures could281

be resolved in di↵erent regions of the model, and the manner in which the input structures282

are smeared along the teleseismic ray paths. One set of hypothetical models consists of283

a number of three-dimensional “checkerboards” (Figure 8). These consist of alternating284

polarity Gaussian anomalies whose amplitudes reach ±2% of the background velocity. We285

created these tests for two di↵erent 3-D spacings, 100 km and 200 km. Random noise with286

a standard deviation of 60 ms was also added to the computed data for all forward models287
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to mimic the noise that occurs in real measurements.288

Figure 8b shows that 200-km-scale structures in the study region are easily resolved,289

although 100 km structures in the western portion of the model become somewhat smeared290

in the southwest-northeast direction (Figure 8d). Reduced resolving power is also found for291

smaller structures beneath the eastern half of Lake Superior, which has fewer crossing ray292

paths than the west side of the lake.293

Checkerboard resolution tests determine if small features can be detected by the model294

but can also mask the e↵ects of smearing. Resolution tests with synthetic structures similar295

to features seen in the model were carried out to address this problem (Figure 9). Syn-296

thetic structural resolution tests illustrate which features can be resolved, assess the role of297

smearing, and evaluate the tendency of our smoothing-dominated inverse process to evenly298

distribute structural anomalies even when delays can be caused by isolated anomalies. Fea-299

tures were assigned velocity anomalies of ±1.5% and thicknesses of 250 km. Features S1, S2,300

and the MCR were assigned a thickness of 100 km and are situated in the lower lithosphere301

from 100 km to 200 km in depth to mimic the structure seen in the final model. The plan302

section in Figure 9 shows that the data are capable of resolving sharp lateral boundaries of303

the input structures and can even discern the shape of the narrow feature modeled after the304

MCR gravity anomaly. There is minimal lateral smearing with the exception of regions that305

have little-to-no station coverage. Because relative travel times are inverted, the centers of306

large anomalies appear weaker in the output model than in the input model. This is because307

the relative delay between two stations that pass through nearly identical anomalies would308

be very small or zero, whereas stations that cross a boundary between anomalies have a large309

relative delay. Absolute delay times would do a better job of preserving the amplitude in the310

features’ centers, but are not used in this study. Another reason for the lessened amplitude311

of the output model is due to the damping regularization that is necessary for the numerical312

stability of the inversion in combination with the relative delay times used. These factors313

combine to create a model that is relatively insensitive to large wavelength features and is314
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more sensitive to abrupt changes in velocity and therefore Earth structure.315

The structural test is especially e↵ective in showing the degree of vertical smearing to316

expect in the final model caused by the nearly vertical nature of the teleseismic rays. The317

cross-sections in Figure 9 show that vertical smearing is a major feature of the output model318

and the depths to which features are smeared depend on ray path coverage. In cross-section319

SC-SC’ the large features are consistently smeared down to a depth of 400-450 km with320

some regions smearing farther, whereas in cross-section SM-SM’ the features are smeared to321

a depth of 350-400 km. The di↵erence in station coverage and raypath density in the areas322

of cross-section SM-SM’ and SC-SC’ corroborate this theory, with the majority of SM-SM’323

having a higher station density than SC-SC’ (Supplemental Figure ??). When comparing324

the depth that features in the final model reach with those same features in the synthetic325

model, it is apparent that the features are most likely confined to the lithosphere which has326

a thickness of approximately 200-250 km (van der Lee and Nolet , 1997; Goes and van der327

Lee, 2002; Darbyshire et al., 2007). The large amplitudes of the anomalies are also not being328

smeared down to the location of feature TZ, so it is unlikely that it is a smearing artifact.329

6 Discussion330

6.1 Depth Controls on the MCR Low-Velocity Anomaly331

Near the southern tip of Lake Superior and in Central Iowa we see two low-velocity anomalies332

(labeled MCR in Figures 6 and 7) that coincide with the highest bouguer gravity anomalies333

associated with the rift in those areas (Figure 11). Resolution tests show that the shapes334

of the features are reasonably well resolved, especially under the footprint of SPREE where335

the amplitude of the anomaly is also better preserved (Figure 9).336

Since teleseismic tomography tends to smear anomalies vertically along lithospheric seg-337

ments of ray paths, it is necessary to conduct more than one resolution test of geologically338

feasible scenarios in order to assess the resolving power for depth and depth extent of the339
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anomalies. One test scenario was modeled after the discoveries of MCR underplating by340

Behrendt et al. (1990) and Zhang et al. (2016). The receiver function analysis by Zhang et al.341

(2016) of all SPREE receiver functions revealed a complex crustal structure beneath the MCR342

that is remarkably consistent along the axial gravity high of the MCR. Together with the343

results and interpretation of Behrendt et al. (1990), these SPREE findings on crustal struc-344

ture provide a strong interpretation framework for inconclusive results from receiver function345

studies for a handful of individual stations on the MCR’s gravity high (French et al., 2009;346

