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For Immediate Release For further information:
Marie Fagan
+1 (617) 933-7205

LEI examines supply alternatives for Michigan propane consumers

BOSTON, MA, July 31, 2018 - On July 27, 2018, a London Economics International (“LEI”) report
provided a detailed examination of the cost of propane to Michigan consumers, and alternatives
to propane supplies from Enbridge Line 5. Assuming regulators and stakeholders established a
timeline which allowed industry to invest in the lowest-cost alternative, LEI found that there
would be little impact on propane consumers in Michigan.

The State of Michigan is considering options for ongoing operation of the 540,000 barrel-per-day
Enbridge Line 5, which traverses Michigan’s Upper Peninsula and Lower Peninsula, and crosses
under the Straits of Mackinac. A small portion of the pipeline’s capacity currently supplies about
2,000 barrels per day of propane to consumers in the Upper Peninsula.

LEI found that the prospect of persistent propane supply shortages in Michigan is unlikely, even
if Enbridge Line 5 ceased to operate. Supplies of propane in the United States have been growing
strongly, and demand for propane in Michigan has been flat to declining. Unexpected weather-
driven shortages such as experienced in 2014 during the Polar Vortex winter, will likely occur on
occasion, as they have in the past. But with the prospect of plentiful supplies relative to demand,
the main concern for propane consumers with the potential absence of Enbridge Line 5 is the
delivered cost of alternative sources of propane.

With this focus on the cost of alternatives, LEI found that the lowest-cost alternative —trucking
propane from Superior, Wisconsin—would increase consumer prices in the Upper Peninsula
about $0.05 per gallon. This amounts to about 2.5 percent of a typical $2 per gallon propane price
and would be lost in the noise of usual propane price volatility.

The report, Assessment of Alternative Methods of Supplying Propane to Michigan in the Absence of Line
5, was funded by the National Wildlife Federation with a grant from the Charles Steward Mott
Foundation (“CS Mott”).

LEI's report is available at http:/ /blog.nwf.org/wp-content/blogs.dir/11/files /2018/07 /LEI-
Enbridge-Line-5-Michigan-Propane_7_27_2018.pdf .
# # #

London Economics International LLC (“LEI”) is a global economic, financial, and strategic advisory
professional services firm specializing in energy and infrastructure. London Economics Press (“LEP”)
publishes concise and meaningful overviews of key electricity markets worldwide and offers price forecasts
for wholesale electricity prices and capacity market prices. LEI can be reached at (617) 933-7200 or visit us
at www.londoneconomics.com.

London Economics International LLC ® 717 Atlantic Avenue, Suite 1A ® Boston, MA 02111
(617) 933-7200 ¢ www.londoneconomics.com
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Insights from North America's failed Midcontinent Rift into the
evolution of continental rifts and passive continental margins

e
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Show more
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Highlights
. The Midcontinent Rift (MCR) formed in a plate boundary reorganization at
1.1 Ga.
. Its arms were likely the boundaries of a rﬁicroplate between diverging major
plates.
. It-experienced extension, volcanism, sedimentation, subsidence, and inversion.
. It almost evolved to seafloor spreading and so records a late stage of rifting.
. The MCR illustrates how many features of volcanic passive margins form.

Abstract

Continental rifts evolve along two possible paths. In one, a rift successfully evolves into seafloor
spreading, leaving the rift structures buried beneath thick sedimentary and volcanic rocks at a
passive continental margin. Alternatively, the rift fails and remains as a fossil feature within a

https://www.sciencedirect.com/science/article/pii/S0040195118302646 1147
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l\’/Econr@Wﬂ"eﬁmR). FierNICR combines the linear geometry of a rift formed at a plate
boundary and the huge igneous rock volume of a Large Igneous Province. The rift is a fault
bounded basin filled with volcanics and sediments, which record a history of extension,

volcanism, sedimentation, subsidence, and inversion. The MCR came close to evolving into an
Oceanic Spreadlng Center hiit it inctAand faillaAd AnA thiie ranarde A latA ctann AF riftina 1+ thiie

X
preserves a snapshotof - Register to receive personalized recommendations
by upwelling mantle and based on your recent signed-in activity

rifts without upwelling m:

margins. Many rifts can |

within which a complex ¢

among rifts. Study of the MUK also gives Insignt into passive continental margins. I he MCK
gives a snapshot of deposition of a thick, dense, and highly magnetized volcanic section during
rifting. Surface exposures, seismic, and gravity data delineate a rift basin filled by inward
dipping flood basalt layers, underlain by thinned and underplated crust. The fact that the MCR
shows many features of a rifted volcanic margin suggests that it came close to continental
breakup before it failed, and illustrates how many passive margin features form prior to
breakup.

<{  Previous Next >

Keywords

Continental rifting; Volcanic passive margins; Midcontinent Rift

1. Introduction

Plate tectonics shapes the evolution of the continents and oceans via the Wilson cycle, in which
continents rift apart to form new oceans that may grow to the size of the Atlantic and Pacific
before closing and vanishing (Fig. 1). In such cases, the fate of continental rifts is to end up as
passive continental margins. However, many continental rifts, such as North America's Reelfoot
Rift and Southern Oklahoma Aulacogen, fail to develop into seafloor spreading centers. Such
failed rifts become an important part of the fabric of the continents. As a result, failed rifts
preserve “fossil” features of the rifting process that can be difficult to observe elsewhere.

https://www.sciencedirect.com/science/article/pii/S0040195118302646 2/47
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Fig. 1. Schematic illustration of the Wilson Cyéle, showing modern areas at each stage (Stein and Wysession,
2003).