Moidaki et al., 2013; Shen et al., 2013). At first glance, receiver functions produce sharp347

peaks for Moho conversions away from the gravity high, but these peaks are weaker, broader,348

and less consistent for Moho conversions beneath the gravity high. A closer inspection of349

the individual receiver functions showed that seismic waves from di↵erent azimuths produce350

weak positive conversions from two di↵erent discontinuities, one above and one below the351

regional Moho depth (Zhang et al., 2016). The distance between these weaker discontinu-352

ities decreases with increasing distance from the rift axis, and the intermediate-impedance353

material between the two discontinuities is interpreted as “underplated”, following Behrendt354

et al. (1990) and dozens additional publications of crustal structure of the MCR beneath355

Lake Superior. (Zhang et al., 2016) infer that the underplated “layer” is located at 30-50356

km in depth and extends axially along the segment of the MCR between Lake Superior357

and Iowa, and likely beyond (Supplemental Figure ??). A second test scenario is an iden-358

tically shaped low-velocity anomaly, but residing in the upper mantle lithosphere at depths359

of 100-120 km (Supplemental Figure ??). These scenarios were then compared to the MCR360

resolution test with a low-velocity anomaly of 100 km thickness (Figure 10). A side by side361

comparison of the final tomographic model and the three scenarios (Supplemental Figure362

??) shows subtle di↵erences between these resolution tests. Figure ?? shows that if there363

is a substantial mantle signature of the rift, our data would “see” it. However, our model364

shows weak intermittent structures, similar in character to the tests shown in Supplemental365

Figures ?? and ??, suggesting that rift-related anomalies are relatively thin but that their366
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depths cannot be uniquely established. We thus conclude that the MCR anomaly seen in our367

tomographic model could either be caused by smearing of a crustal underplating associated368

with the rift or from a structure in the upper mantle lithosphere. We know from Zhang369

et al. (2016) that a slowing underplated “layer” exists along the entire rift segment covered370

by SPREE stations and its modeled e↵ects on P velocity delay times is of the same order of371

magnitude as the di↵erence between mean delay times measured on and away from the rift372

(Figure 3).373

6.2 Mid-continent Rift374

With the MCR forming at 1.1 Ga, the large thermal signature that comes with magmatic375

intrusion has long since faded (Turcotte and Schubert , 2014). However, the basalts of the376

MCR are enriched in iron, with later basalts richer than earlier ones (Ojakangas et al.,377

2001). Moreover, these basalts were not devoid of volatiles (Hollings et al., 2007, 2010,378

2012). If these volatiles and iron were extracted from the deeper lithosphere, it would379

have increased the seismic velocity of the cooled lithosphere rather than decreased it. If380

the extraction depth was sub-lithospheric, the depletion and an associated sti↵ening would381

have thickened the high-velocity lithosphere (Goes and van der Lee, 2002; van der Lee and382

Wiens , 2006). Contrary to these expectations, we observe low-velocity anomalies beneath383

the MCR. To explain the absence of high-velocity, depleted mantle beneath the rift, we384

propose that the source of the deposited basalts was located deep beneath the lithosphere385

and is no longer geographically connected or the surrounding lithosphere is equally depleted386

from prior melting events.387

Wave paths through the mantle lithosphere beneath the Lake Superior portion of the388

MCR do not need to cross through the rift- and Lake-centered underplated layer before389

being recorded at stations surrounding the Lake and underlying rift structure. In agreement390

with this geometry and with inferences made by Yang et al. (2015) of electrical conductivity391

of the lithosphere in the SPREE study region, our seismic-tomographic model’s velocities392
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beneath the western portion of the lake indeed look similar to those of the western Superior393

high-velocity anomaly, away from the MCR. According to resolution tests (Figures 8 and 9)394

there is no significant lateral smearing in the western half and vertical smearing is similar to395

other places within the model. However, if there were a lithospheric anomaly, it would be396

resolved (Figure 10).397

The previous study (Frederiksen et al., 2013a) had limited ray paths beneath Lake Su-398

perior, but the Canadian SPREE stations add crossing rays that address this issue. Data399

associated with these ray paths confirm that the low-velocity anomaly beneath Lake Nip-400

igon is not connected to the low-velocity anomaly associated with the main arm of the MCR401

but that it is actually connected to the Eastern Superior Low Velocity Anomaly to the east402

(Figures 6a and c). This is in contrast with the MCR aged volcanics in place around Lake403

Nipigon. It is likely that the original velocity signature beneath Nipigon was similar to the404

Western Superior until the process that caused the Eastern Superior Low Velocity Anomaly405

overprinted this signature as it did further to the east.406

Mapping of the MCR from gravity (Chase and Gilmer , 1973) and interpretation of CO-407