In this paper, we suggest that useful insights into rift evolution can be obtained from study of
one of the world's most impressive failed rifts, North America's Midcontinent Rift (MCR). The
MCR is a 3000-km-long U-shaped band of buried igneous and sedimentary rocks that outcrops
near Lake Superior (Fig. 2, Fig. 3). To the south, it is buried by younger sediments, but easily
traced because the igneous rocks are dense and highly magnetized (King and Zietz, 1971;
Hinze et al., 1997; Merino et al., 2013). The western arm extends across Minnesota and lowa
at least to Oklahoma, and perhaps Texas and New Mexico, as evidenced by similar-age diffuse
volcanism (Adams and Keller, 1994, Adams and Keller, 1996; Bright et al., 2014). The eastern
arm extends southward through Michigan, Indiana, Ohio, Kentucky and Tennessee to Alabama
(Keller et al., 1982; Dickas et al., 1992; Stein et al., 2014, Stein et al., 2018). MCR-related
igneous activity may also occur near but off the arms (Drenth et al., 2015).

https://www.sciencedirect.com/science/article/pii/S0040195118302646 3/47
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Fig. 2. Gravity map showing the MCR, including the Fort Wayne Rift (FWR) and East Continent Gravity High
(ECGH) segments of the east arm, computed by upward continuing complete Bouguer anomaly (CBA) data
to 40 km and subtracting result from CBA. Dashed line shows Grenville Front in Texas (Stein et al., 2015).

https://www.sciencedirect.com/science/article/pii/S0040195118302646 4/47
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Fig. 3. Magnetic anomaly map of the region. Outlines of the Midcontinent Rift (MCR), including the Fort
Wayne Rift (FWR) and East Continent Gravity High (ECGH) segments of the east arm, are from gravity data
(Fig. 2). Dashed line shows Grenville Front in Texas.

Data source https:/pubs.usgs.gov/of/2002/0fr-02-414/ (Stein et al., 2018)

The MCR records a major rifting event at ~1.1 Ga during the Grenville orogeny, the sequence
of events from ~1.3-0.98 Ga culminating in the assembly of a number of continental blocks into
the supercontinent of Rodinia (Fig. 4) (Dalziel, 1991; Hoffman, 1991; Rivers et al., 2012; Tohver
et al., 2006; Swanson-Hysell et al., 2014; Merdith et al., 2017). This rifting failed to split
Laurentia, the Precambrian core of the North American continent, leaving a failed rift that did
not evolve into full seafloor spreading. This rift was later inverted by regional compression,
uplifting the volcanic rocks within the rift, so that some are exposed at the surface today.

https://www.sciencedirect.com/science/article/pii/S0040195118302646 5/47
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Fig. 4. Reconstruction showing major blocks and Grenville-age orogenic belts associated with the accretion
of the Amazonia and Rio de la Plata (RdP) blocks to Laurentia, the core of Precambrian North America. The
Grenville Front is the continentward extent of deformation of the orogenic fold and thrust belt in Laurentia
(Stein et al., 2018, after Li et al., 2008). Most features shown are common to different reconstructions, but

some differ owing to limitations in the paleomagnetic data available.

How the MCR formed during the Grenville orogeny, a collisional and hence compressive series
of events, is a long-standing question. Much of the question involves the MCR's relation to the
Grenville Front, the continentward (western) extent of deformation of the fold and thrust belt
from the Grenville orogeny (Rivers et al., 2012). As shown in Fig. 2, the Front is observed in SE
Canada from surface geology and reflection seismic data, and has traditionally been assumed
to extend southward into the central U.S. along the East Coast Gravity High (ECGH), a
lineation of gravity and magnetic anomalies (e.g., Zietz et al., 1966; Hoffman, 1988; Whitmeyer
and Karlstrom, 2007; Baranoski et al., 2009; Bartholomew and Hatcher, 2010). However, recent
analysis (Stein et al., 2018) shows that these anomalies previously assumed to define the Front
in the central U.S. appear to be the southward continuation of the MCR's east arm (Fig. 5). This

https://www.sciencedirect.com/science/article/pii/S0040195118302646 6/47
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MER, in@ﬁ‘ﬁ@’%a@istinc&mmral high, presumably largely due to the dense igneous rocks
filling the rift. In contrast, no similar high occurs across the Grenville Front in Canada.
Moreover, many of the wells in areas of the gravity high in Ohio and Kentucky bottom in mafic
rocks (Drahovzal et al., 1992; Buening, 2013) similar to MCR rocks exposed near Lake
Superior and in the buried west arm (Walker and Misra, 1992; Lidiak, 1996). Hence in our view
the rift basins in Ohio, Kentucky, and Indiana (Moecher et al., 2018) are part of the MCR's east
arm.

50° 50
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Download high-res image (528KB) Download full-size image

Fig. 5. (Left) Traditionally assumed geometry in which the Grenville Front truncates the east arm of the MCR
and extends southward along subsurface features indicated by gravity and magnetic anomalies. (Right)
Revised geometry proposed by Stein et al. (2018), in which the previously assumed Front in the central U.S.
is the southward continuation of the MCR.

Although the fact that the MCR formed during the Grenville orogeny seems surprising, the
orogeny occurred in discrete compressional phases (Fig. 6). As discussed later, the MCR
probably formed as part of the rifting of Amazonia from Laurentia. This occurred between
compressional phases of the Grenville orogeny, prior to the Ottawan phase, a major
compressional phase during which the Grenville Front (GF) formed in SE Canada.

https://www.sciencedirect.com/science/article/pii/S0040195118302646 7147
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Fig. 6. Timeline for evolution of the Midcontinent Rift (MCR) and major compressional phases of the Grenville
orogeny. JBE are Jacobsville, Bayfield, and other equivalent sandstones deposited above MCR post-rift
sediments, which provide age control on MCR evolution. The maximum possible JBE age is derived from

detrital zircon ages (Malone et al., 2016).

These results offer new insights into the formation of the MCR and the Grenville Front and their
association with the assembly of Rodinia (Table 1). The traditionally assumed Front's location
near southeast Michigan implies that the MCR's east arm ended there, presumably because
propagation of the rift extension and volcanism were stopped by the preexisting Front (Cannon
et al., 1989). However, it now appears that the MCR formed before the Grenville Front. Hence
the absence of an observed Front in the central U.S. may reflect its being obscured by the
MCR's east arm or younger tectonic events. Alternatively, a distinct Front never formed there.

Table 1. Alternative models of the relation between the MCR and Grenville Front in the central U.S.

Traditional model Revised model.
Tectonic setting MCR formed during MCR formed during Amazonia - Laurentia divergence
convergence
Temporal GF formed before MCR ~ MCR formed before GF
relationship
Spatial MCR rifting truncated If GF extended far enough south, GF propagation truncated against
relationship against GF MCR or to the east

In this paper, we summarize key results about the MCR, many of them from recent studies. We
then use these results to provide insights into the evolution of rifts and passive margins.

https:/iwww.sciencedirect.com/science/article/pii/S0040195118302646 8/47
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The MCR has been the subject of extensive recent studies as part of the U.S. National Science
Foundation's EarthScope program “to integrate geological and geophysical data to understand
the growth and modification of North America over billion-year time scales.” These studies built
on and extended earlier work. Some by ourselves and coworkers involved seismological
studies using USArray transportable stations and the SPREE flexible array deployment along
part of the west arm (Stein et al., 2011; Wolin et al., 2015; Ola et al., 2015; Al-Eqabi et al.,
2015; Zhang et al., 2016; Frederiksen et al., 2017) and integrated énalysis of gravity, seismic
reflection, paleomagnetic, and geological data (Merino et al., 2013; Stein et al., 2014, Stein et
al., 2015; Malone et al., 2016) to develop models of the MCR's structure and evolution (Stein et
al., 2016, Stein et al., 2018). Other researchers have also obtained new results (e.g., Craddock
et al,, 2013; Levandowski et al., 2015; Shen et al., 2013; Shen and Ritzwoller, 2016; Swanson-

Hysell et al., 2014; Wunderman et al., 2018).

This paper summarizes key results about the MCR, most from recent studies, that provide
insights into rift evolution. Although using data from a billion-year-old rift may seem strange for
this purpose, it makes sense because the MCR was massively inverted and uplifted by regional
compression long after it failed, so its structure is better known than failed rifts that incurred
lesser degrees of inversion. It can be viewed as an end member of one of the two possible
paths for the evolution of actively extending rifts. In one, a rift successfully evolves into seafloor
spreading, leaving the rift structures buried beneath thick sediments at a passive continental
margin. Alternatively, the rift fails, is often inverted, and is left as a fossil feature within a
continent. Conceptually, our approach can be viewed as starting from the failed MCR and going
backwards in time, to consider what insights we can gain about rifts at different stages in their
evolution (Fig. 7).

https://www.sciencedirect.com/science/article/pii/S0040195118302646 9/47
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Fig. 7. Schematic sequence of rift evolution illustrated by various rifts. Panels are from A) after Thybo and
Artemieva (2013), B) Schnabel et al. (2008), C) Braile et al. (1986), and D) Stein et al. (2015) modified from

‘Green et al. (1989). COB denotes continent-ocean boundary, SDR denotes seaward dipping reflectors, and

HVLC denotes high-velocity lower crustal bodies.

This paper is not a comprehensive review of the MCR or of rifts and passive margins
worldwide. It builds on studies of the MCR, reviewed by Van Schmus and Hinze (1985),
Ojakangas et al. (2001), and Stein et al. (2016) and of continental rifting, reviewed by Sengor
and Burke (1978), Ziegler and Cloetingh (2004), Merle (2011), Allen and Armitage (2012),

Roberts and Bally (2012), Thybo and Artemieva (2013), and Frizon de Lamotte et al. (2015). As

these reviews discuss, individual rifts vary significantly. For example, the presently extending
Baikal rift has much less igneous fill than the MCR, and the Kenya rift (western branch of the

East African Rift system) has much less crustal thinning than the MCR. Even so, consideration

https://www.sciencedirect.com/science/article/pii/S0040195118302646
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hst sunaReweleddral kéypetevant features of the MCR.

2.1. A rift with extensive volcanism

Recent analysis shows that the MCR has an unusual combination of the geometry of a rift and
the huge igneous rock volume of a Large Igneous Province (LIP) (Green, 1983), two types of
features that differ in geometry and origin (Foulger, 2011). Rifts are segmented linear
depressions, filled with sedimentary and igneous rocks, that form by extension and often evolve
into plate boundaries (Roberts and Bally, 2012). Flood basalts, a class of Large Igneous
Provinces, are broad regions of extensive volcanism that form due to sublithospheric processes
such as a mantle plume or other mantle anomaly (Morgan, 1971, Morgan, 1983; Ernst, 2014).
Typical rifts are not filled with thick flood basalts, and typical continental flood basalts are not
erupted in association with significant crustal extension and faulting. Modeling of MCR seismic
and gravity profiles indicates a magma volume of ~2 x 108 km?3 (Merino et al., 2013), well above
the LIP threshold of 10° km?3 (Ernst, 2014). Comparing the volume and surface area of this LIP,
sometimes termed the Keewenaw LIP, to other flood basalts (Fig. 8) shows that it is on average
significantly thicker, because its large volume was deposited in a narrow rift rather than across
a broad surface. Hence the MCR has the geometry of a rift but the igneous rock volume of a

LIP.
Average Thickness of Continental Flood Basalts
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Fig. 8. Comparison of volume, surface area, and average thickness (diagonal lines) for continental flood
basalts. The MCR volcanics are comparable in volume to other flood basalts, but thicker because they were

deposited in a narrow subsiding rift.

After Stein et al. (2015) with new values from Ethiopia (Rooney, 2017).