CORP seismic lines (Brown et al., 1982) show that there is also an arm of the rift in Michigan.408

However, our model shows no low-velocity lithospheric feature beneath Michigan as it does409

beneath some parts of the main arm of the MCR. Resolution tests (Figure 10) show that if410

there were a significant low-velocity structure in the mantle, it would be resolvable. However,411

subcrustal underplating or intra-crustal anomalies would be too shallow to be resolved by412

our data.413

Lastly, we reduced our residuals to the same level as those used to image portions of the414

East African Rift System (Park and Nyblade, 2006; Bastow et al., 2008), where strong heat-415

related, low-velocity anomalies are observed in the mantle beneath the EARS, corresponding416

to a larger spread in pre-imaging delay times. Our less variable pre-imaging delay time417

distribution confirms that our data support the absence of rift-related heterogeneity in the418

mantle lithosphere beneath the MCR.419
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6.3 Deeper Anomalies420

In and below the transition zone, there are a number of prominent anomalies. The shallowest421

is the anomaly labeled TZ in Figure 6d. This anomaly has a strong high velocity that is422

indicative of the mantle in the tectonically quiet portion of the North American continent.423

There is an anomaly of similar extent and velocity in the tomographic model of Burdick424

et al. (2014). Two linear high-velocity anomalies, labeled FS and KS, occur at 1000 and425

1200 km in depth, respectively. These anomalies are interpreted as fragments of the Farallon426

and Kula Plates due to their linear nature and the fact that they are in the correct location427

both laterally and vertically to be slab fragments of the previously subducted plates (Grand ,428

1994; Bunge and Grand , 2000; Liu, 2015). Alternatively these fragments could belong to429

westward subducted oceanic lithosphere from the Mezcalera and Angayucham slabs, Meso-430

zoic predecessors of the Farallon Plate (Sigloch and Mihalynuk , 2013), but it would extend431

both slabs slightly more westwards than projected by (Sigloch and Mihalynuk , 2013). Fur-432

ther comparison with global tomographic models shows a general continuity throughout the433

di↵erent models in terms of size and shape of the anomalies, as predicted by both subduction434

models.435

6.4 Syntaxis Anomalies436

To the southwest of the northern MCR anomaly lies the semicircular low-velocity anomaly437

S1 (Figure 6c). This feature does not correlate with the gravity anomaly and continues to a438

greater depth than the imaged MCR anomalies. The location of this low-velocity anomaly439

coincides with 1) the surface expression of the rift as it turns to the southeast and is o↵set440

by the Belle Plaine fault (Chandler et al., 2007), 2) the western syntaxis of the Penokean441

Province, which is, the suture zone where the Penokean Province and the Marshfield Terrane442

collided with the Superior Province (Whitmeyer and Karlstrom, 2007), 3) the East Central443

Minnesota Batholith, a 1.78-1.76 Ga post-Penokean granitic magmatic event (Holm et al.,444

2005), 4) the location of a high electrical-conductivity anomaly imaged by (Yang et al.,445
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2015).446

A low-velocity anomaly of similar size and shape to S1, named S2, is located in the lower447

peninsula of Michigan near the eastern syntaxis of the Penokean Province, where it abuts448

the Yavapai and Mazatzal provinces (Whitmeyer and Karlstrom, 2007). The anomaly is also449

near a 1.472 Ga anorogenic volcanic intrusion (Windley , 1993; Goodge and Vervoort , 2006),450

and also has a counterpart in Yang et al. (2015)’s electrical-conductivity model. With S1451

and S2 having nearly identical velocities and sizes it is possible that they may have similar452

causes, making a relationship with the Penokean Orogeny likely.453

These anomalies are beneath the syntaxes of the Penokean Province. This correspondence454

may indicate that the Penokean Orogeny created weak zones in the lithosphere, which may455

have attracted some of the MCR volcanics to become entrained. A second possibility for these456

low-velocity anomalies is that they represent the fossil remnants of slab crust or subduction-457

induced metasomatism, trapped by the Penokean or Mazatzal collisions in the continental458

lithosphere. Using a GLIMPCE seismic profile (Green et al., 1989) in Lake Michigan between459

S1 and S2, Cannon et al. (1991) suggests that young ocean basin lithosphere subducted460

during the final stages of the Penokean orogeny in a northerly direction. This created the461

possibility for portions of the young slab’s low-velocity crust, or its transformation products,462

to be trapped by the collision. The suture between this orogeny and the Superior Craton is463

known for its sulfide deposits and ophiolites (Sims et al., 1989; Schulz and Cannon, 2007).464