As discussed shortly, structural reconstruction of basalts and sediments within the rift support
this view. This combination resolves the paradox that the MCR's geometry and tectonic setting

https:/iwww.sciencedirect.com/science/article/pii/S0040195118302646 11/47
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thEvoIcc%‘dR@é‘?e intérgireted as showing that the MCR formed by “active” rifting over a
mantle plume (Nicholson et al., 1997; White, 1997).

2.2. A fault-bounded rift basin filled with volcanics and sediments

A model for MCR evolution has been developed (Stein et al., 2015) by combining the rift/LIP
concept from the gravity data with structural modeling of GLIMPCE seismic reflection lines
across western Lake Superior (Green et al., 1989) that were also used in previous models
(e.g., Shay and Tréhu, 1993). The profiles, such as line C (Fig. 9), show ~20 km maximum
thickness of volcanics, overlain by ~5-8 km of mostly conformable sedimentary strata. From
their seismic appearance and correlation with outcrops on land, the volcanics were subdivided
into the younger Portage Lake series, underlain by the older pre-Portage Lake series
(Hutchinson et al., 1990). Most of the basin fill is confined between two steeply inward dipping
faults that flatten and converge at depth, forming a bowl-shaped depression. The upper regions
of the faults show reverse offsets of stratigraphic markers, due to basin inversion (Chandler et . .
al., 1989) long after rifting, volcanism, and subsidence ended.
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Fig. 9. MCR cross-section based on line drawing of GLIMPCE seismic line C, modified from Green et al.

(1989) and complemented with land data, showing geometry of volcanic rocks and postrift sediments in the

https://www.sciencedirect.com/science/article/pii/S0040195118302646 12/47
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The reflection data indicate a history of extension, volcanism, sedimentation, subsidence, and
reverse faulting. The lower volcanic layers — primarily the pre-Portage Lake series - truncate
toward the north side of the rift basin, indicating deposition during normal fault motion.
However, the upper volcanic layers — primarily the Portage Lake series - and overlying Oronto
postrift sediments dip from both sides and thicken toward the basin center, indicating deposition
in a cooling and subsiding bowl-shaped, largely unfaulted basin. Hence the first (synrift) units
were deposited during a rifting phase, whereas the second (postrift) units were deposited
during thermal subsidence with no significant associated faulting after extension ended.

2.3. A history of extension, volcanism, sedimentation, subsidence, and inversion

This history was modeled (Fig. 10) via numerical stepwise structural restoration, working
backwards from the present geometry, using Midland Valley's 2DMove software. The cross-
sectional area and shape of the synrift deposits are consistent with ~20-25 km of extension on
the Douglas/Ojibwa Fault. Taking the duration of synrift volcanism as ~10 Myr (half the volcanic
succession) gives an extension rate of ~2—2.5 mm/yr, a typical value for rifts. Some extension
occurred before the volcanism, but its magnitude cannot be determined because sub-volcanic
structures are not well imaged.

https://www.sciencedirect.com/science/article/pii/S0040195118302646 13/47
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Fig. 10. Combined rift/LIP schematic model of MCR evolution based on the structural restorations. As in Fig.
9, crust (basement rocks) are shown in pink, sediment in yellow, volcanics in green, and mantle in gray. The
original crust was thinned in the rifting stage, rethickened during the postrift phase, and thickened further by

the later basin inversion (Stein et al., 2015).

Line C shows that the Douglas/Obijwa Fault on the north side of the basin was the master fault
active during rifting, whereas the Keweenaw Fault on the south side is subparallel to the base
of the volcanic infill, indicating it was not a major rift-bounding normal fault during the
extensional phase. In contrast, line A to the east shows that the Keweenaw fault was the
master fault with 28 km of extension. This polarity reversal along a series of adjacent half-
graben segments (Dickas and Mudrey, 1997) is analogous to that in the East African rift.

In this model the MCR began as a half-graben with initial largely non-volcanic extension, that
was later filled by synrift and post-rift flood basalts. Some of the oldest volcanic rocks are pillow
https://www.sciencedirect.com/science/article/pii/S0040195118302646 14/47
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d periodlAf MPeRtetsion drdetibsidence before massive flood basalt eruption.

After extension ceased, further subsidence accommodated another thick succession of flood
basalts during the postrift phase. After volcanism ended, thermal subsidence continued,
accompanied by postrift sedimentation. The crust was depressed and strongly flexed,
deepening the Moho under the load of the dense flood basalt infill and sediment. This geometry
is remarkably different from that observed beneath other continental flood basalts, where
stacked and largely horizontal basalt flows without significant overlying sediment produced only
minor flexure (Watts and Cox, 1989).

Extension ended about when deposition of the Portage Lake volcanics began, so about 40% of
the volcanics were deposited after extension ended. Extension, volcanism, and postrift
sedimentation ended long before regional compression inverted the basin by reverse fault
motion (for line C, ~3 km on the Douglas/Qjibwa and ~7 km on the Keweenaw reverse faults).
For line A, shortening was ~12 km on the reverse faults and at most 2 km by folding. Thus most
of the basin's synclinal structure arose from postrift subsidence, not the later compression.

2.4. Crustal thickening and underplating beneath the rift basin

The crust beneath the MCR is thicker than beneath surrounding areas. In addition to tectonic
thickening (Fig. 10), some thickening seems to have occurred by formation of a “rift pillow” or
an “underplate” layer. The “pillow” arises because as low-density melt rises, high-density
residue (“restite”) ponds at the base of crust (Vervoort et al., 2007) (Fig. 11). This underplating
first returned the thinned crust to its original thickness, as observed in presently-active rifts and
termed “magma-compensated” rifting (Thybo and Nielsen, 2009; Thybo and Artemieva, 2013),
and then thickened it further. Although the specifics of this process differ between rifts, it occurs
in many cases. Additional thickening occurred when the rift was inverted (Fig. 10).

https://lwww.sciencedirect.com/science/article/pii/S0040195118302646 15/47
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Fig. 11. Examples of underplating. A) Crustal structure model beneath Lake Superior for GLIMPCE line A
showing crustal thickening (Green et al., 1989). B) Model for MCR magmatism (Vervoort et al., 2007). C)
Model for magma-compensated rifting (Thybo and Artemieva, 2013).