Yang et al. (2015) imaged high-conductivities along this suture, including in the lower crust465

at the western syntaxis, where we image low velocities, which they attribute to graphitic466

carbon or sulfides, both associated with subducted seafloor sediments.467

A third possibility pertains to the previously stated volcanic intrusions near the anoma-468

lies. These could have caused the low-velocity anomalies at di↵erent times, both well pre-469

dating the MCR, depending on the composition of the emplaced magma and alteration of470

the lower crust by the migrating magma. It seems that the conductivity images of Yang471

et al. (2015) would favor the 2nd explanation.472
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6.5 Western Superior High-Velocity Anomaly473

We interpret the large high-velocity anomaly (WS) as the cratonic lithospheric root of the474

Superior Province, in agreement with prior studies (van der Lee and Frederiksen, 2005; Bedle475

and van der Lee, 2009; Frederiksen et al., 2013a). With improved resolution provided by476

the SPREE stations, we find that lithospheric velocities in this region are on average at477

least 1.5% higher than the iasp91 velocities for the model. However, this is most likely an478

underestimate due to the weaknesses of using relative delay times, as discussed in Section 5.4.479

Our model shows that this high-velocity region extends through the western portion of Lake480

Superior and northern Wisconsin. In Figure 7, cross-section WP-WP’ shows that above 200481

km in depth the lithosphere between feature S1 and the low-velocity at the northwestern edge482

of the model is similar in velocity to that of the lithosphere beneath the western Superior483

Province (cross-section SC-SC’, Figure 7). Below that (200-400 km in cross-section WP-WP’,484

Figure 7) there is a weak low-velocity zone that extends from feature S1 to the northwest.485

This low-velocity zone is the same as the low-velocity “channel” noted in the Frederiksen486

et al. (2013a) tomography and it separates features WS and MRV, which roughly correlate487

to the locations of two sub-provinces of the Superior Province, the Wawa and Minnesota488

River Valley (MRV) (Chandler et al., 2007).489

Chandler et al. (2007) indicate that the southern portion of the Superior Province, the490

MRV sub-province, was accreted to the southern margin of the Superior Province at 2.6491

Ga. It also has a vastly di↵erent geology, both in age and composition, than the Wawa sub-492

province to the north. The crustal boundary between the Wawa and MRV sub-provinces493

is the Great Lakes Tectonic Zone (GLTZ) (Figure 1b), which runs west-southwest to east-494

northeast between the two sub-provinces (Sims et al., 1980). This does not seem to be495

the case in the lithosphere as the previously mentioned low-velocity zone in central/western496

Minnesota departs from the Becker Embayment to the northwest instead of following the497

GLTZ to the southwest. This low-velocity zone also seems to be a line of demarcation498

where the shear wave splitting of Frederiksen et al. (2013b) and Ola et al. (2016) decreases499
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in split time moving to the southwest and crossing the previously mentioned low-velocity500

zone. Either the GLTZ is too small to image with the resolution of the model or it does not501

have a lithospheric signature. It is possible that the rifting and material associated with the502

MCR could have further modified this portion of the lithosphere due to its already weakened503

nature from the northwest directed collision of the Marshfield Terrane with the Penokean504

Orogen and Superior Province (Holm et al., 2007; Foster et al., 2017).505

7 Conclusions506

Inversion of teleseismic P delays from permanent, TA, SPREE, and other short term seismic507

station deployments shows a number of low-velocity zones in the North American mid-508

continent that agree with the tectonic history of the area. Some of the low-velocity patches509

appear associated with the Mid-continent Rift, but cannot be uniquely ascribed to man-510

tle structure. It is more likely that the observed anomalies are associated with P-wave511

delay times caused by an along-rift sub-crustal layer of igneous origin, as found by Zhang512

et al. (2016). In other words, and despite our data having su�cient resolving power to513

image anomalies in the mantle lithosphere, our results show no convincing evidence of one514

billion-year-old rift-related structures remaining as anomalies in the mantle lithosphere. The515

resolving power of our analysis was enabled by the combined data coverage of the midwestern516

portion of the Transportable Array and densely spaced SPREE stations along and across517

the rift. Other interesting features include anomalies that occur at two di↵erent syntaxes518

of Proterozoic crustal terranes, the Western Superior Craton, and the presence of the sub-519

ducted Farallon and Kula plates. These syntaxis anomalies had not been previously imaged520

seismically, but they do align very well with the provincial boundaries shown in Figure 1b,521

and coincide with electrical conductivity anomalies images by Yang et al. (2015). The lo-522

cations of the Western Superior Craton and Farallon and Kula plates match very well with523

previous studies, albeit with a clearer image due to our increased resolution, especially in524
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the case of the Western Superior Craton.525

8 Acknowledgments526

The relative P-wave velocity model with respect to iasp91 and the travel time pick files used527

to derive the model we present in this paper are available for download at http://geophysics.earth.northwestern.edu/seismology/SPREE18/.528

Data from the USArray Transportable Array and SPREE were obtained from the IRIS Data529

Management Center (http://www.iris.edu; last accessed April 2014). Network Codes and530

years of operation: SPREE - XI(2011-2013), USArray TA - TA(2003-present), USNSN -531

US(1990-present), CNSN- CN(1980-present), GSN- II(1980-present), FedNor - WU(1991-532

present), POLARIS - PO(2000-present), FLED - XR(2001-2002), APT-89 - 91-003-APT(1989),533

TW ST - XK (1997). Maps were created with the Generic Mapping Tools (GMT) (Wessel534

et al., 2013). All picking of traveltimes were completed using the AIMBAT traveltime pick-535

ing tool (Lou et al., 2013) This research was supported by NSF grant EAR-0952345. The536

Superior Province Rifting Earthscope Experiment (SPREE) was supported by the Earth-537

scope program through NSF grant EAR-0952154. This project would not have been possible538

without the support of the landowners that allowed for the installation of TA and SPREE539

seismic stations. Please see https://www.earth.northwestern.edu/spree/People.html for full540

acknowledgements. In addition, we thank Basil Tiko↵ for discussion about our velocity541

anomalies with respect to the structural and tectonic history of the Mid-continent.542

22

©2018 American Geophysical Union. All rights reserved.



References543

Anderson, R., and R. McKay (1997), Clastic rocks associated with the Midcontinent Rift544

System in Iowa, 1989, US Geological Survey.545

Bastow, I., A. Nyblade, G. Stuart, T. Rooney, and M. Benoit (2008), Upper mantle seismic546

structure beneath the Ethiopian hot spot: Rifting at the edge of the African low-velocity547

anomaly, Geochemistry, Geophysics, Geosystems, 9 (12), Q12022.548

Bedle, H., and S. van der Lee (2009), S velocity variations beneath North America, Journal549

of Geophysical Research: Solid Earth, 114 (B7), B07308.550

Behrendt, J. C., D. Hutchinson, M. Lee, C. Thornber, A. Trehu, W. Cannon, and A. Green551

(1990), GLIMPCE seismic reflection evidence of deep-crustal and upper-mantle intrusions552

and magmatic underplating associated with the Midcontinent Rift system of North Amer-553

ica, Tectonophysics, 173 (1-4), 595–615.554

Bleeker, W. (2003), The late Archean record: a puzzle in ca. 35 pieces, Lithos, 71 (2), 99–134.555

Bowring, S. A., and K. E. Karlstrom (1990), Growth, stabilization, and reactivation of556

Proterozoic lithosphere in the southwestern United States, Geology, 18 (12), 1203–1206.557

Brown, L., L. Jensen, J. Oliver, S. Kaufman, and D. Steiner (1982), Rift structure beneath558

the Michigan Basin from COCORP profiling, Geology, 10 (12), 645–649.559

Buiter, S. J., and T. H. Torsvik (2014), A review of Wilson Cycle plate margins: A role560

for mantle plumes in continental break-up along sutures?, Gondwana Research, 26 (2),561

627–653.562

Bunge, H.-P., and S. P. Grand (2000), Mesozoic plate-motion history below the northeast563

Pacific Ocean from seismic images of the subducted Farallon slab, Nature, 405 (6784),564

337–340.565

23

©2018 American Geophysical Union. All rights reserved.



Burdick, S., et al. (2014), Model Update January 2013: Upper Mantle Heterogeneity beneath566

North America from Travel-Time Tomography with Global and USArray Transportable567

Array Data, Seismological Research Letters, 85 (1), 77–81.568

Butler, R., et al. (2004), The Global Seismographic Network surpasses its design goal, Eos,569

Transactions American Geophysical Union, 85 (23), 225–229.570

Cannon, W., et al. (1989), The North American Midcontinent rift beneath Lake Superior571

from GLIMPCE seismic reflection profiling, Tectonics, 8 (2), 305–332.572

Cannon, W. F. (1992), The Midcontinent rift in the Lake Superior region with emphasis on573

its geodynamic evolution, Tectonophysics, 213 (1-2), 41–48.574

Cannon, W. F. (1994), Closing of the Midcontinent rift - A far-field e↵ect of Grenvillian575

compression, Geology, 22 (2), 155–158.576

Cannon, W. F., M. W. Lee, W. Hinze, K. J. Schulz, and A. G. Green (1991), Deep crustal577

structure of the Precambrian basement beneath northern Lake Michigan, midcontinent578

North America, Geology, 19 (3), 207–210.579

Chandler, V., T. Boerboom, and M. Jirsa (2007), Penokean tectonics along a promontory-580

embayment margin in east-central Minnesota, Precambrian Research, 157 (1), 26–49.581

Chase, C. G., and T. H. Gilmer (1973), Precambrian plate tectonics: the midcontinent582

gravity high, Earth and Planetary Science Letters, 21 (1), 70–78.583

Darbyshire, F. A., D. W. Eaton, A. W. Frederiksen, and L. Ertolahti (2007), New insights584

into the lithosphere beneath the Superior Province from Rayleigh wave dispersion and585

receiver function analysis, Geophysical Journal International, 169 (3), 1043–1068.586

Eaton, D., et al. (2005), Investigating Canada’s lithosphere and earthquake hazards with587

portable arrays, Eos, Transactions American Geophysical Union, 86 (17), 169–173.588

24

©2018 American Geophysical Union. All rights reserved.