Seismic data show crustal thickening and underplating along the MCR's west arm similar to
that under Lake Superior (French et al., 2009; Moidaki et al., 2013; Shen et al., 2013; Zhang et
al., 2016) (Fig. 12), implying that this arm formed similarly to that in the model based on the
Lake Superior data. Hence it seems reasonable to use the Lake Superior model as a general
scenario, while recognizing that crustal structure along the MCR should vary depending on the
amounts of extension, volcanism, compression, and underplating and the directions of rifting
and compression at that portion of the MCR. For example, the increase in crustal thickness
across the MCR in central lowa, found from Florida-to-Edmonton (FLED) seismic array data, is
about 10 km instead of the 20 km found with SPREE data beneath Wisconsin and Minnesota

(French et al., 2009; Moidaki et al., 2013).

https:/imww.sciencedirect.com/science/article/pii/S0040195118302646
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Fig. 12. Crustal thickening beneath the MCR's west arm is shown by surface wave tomography (Shen et al.,
2013) (A) and receiver functions (B; Moidaki et al., 2013 and C; after Zhang et al., 2016). Profile locations are
indicated in A): M denotes that in panel B) and SS and SN denote those in panel C).

2.5. Small seismic velocity perturbations

The MCR appears quite differently when viewed with different types of data. The MCR's dense
volcanic rocks appear clearly on gravity (Fig. 2), seismic reflection (Fig. 9), and receiver
function data (Fig. 12), all of which are sensitive to density contrasts. However, surface wave
tomography (Fig. 13), which is sensitive to variations in seismic velocities, finds only small
contrasts between the MCR and its surroundings. At a depth of 1-3 km, these data show low

https://www.sciencedirect.com/science/article/pii/S0040195118302646
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Basin, ilﬁﬁ’gvfﬂﬁﬁcbedin@?ﬁm’lalong the east arm south of the basin. At depths of 3—11 km,
neither arm is evident though the Michigan Basin persists. In the middle crust, neither of the
arms nor the Michigan basin stands out. In the lower crust, the west arm is slow, perhaps due

to the deeper Moho from crustal thickening, but the east arm does not stand out.
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Fig. 13. S-wave velocity maps for different depths. The MCR appears as a low velocity region at 1-3 km, and

has little or no clear signature at greater depths (Schmandt et al., 2015).
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Liﬂ?derly High elerity vélseriics, and reflection data “see” both. Because the volcanic rocks
filling the lower portions of the rift basin are not apparent in the surface wave tomography, their
shear-wave velocities do not differ significantly from those of the lower crust outside the rift
basin. Although the resolution of surface wave tomography decreases with the depth, it seems
unlikely that the absence of a shear-wave velocity anomaly is an artifact of low resolution.
However, Shay and Tréhu's (1993) model of the GLIMPCE reflection data has P-wave
velocities of the rift volcanics higher than those of the lower crust outside. These differences
likely come from the V|, Vs and density properties of the various rift and crustal rocks. Basalt,
which likely accounts for most of the rift-filling volcanics, has an unusual combination of high
density and low shear velocity compared to most crustal rocks, and thus an anomalously large
Vp/Vs ratio (Christensen, 1996).

Another striking observation (Fig. 13e) is that the mantle below the MCR differs at most only
slightly from its surroundings. P-wave teleseismic tomography shows that at 100 km depth,
mantle lithosphere below the MCR is at most slightly slower than its surroundings along part of
its length and indistinguishable below Lake Superior where the largest anomaly would be
expected (Frederiksen et al., 2017). Similarly, shear-wave splitting data show no significant
anomaly beneath the MCR, although they show a significant change across it, implying that the
Superior province to the north was so thick and strong that the MCR did not break into it (Ola et
al., 2015). These observations suggest that as the MCR formed, melt extraction from the
mantle produced magma now filling the lower portions of the rift with shear velocity similar to
and density higher than the surrounding lower crust, and left little velocity perturbation in the
upper mantle (Fig. 14). Denser eclogite may also be present in the rift's lowermost crust, but
gravity inversions find that mantle lithospheric density beneath the MCR is not anomalous
(Levandowski et al., 2015).
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EEVE!OC\DGWMH!&@‘ slightBxiowrtr S-wave velocity. Mantle below the MCR has P- and S-wave velocities
and density similar to those of the surrounding mantle. For simplicity, underplated layer above Moho is not

shown.

Why the lithospheric mantle below the MCR shows little perturbation is unclear. By analogy to
other LIPs, the melts that generated the Keewenaw LIP likely resulted from a combination of
melting of the preexisting continental lithospheric mantle and plume-influenced asthenosphere
(Lightfoot et al., 1993; Beccaluva et al., 2009; Trestrail et al., 2017). For these purposes, a
plume can be regarded as a thermochemical anomaly without considering its geometry
(Rooney, 2017). Extraction of partial melt from the mantle should have decreased the iron
content of the residual mantle and resulted in the removal of garnet or spinel (depending on
depth), and clinopyroxene (Ellam et al., 1992). This would be expected to occur over a range of
depths from ~150 km to near the Moho, as the dominant melt source region is thought to have
progressed from deeper to shallower as volcanism progressed (Nicholson et al., 1997). Some
studies, based on xenolith compositions and velocities, suggest that melt depletion significantly
increases mantle velocity (Jordan, 1988; Lee, 2003), whereas recent results from petrological
modeling (Schutt and Lesher, 2006; Afonso and Schutt, 2012) indicate that “melt depletion has
almost no effect’ on P and S wave velocities. The absence of a major velocity anomaly below
the voluminous MCR basalts argues either that the melting and modification of the preexisting
lithospheric mantle had net little effect, or that the mantle beneath the MCR has been replaced
since the MCR formed and moved away from where it formed.