Foster, A. E., F. Darbyshire, and A. Schae↵er (2017), A Surface Wave’s View of the Mid-589

Continent Rift, in AGU Fall Meeting Abstracts.590

Frederiksen, A., S.-K. Miong, F. Darbyshire, D. Eaton, S. Rondenay, and S. Sol (2007), Litho-591

spheric variations across the Superior Province, Ontario, Canada: Evidence from tomog-592

raphy and shear wave splitting, Journal of Geophysical Research: Solid Earth, 112 (B7),593

B07318.594

Frederiksen, A., T. Bollmann, F. Darbyshire, and S. van der Lee (2013a), Modification595

of continental lithosphere by tectonic processes: A tomographic image of central North596

America, Journal of Geophysical Research: Solid Earth, 118 (3), 1051–1066.597

Frederiksen, A., I. Deniset, O. Ola, and D. Toni (2013b), Lithospheric fabric variations598

in central North America: Influence of rifting and Archean tectonic styles, Geophysical599

Research Letters, 40 (17), 4583–4587.600

French, S., K. Fischer, E. Syracuse, and M. Wysession (2009), Crustal structure beneath the601

Florida-to-Edmonton broadband seismometer array, Geophysical Research Letters, 36 (8).602

Goes, S., and S. van der Lee (2002), Thermal structure of the North American uppermost603

mantle inferred from seismic tomography, Journal of Geophysical Research: Solid Earth,604

107 (B3), ETG–2.605

Goodge, J. W., and J. D. Vervoort (2006), Origin of Mesoproterozoic A-type granites in606

Laurentia: Hf isotope evidence, Earth and Planetary Science Letters, 243 (3), 711–731.607

Grand, S. P. (1994), Mantle shear structure beneath the Americas and surrounding oceans,608

Journal of Geophysical Research: Solid Earth, 99 (B6), 11591–11621.609

Green, A. G., et al. (1989), A “Glimpce” of the Deep Crust Beneath the Great Lakes,610

Properties and Processes of Earth’s Lower Crust, 51, 65–80.611

25

©2018 American Geophysical Union. All rights reserved.



Hinze, W. J., D. J. Allen, A. J. Fox, D. Sunwood, T. Woelk, and A. G. Green (1992),612

Geophysical investigations and crustal structure of the North American Midcontinent Rift613

system, Tectonophysics, 213 (1), 17–32.614

Ho↵man, P. F. (1988), United Plates of America, the birth of a craton: Early Proterozoic615

assembly and growth of Laurentia, Annual Review of Earth and Planetary Sciences, 16,616

543–603.617

Hollings, P., A. Richardson, R. A. Creaser, and J. M. Franklin (2007), Radiogenic isotope618

characteristics of the Mesoproterozoic intrusive rocks of the Nipigon Embayment, north-619

western Ontario, Canadian Journal of Earth Sciences, 44 (8), 1111–1129.620

Hollings, P., M. Smyk, L. M. Heaman, and H. Halls (2010), The geochemistry, geochronology621

and paleomagnetism of dikes and sills associated with the Mesoproterozoic Midcontinent622

Rift near Thunder Bay, Ontario, Canada, Precambrian Research, 183 (3), 553–571.623

Hollings, P., M. Smyk, and B. Cousens (2012), The radiogenic isotope characteristics of624

dikes and sills associated with the Mesoproterozoic Midcontinent Rift near Thunder Bay,625

Ontario, Canada, Precambrian Research, 214, 269–279.626

Holm, D., et al. (2007), Reinterpretation of Paleoproterozoic accretionary boundaries of the627

north-central United States based on a new aeromagnetic-geologic compilation, Precam-628

brian Research, 157 (1–4), 71 – 79.629

Holm, D. K., W. R. Van Schmus, L. C. MacNeill, T. J. Boerboom, D. Schweitzer, and630

D. Schneider (2005), U-Pb zircon geochronology of Paleoproterozoic plutons from the631

northern midcontinent, USA: Evidence for subduction flip and continued convergence after632

geon 18 Penokean orogenesis, Geological Society of America Bulletin, 117 (3-4), 259–275.633

Karlstrom, K. E., and E. D. Humphreys (1998), Persistent influence of Proterozoic accre-634

tionary boundaries in the tectonic evolution of southwestern North America Interaction of635

cratonic grain and mantle modification events, Rocky Mountain Geology, 33 (2), 161–179.636

26

©2018 American Geophysical Union. All rights reserved.