2.6. Formation at a plate boundary

Although the MCR was traditionally assumed to have formed by isolated rifting in a plate
interior (Cannon et al., 1989), it now appears to have formed as part of a plate boundary
reorganization. Evidence for this view comes from the change in Laurentia's absolute plate
motion recorded by the MCR's volcanic rocks (Fig. 15). Such cusps in APW paths have been
observed elsewhere when continents rifted apart (Gordon et al., 1984). This may have been the
rifting of the Amazonia craton from Laurentia between compressional phases of the Grenville
orogeny (Stein et al., 2014, Stein et al., 2016), although Amazonia's motion is not well
constrained because of the limited paleomagnetic data available. In this view, the MCR's
formation and shutdown was part of the evolution of the plate boundary between Laurentia and
neighboring plates, such that the rift failed when full seafloor spreading between the major
plates was established.

https://www.sciencedirect.com/science/article/pii/S0040195118302646 20/47
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Fig. 15. (Left) Apparent polar wander path for Laurentia, showing change in motion approximately at onset of
MCR volcanism (1.109 Ga). MCR volcanism interval is shown in red. (Right) Reconstruction of plate positions
before Laurentia-Amazonia separation, schematic spreading center geometry, and relevant features (Stein et
al., 2014). ’

It seems plausible that the MCR's east and west arms acted. as boundaries of a microplate
within an evolving plate boundary system. In an initial model (Chase and Gilmer, 1973), both
arms were boundaries between Laurentia and the microplate, such that the west arm was a
spreading center and the east arm was a leaky transform. A possible consequence of this
geometry is that the west arm had significantly more magma, consistent with the fact that the
gravity high across along the west arm is larger than that along the east arm (Merino et al.,
2013).

Another possible geometry would be analogous to today's East African Rift system, a set of
microplates within the boundary zone where the major Nubian and Somalian plates diverge
(Fig. 16). Present-day continental extension in the East African Rift (EAR) and seafloor
spreading in the Red Sea and Gulf of Aden form a classic three-arm rift geometry as Africa
splits into Nubia, Somalia, and Arabia. GPS and earthquake data show that the opening
involves several microplates between the large Nubian and Somalian plates (Saria et al.,
2013). If the EAR does not evolve to seafloor spreading and dies, in a billion years it would
appear as an isolated intracontinental failed rift similar to the MCR.

https:/www.sciencedirect.com/science/article/pii/S0040195118302646 21/47
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Fig. 16. Left: Geometry of microplates along the East African Rift system within the boundary zone where the
major Nubian and Somalian plates diverge (after Saria et al., 2013). Right: A possible MCR geometry with an

“lllinois” microplate between the diverging Amazonia and Laurentia major plates.

Another analogy is the West Central African Rift (WCAR) system formed as part of the
Mesozoic opening of the South Atlantic. Reconstructing the fit between Africa and South
America without overlaps and gaps and matching magnetic anomalies requires microplate
motion with extension within continents (Moulin et al., 2010; Seton et al., 2012). These rifts
failed when seafloor spreading initiated along the whole boundary between South America and
Africa, illustrating that intracontinental extension can start as part of continental breakup and
end when full seafloor spreading is established.

Modeling microplate evolution is straightforward for presently active systems, where relative
motions along the boundaries can be found using GPS, marine magnetic, bathymetric, or
earthquake slip vector data (e.g., Engeln and Stein, 1984; Engeln et al., 1988; Saria et al.,
2013) and inverted to find Euler vectors. Typically the Euler poles for the microplate relative to
each of the major plates are nearby, because relative velocities vary rapidly in direction and
rate along the microplate's boundaries and small changes in Euler vectors correspond to the
system's relatively rapid evolution. The difference between the two microplate Euler vectors
equals the Euler vector for the two major plates, because the motion across the microplate
sums to that between the major plates.

https://www.sciencedirect.com/science/article/pii/S0040195118302646 22/47
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riEjor Az@ﬂ‘i\ﬁ‘@ﬁé Laureritiat plates. Some constraints for Euler vectors can be taken from
the geometry of the MCR arms. The west arm has offsets that can be treated as transforms
(Chase and Gilmer, 1973), and spreading can be assumed to be approximately orthogonal to
the east arm. Under these assumptions, spreading in the Lake Superior area would have been
oblique. The estimated extension rate between lllinois and Laurentia is from the structural
reconstructions (Fig. 10), and that along the east arm is assumed to be 50% less. Chase and
Gilmer (1973) inferred spreading rates from the width of the gravity anomaly, which may be
biased because the anomaly also reflects the geometry of the later compression.
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Fig. 17. Kinematic model of an “lllinois” (IL) microplate for which the MCR arms are plate boundaries. Euler
poles are shown by stars, with first plate listed rotating clockwise with respect to the second. Double-headed

arrows show relative motion across MCR arms, single-headed arrow shows Amazonia (AM) motion relative

to Laurentia (LR). Rate scale shown by 2 mm/yr arrow.

https://www.sciencedirect.com/science/article/pii/S0040195118302646 23/47



11/27/2018 Insights from North America’s failed Midcontinent Rift into the evolution of continental rifts and passive continental margins - ScienceDirect

rigtions /€PA@VARon yeargaduring which the MCR was extending and had extensive
volcanism as Amazonia was starting to break slowly away from Laurentia. We lack information
about the major plate geometry - i.e. where to draw boundaries - and information about the
southern microplate boundary is lacking due to subsequent collisions and the latest
Precambrian/Cambrian rifting event (Thomas et al., 2012). For simplicity, we assume that
Amazonia did not extend far south of the microplate.

3. Comparing the MCR to other rifts

We suggest that the sequence of rifting, volcanism, sedimentation, subsidence and later
compression (Fig. 10) that gave rise to the MCR today gives insight into other rifts. In particular,
the MCR came close to seafloor spreading before it failed, and thus records a late stage of
rifting in which a large volume of magma accumulated both during extension and after
extension stopped.

No two rift systems are the same, and there are important differences in structure and evolution
even among different segments of a given rift system. Still, we think it useful to view many rifts
as following a generally similar sequence of evolution, shown schematically in Fig. 7. Hence we
can compare how we think the MCR looked at different stages of its evolution to other rifts that
are presently at similar stages. Although none are exactly comparable to the MCR, the
comparison provides useful insights.

In this sprit, we use the structural model in Fig. 10, derived for the Lake Superior region, to infer
the gravity anomaly that would have been expected at different stages in the MCR's evolution
(Fig. 18). In the early rifting stages, the dense volcanics near the surface would have caused a
large positive gravity anomaly. Subsequent deposition of low-density sediments and associated
subsidence that depressed the volcanics would have caused a gravity low. Eventually,
inversion of the rift and erosion that brought the volcanics closer to the surface would have
caused the gravity high observed today. This sequence shows why the MCR is characterized
by a prominent positive Bouguer anomaly (Fig. 2) due to the thick high-density volcanics filling
it that have been uplifted by the rift basin inversion. Fig. 18 (right) shows why the Lake Superior
region has a relative gravity low above the thick central rift sediments and a relative high above
the reverse faults. This central low does not appear for the arms because the remaining rift
sediments are much thinner.

https:/iww.sciencedirect.com/science/article/pii/S0040195118302646 24147



11/27/2018

Insights from North America's failed Midcontinent Rift into the evolution of continental rifts and passive continental margins - ScienceDirect

ﬁ’ ediment: ! Volcanics Crust || Dense Lower Crust | Mantle |
1o 119 1ee
PR /’\ © 1900 B 10C0
ISR —} G 9m & see
£ woo £ sm g ool e
e 70 e ——
5 G V8G NTS 200 22 5
0
K \m#
-0
g » E M 3
X a9 = .3 .
g . £ &
g g . 8
Q [a gt a
& 80
G

B0tz Y0
Distance {km)

Rifting Ends

‘Download high-res image (210KB)

t

00 120 50

Distance (km)

200

Subsidence Ends

Download full-size image

0 75 100 125 iSQ 575 200
Distance [km)

225 250 75

After Inversion & Erosion

Fig. 18. Models of the gravity anomaly expected at various stages of the MCR's evolution.

In contrast, presently extending continental rifts, such as the Rio Grande rift, have much less
volcanic fill than the MCR (Fig. 19). As a result, they have negative gravity anomalies because
they are largely filled with low-density sediment, whose effects overwhelm that of the higher
density mantle at shallow depth due to the crustal thinning associated with the extension.
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Fig. 19. Left) Bouguer gravity data and model across the MCR, showing positive anomalies due to high-

density volcanics. Red line is observed gravity; black dots are calculated (Thomas and Teskey, 1994). Right)

Bouguer gravity data and integrated geophysical model across the Rio Grande rift, showing negative
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anomalies due to low-density sediments (Grauch et al., 1999, Stein et al., 2015).
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\/?/Eenvin%Wﬂﬁ‘éaN/lCR @uBipig its rifting phase: two arms, both actively extending, with gravity
lows over the arms and crustal thinning beneath them. Presumably if extension ceased then
after ~100 Myr cooling the low density in the mantle would no longer be visible. The Southern
Oklahoma Aulacogen, a failed rift that opened in the Early Cambrian as part of Rodinia's
breakup and was inverted in the late Paleozoic, shows a gravity high due to the igneous rocks
filling the rift, and thickened crust. This looks like a mini-MCR, with similar general features
although the igneous fill is smaller and shallower than the MCR's.
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Fig. 20. Cross-sections of the presently-active East African rift (top) (Simiyu and Keller, 1997), a good
analogy to the MCR's early stages, and (bottom) the failed and massively inverted Southern Oklahoma

Aulacogen (Hanson et al., 2013), which is similar to the MCR today.

Failed continental rifts differ in their level of modern seismic activity. Some failed continental
rifts present weak places within the continent likely to take up strains in response to new stress
regimes. For example, though the Reelfoot Rift and Wabash Valley Faults initially formed as
rifts, they are now locations of moderate amounts of compressional intraplate seismicity due to
the overall compressional stresses currently within the mid-continent. This is not the case with
the MCR, however, which has anomalously low levels of intraplate seismicity. Analysis of two
years of SPREE data found only 12 intraplate earthquakes within Wisconsin, Minnesota, Upper
Michigan, and Ontario, with none of these larger than magnitude 3, and only one occurring
within the MCR itself (beneath western Lake Superior) (Bartz et al., 2014). Unless this low
seismicity simply reflects the short time sampled (Liu and Stein, 2016), the MCR here seems to
be too thick and strong to allow present-day reactivation of the faults within it. However,
southern extensions of the MCR across Kansas and Oklahoma have experienced seismicity
and Phanerozoic deformation (Luza and Lawson, 1981; Burberry et al., 2015).