Kay, I., S. Sol, J.-M. Kendall, C. Thomson, D. White, I. Asudeh, B. Roberts, and D. Francis637

(1999), Shear wave splitting observations in the Archean craton of Western Superior,638

Geophysical Research Letters, 26 (17), 2669–2672.639

Kennett, B., and E. Engdahl (1991), Traveltimes for global earthquake location and phase640

identification, Geophysical Journal International, 105 (2), 429–465.641

Klasner, J., W. Cannon, and W. Van Schmus (1982), 4: The pre-Keweenawan tectonic642

history of southern Canadian Shield and its influence on formation of the Midcontinent643

Rift, Geological Society of America Memoirs, 156, 27–46.644

Liu, L. (2015), The ups and downs of North America: Evaluating the role of mantle dynamic645

topography since the mesozoic, Reviews of Geophysics, 53 (3), 1022–1049.646

Lou, X., and S. van der Lee (2014), Observed and predicted North American teleseismic647

delay times, Earth and Planetary Science Letters, 402, 6–15.648

Lou, X., S. van der Lee, and S. Lloyd (2013), AIMBAT: a python/matplotlib tool for mea-649

suring teleseismic arrival times, Seismological Research Letters, 84 (1), 85–93.650

Masse, R. P., J. R. Filson, and A. Murphy (1989), United States National seismograph651

network, Tectonophysics, 167 (2-4), 133–138.652

Meltzer, A., et al. (1999), The USArray initiative, Geological Society of America TODAY,653

9, 8–10.654

Miller, J., S. Nicholson, R. Easton, E. Ripley, and J. Feinberg (2013), Geology and mineral655

deposits of the 1.1 Ga Midcontinent Rift in the Lake Superior region–an overview, Field656

guide to the copper-nickel-platinum group element deposits of the Lake Superior Region.657

Edited by Miller, J. Precambrian Research Center Guidebook, pp. 13–01.658

Moidaki, M., S. S. Gao, K. H. Liu, and E. Atekwana (2013), Crustal thickness and Moho659

27

©2018 American Geophysical Union. All rights reserved.



sharpness beneath the Midcontinent rift from receiver functions, Research in Geophysics,660

3 (1), 1–7.661

North, R., and P. Basham (1993), Modernization of the Canadian National Seismograph662

Network, Seismological Research Letters, 64, 41.663

Ojakangas, R., G. Morey, and J. Green (2001), The Mesoproterozoic midcontinent rift sys-664

tem, Lake Superior region, USA, Sedimentary Geology, 141, 421–442.665

Ojakangas, R. W., and A. B. Dickas (2002), The 1.1-Ga Midcontinent Rift System, central666

North America: sedimentology of two deep boreholes, Lake Superior region, Sedimentary667

Geology, 147 (1), 13–36.668

Ola, O., et al. (2016), Anisotropic zonation in the lithosphere of Central North America:669

Influence of a strong cratonic lithosphere on the Mid-Continent Rift, Tectonophysics, 683,670

367–381.671

Owens, T. J., H. P. Crotwell, C. Groves, and P. Oliver-Paul (2004), SOD: Standing order672

for data, Seismological Research Letters, 75 (4), 515–520.673

Park, Y., and A. A. Nyblade (2006), P-wave tomography reveals a westward dipping low674

velocity zone beneath the Kenya Rift, Geophysical Research Letters, 33 (7), L07311.675

Parker, R. L. (1994), Geophysical inverse theory, Princeton University Press.676

Pollitz, F. F., and W. D. Mooney (2014), Seismic structure of the Central US crust and677

shallow upper mantle: Uniqueness of the Reelfoot Rift, Earth and Planetary Science678

Letters, 402, 157–166.679

Schmandt, B., and F.-C. Lin (2014), P and S wave tomography of the mantle beneath the680

United States, Geophysical Research Letters, 41 (18), 6342–6349.681

Schneider, D., M. Bickford, W. Cannon, K. Schulz, and M. Hamilton (2002), Age of volcanic682

rocks and syndepositional iron formations, Marquette Range Supergroup: implications683

28

©2018 American Geophysical Union. All rights reserved.



for the tectonic setting of Paleoproterozoic iron formations of the Lake Superior region,684

Canadian Journal of Earth Sciences, 39 (6), 999–1012.685

Schulz, K. J., and W. F. Cannon (2007), The Penokean orogeny in the Lake Superior region,686

Precambrian Research, 157 (1), 4–25.687

Shaw, C. A., and K. E. Karlstrom (1999), The Yavapai-Mazatzal crustal boundary in the688

southern Rocky Mountains, Rocky Mountain Geology, 34 (1), 37–52.689

Shen, W., M. H. Ritzwoller, and V. Schulte-Pelkum (2013), Crustal and uppermost mantle690

structure in the central US encompassing the Midcontinent Rift, Journal of Geophysical691