4. Comparing the MCR to passive continental margins

The MCR has interesting implications for volcanic passive continental margins. Volcanic
margins, the most common passive margins, arise where continental breakup is associated
with the eruption of flood basalts during prerift and/or synrift stages of continental separation, in
which large-scale melting gives rise to thick igneous crust (Menzies et al., 2002; Geoffroy,
2005; Geoffroy et al., 2015). These margins are characterized by seaward dipping reflectors,
volcanic rocks yielding magnetic anomalies landward of the oldest spreading anomalies,
thinned continental crust, and a high-velocity lower crustal (HVLC) body (Fig. 21).
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Fig. 21. Schematic cross section through a rifted volcanic passive margin, showing characteristic tectonic
elements (Schnabel et al., 2008; Koopmann et al., 2014). COB denotes continent-ocean boundary, SDR

denotes seaward dipping reflectors, and HVLC denotes high-velocity lower crustal bodies.

The MCR gives insight into how rifting and volcanism interacted in the early phase of volcanic
margin formation, a record that is lost if a rift evolves into seafloor spreading. The MCR came
close to seafloor spreading before it failed, and thus records a late stage of rifting in which a
large volume of magma accumulated both during extension and after extension stopped. The
analogy with volcanic margins is not perfect, in that the upper portion of the MCR volcanics
were deposited after extension ended. However, because the MCR has many of the features of
passive margins, it is useful to view the MCR as a preserved piece of what might have evolved
to a volcanic margin had the MCR not failed, but instead split and started seafloor spreading
(Fig. 22). Many of the key features seen at passive margins would have formed this way,
though they would be modified as seafloor spreading developed. High-quality seismic reflection
data show that packages of SDRs form over long periods of time during extension (Blaich et al.,
2'011). Additional SDRs are deposited as seafloor spreading starts (Koopmann et al., 2014) and
the SDRs acquire concave-down curvature due to flexure (Buck, 2017).
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Fig. 22. Comparison of present MCR structure (top) to conceptual model for the MCR at the onset of seafloor

spreading if it had not failed (bottom).

Continued successful half-graben rifting would have yielded asymmetric passive margins with
the key features observed at present-day margins. These are often observed on opposite sides
of conjugate margins, where one side is wider than the other (Fig. 23).
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wider on the African side (after Blaich et al., 201

1). Right: Geometric model of how the MCR could have

yielded an asymmetric passive margin after continued rifting. Grid of lines on right-hand side represents

model strain markers, not crustal structure.

Key dimensions, including magma volumes, are comparable between the MCR and present-
day passive margins. Specifically, the cross-sectional volume of the MCR volcanics beneath
Lake Superior is similar to that of the combined conjugate sides of the volcanic margin shown
in Fig. 23. Hence one can view the MCR as a passive margin you can walk around on (Fig. 24).
The fact that the MCR shows many features of a rifted volcanic margin suggests that it came
close to continental breakup before it failed, and illustrates how many passive margin features

form prior to breakup.

. Download high-res image (347KB)
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5. Discussion

The MCR's history illustrates that many rifts can be viewed as following a generally similar
evolutionary sequence, within which a complex combination of factors control the variability of
structures within and between rifts.

For example, the gravity high across the MCR's west arm is larger and is bounded by
pronounced lows, whereas that across the east arm is smaller and lacks the sharp bounding
lows (Fig. 25). A variety of explanations can be offered, because the present structure reflects
the combined effects of a sequence of rifting, volcanism, sedimentation, subsidence,
compression (Fig. 10), and any later effects. Differences in any of these would cause
differences in the final structure and the resulting gravity anomaly (Fig. 18). One possible cause
of the different heights is more magma in the west arm (Merinb et al., 2013). Ancther is that the
east arm was subjected to less inversion than the west arm, yielding a smaller gravity high but
without the bounding lows. Intuitively this seems implausible, because any Grenville
compression should have been stronger on the east arm. A third alternative is that the east arm
was more strongly inverted than the west arm, such that some of the igneous rock was eroded.
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Fig. 25. Gravity profiles across the east and west arms of the Midcontinent Rift (Stein et al., 2018).

Differences also appear between the MCR and two younger failed rifts in North America, the
massively-inverted Southern Oklahoma Aulacogen and slightly-inverted Reelfoot Rift. The rifts
appear differently in gravity (Fig. 2), magnetic (Fig. 3), and seismic (Fig. 13) data. In our view,
they likely followed grossly similar evolutionary paths, but with differences in the extent of each
stage.

An analogy might be the way differences between the terrestrial planets - Earth, Mars, Venus
and the moon (a planet for these purposes) - arise. Kaula (1975) proposed that these follow a
generally similar sequence of phases including their formation, early convection and core
formation, plate tectonics, terminal volcanism, and quiescence. The extent to which these
operated controls each planet's state. Earth is in its middle age, characterized by active plate
tectonics, whereas the smaller and thus colder moon is quiescent. Although this idea does not
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Our view that the MCR illustrates aspects of the process by which continental rifting gives rise
to volcanic passive margins leads to the long-standing and unresolved question of the role of
mantle plumes in continental breakup. The question can be posed as: what controls which rifts
acquire such large volumes of magmatic rocks? It has long been proposed that excess
temperatures associated with hotspots/plumes are required to rift continents apart, given the
volumes of igneous rocks at most passive margins (Burke and Whiteman, 1973: Morgan, 1981,
Morgan, 1983; White and McKenzie, 1989; Richards et al., 1989). High temperatures are also
inferred for the MCR from petrologic and geochemical data (Nicholson et al., 1997; White,
1997). However, invoking plumes for all LIPs and rifted margins has been questioned and
alternatives have been proposed (King and Anderson, 1995; King, 2007: Foulger, 2011). van
Wik et al., 2001, van Wijk et al., 2004 analyses favor generation of volcanic margins by
decompression melting alone without the aid of mantle plumes. Franke (2012) finds that the
rifting and spreading history of the South Atlantic, a classic volcanic margin (Fig. 21), cannot be
reconciled with a mantle plume model. How to generate long linear rifts from a plume remains
unclear and under investigation (Koptev et al., 2017; Beniest et al., 2017). As our results give
no direct insight into these issues, we leave this topic for future studies.
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