Research: Solid Earth, 118 (8), 4325–4344.692

Sigloch, K., and M. G. Mihalynuk (2013), Intra-oceanic subduction shaped the assembly of693

Cordilleran North America, Nature, 496 (7443), 50–56.694

Silver, P. G., and S. Kaneshima (1993), Constraints on mantle anisotropy beneath Precam-695

brian North America from a transportable teleseismic experiment, Geophysical Research696

Letters, 20 (12), 1127–1130.697

Simmons, N. A., A. M. Forte, L. Boschi, and S. P. Grand (2010), GyPSuM: A joint tomo-698

graphic model of mantle density and seismic wave speeds, Journal of Geophysical Research:699

Solid Earth, 115 (B12), B12310.700

Sims, P., K. Card, G. Morey, and Z. Peterman (1980), The Great Lakes tectonic zone—A701

major crustal structure in central North America, Geological Society of America Bulletin,702

91 (12), 690–698.703

Sims, P., W. V. Schmus, K. Schulz, and Z. Peterman (1989), Tectono-stratigraphic evolution704

of the Early Proterozoic Wisconsin magmatic terranes of the Penokean Orogen, Canadian705

Journal of Earth Sciences, 26 (10), 2145–2158.706

29

©2018 American Geophysical Union. All rights reserved.



Tanner, J. G., et al. (1988), Gravity anomaly map of North America, The Leading Edge,707

7 (11), 15–18.708

Turcotte, D. L., and G. Schubert (2014), Geodynamics, Cambridge University Press.709

van der Lee, S., and A. Frederiksen (2005), Surface wave tomography applied to the North710

American upper mantle, in Seismic Earth: Array Analysis of Broadband Seismograms,711

Geophysical Monograph Series, vol. 157, edited by A. Levander and G. Nolet, pp. 67–80.712

van der Lee, S., and G. Nolet (1997), Seismic image of the subducted trailing fragments of713

the Farallon plate, Nature, 386 (6622), 266–269.714

van der Lee, S., and D. A. Wiens (2006), Seismological constraints on Earth’s deep water715

cycle, GEOPHYSICAL MONOGRAPH-AMERICAN GEOPHYSICAL UNION, 168, 13–716

27.717

Van Schmus, W. (1992), Tectonic setting of the Midcontinent Rift system, Tectonophysics,718

213 (1-2), 1–15.719

Van Schmus, W., and W. Hinze (1985), The midcontinent rift system, Annual Review of720

Earth and Planetary Sciences, 13, 345–383.721

Van Schmus, W., M. Bickford, and A. Turek (1996), Proterozoic geology of the east-central722

Midcontinent basement, Special Papers-Geological Society of America, pp. 7–32.723

VanDecar, J., and R. Crosson (1990), Determination of teleseismic relative phase arrival724

times using multi-channel cross-correlation and least squares, Bulletin of the Seismological725

Society of America, 80 (1), 150–169.726

VanDecar, J. C. (1991), Upper-mantle structure of the Cascadia subduction zone from non-727

linear teleseismic travel-time inversion, Ph.D. thesis, University of Washington, Seattle.728

30

©2018 American Geophysical Union. All rights reserved.



Wessel, P., W. H. Smith, R. Scharroo, J. Luis, and F. Wobbe (2013), Generic mapping729

tools: improved version released, Eos, Transactions American Geophysical Union, 94 (45),730

409–410.731

Whitmeyer, S. J., and K. E. Karlstrom (2007), Tectonic model for the Proterozoic growth732

of North America, Geosphere, 3 (4), 220–259.733

Windley, B. F. (1993), Proterozoic anorogenic magmatism and its orogenic connections Fer-734

mor Lecture 1991, Journal of the Geological Society, 150 (1), 39–50.735

Wolin, E., S. van der Lee, T. A. Bollmann, D. A. Wiens, J. Revenaugh, F. A. Darbyshire,736

A. W. Frederiksen, S. Stein, and M. E. Wysession (2015), Seasonal and Diurnal Variations737

in Long-Period Noise at SPREE Stations: The Influence of Soil Characteristics on Shallow738

Stations’ Performance, Bulletin of the Seismological Society of America, 105 (5), 2433–739

2452.740

Yang, B., G. D. Egbert, A. Kelbert, and N. M. Meqbel (2015), Three-dimensional electrical741

resistivity of the north-central USA from EarthScope long period magnetotelluric data,742

Earth and Planetary Science Letters, 422, 87–93.743

Zhang, H., et al. (2016), Distinct crustal structure of the North American Midcontinent Rift744

from P wave receiver functions, Journal of Geophysical Research: Solid Earth, 121 (11),745

8136–8153.746

31

©2018 American Geophysical Union. All rights reserved.



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. c) 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.
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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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