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The Midcontinent Rift has characteristics of a large igneous
province, causing geologists to rethink some long-standing
assumptions about how this giant feature formed.

ome of the Midwest’s most scenic vistas are
the black volcanic cliffs that tower above the
brilliant blue waters of Lake Superior’s north
shore. How these formed more than a billion
years ago is an amazing story, illustrating one
of plate tectonics’ most important processes:
how continents form and break up.
Over geologic time, continents collide and fuse together.
They also split apart, along rifts.
Rifts are linear features along which continents stretch.
When a rift succeeds, the continent splits, and a new ocean
basin forms between the two parts of the continent. Some

A view of the shore of Lake Superior from Shovel Point in Minnesota’s Tettegouche State Park.
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Cliffs of 1.1-billion-year-old volcanic rocks from the Midcontinent Rift in Tettegouche State Park in Minnesota tower above the brilliant blue waters

of Lake Superior.

rifts, however, fail to develop into seafloor spreading cen-
ters and instead leave major relict structures within
continents—“fossils” preserving the geologic environ-
ments in which they formed.

The cliffs on the shores of Lake Superior—and the lake
itself—are part of such a fossilized rift. Called the Midcon-
tinent Rift (MCR), this 3000-kilometer-long feature, made
of 1.1-billion-year-old igneous and sedimentary rocks,
extends underground across the central United States. It
stands as one of the best examples of a failed rift (Figure 1).

However, a puzzle remains. The MCR’s igneous rocks tell
of magma pools far more vast than what one would expect
in a failed rift. Why was
the MCR so magma rich?
Scientists are beginning
to tease out answers.

Formation
at a Plate Boundary
The traditional view of
the formation and evo-
lution of the MCR involved two premises. First, the MCR
formed within Laurentia, the core of North America that
assembled in the Precambrian era. Second, the MCR failed
to split the continent because compression from a
mountain-building episode ended the extension and vol-
canism. This mountain building, called the Grenville orog-
eny, finished about 980 million years ago and was associ-
ated with the assembly of Laurentia and other continental
blocks into the supercontinent of Rodinia.

However, a new view of the MCR emerges from studies
catalyzed by the National Science Foundation’s EarthScope
program. One of this program’s goals is “to integrate geo-

The MCR’s igneous rocks tell of
magma pools far more vast than
what one would expect in a failed rift.

logical and geophysical data to understand the growth and
modification of North America over billion-year time
scales” (see http://www.earthscope.org/).

The new view begins from reanalysis of gravity data,
which show that the MCR extends farther south than pre-
viously thought. The east arm (Figure 1) had been
assumed to end in Michigan at the Grenville Front, the
westernmost deformation associated with the Grenville
orogeny. However, this arm now appears to extend along
the previously enigmatic East Continent Gravity High,
which now seems to be part of the MCR. The arm stops at
what scientists believe to be a fossil continental margin,
where the Amazonia cra-
ton (Precambrian rock
now found in northeast-
ern South America) rifted
from Laurentia (Fig-
ure 1b).

Hence the MCR proba-
bly formed during this
rifting and failed once sea-
floor spreading between the major plates was established
[Stein et al., 2014]. In this view, the MCR’s arms were
boundaries of a microplate within a plate boundary zone
[Merino et al., 2013], similar to the arms of today’s East
African Rift, where microplates exist in the zone where
Africa is splitting into two major plates (Figure 1c). Once
seafloor spreading between the major plates is fully
established in the East African Rift, some of the microplate
boundaries should stop spreading and remain within the
continents as failed rifts.

The MCR formed in a similar way, as Laurentia and
Amazonia split apart.
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Fig. 1. () Gravity map showing the Midcontinent Rift (MCR). The west arm extends southward from Lake Superior to at least Oklahoma along the
Southern Oklahoma Aulacogen (SOA). The east arm goes through Michigan and extends along the Fort Wayne Rift (FWR) and East Continent
Gravity High (ECGH) to Alabama [C. A. Stein et al., 2015]. The Grenville Front is shown by a solid line where observed and by a dashed lined
where inferred. “S” shows the location of the seismic line across Lake Superior in Figure 2a. The box shows the approximate area of the Superior
Province Rifting EarthScope Experiment (SPREE). (b) Schematic illustration of MCR forming as part of the rifting of Amazonia from Laurentia.

(c) Africa rifting into major plates and microplates [Stein et al., 2014].

Paleomagnetic studies show that Laurentia’s motion
changed dramatically when the MCR formed. As volcanic
rocks cooled, magnetic minerals aligned with Earth’s mag-
netic field, recording changes in the plate’s motion. Such
changes are often found in the paleomagnetic record when
continents rifted apart. As part of the rifting, the MCR
formed and began extending. The region between the
MCR’s two spreading arms was forced to move away from
the rest of Laurentia as a microplate.

A Hybrid Rift

Dense volcanic material fills the MCR. This large, concen-
trated mass exerts a greater gravitational pull than the
areas around it, resulting in what’s known as a positive
gravity anomaly. In contrast, typical continental rifts have
negative anomalies because they are filled primarily with
low-density sedimentary rock.

Tracing the gravity anomaly shows that the MCR’s arms
have characteristic geometries of rifts—linear depressions
that formed as plates pulled apart and that filled with sed-
imentary and igneous rocks. These depressions often
evolve into plate boundaries.

Calculating the volume of volcanic rock causing this
positive gravity anomaly reveals something interesting
about the MCR. It is also a large igneous province (LIP), a
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region of extensive volcanism associated with upwelling
and melting of deep mantle materials. MCR volcanics are
significantly thicker than those at other LIPs because
magma was deposited within a narrow rift rather than
across a broad surface. Hence the MCR is a hybrid with the
geometry of a rift but the igneous rock volume of an LIP
[C.A. Stein et al., 2015].

How Did This Hybrid Evolve?
Reflection seismic data (Figure 2a) across Lake Superior
[Green et al., 1989] show how this unusual combination
evolved. The MCR is a basin between dipping faults that
contains volcanic rocks up to 20 kilometers thick, overlain
by about 5-8 kilometers of sedimentary rocks. The lower
volcanic layers truncate toward the basin’s north side,
indicating that they were deposited while the rift was
extending by motion on the northern fault. The upper vol-
canic layers and overlying sedimentary rocks dip from both
sides and thicken toward the basin center, indicating that
they were deposited after extension ended, as the basin
continued to subside. Radiometric dating shows that the
volcanic rocks are about 1.1 billion years old.

Another seismic line to the east shows a similar
sequence but with extension on the southern fault. Basins
produced by extension on only one side are called half gra-
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Fig. 2. (a) Interpreted seismic reflection section across Lake Superior,
showing MCR structure. GLIMPCE = Great Lakes International Multidisci-
plinary Program on Crustal Evolution. (b) Model of MCR evolution. The
crust thinned in the rifting stage, rethickened during the postrift phase,
and thickened further because of the later basin inversion [C. A. Stein et
al., 2015].
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Fig. 3. Different seismological data show various aspects of the MCR’s
structure. Crustal thickening beneath the MCR’s west arm is shown by
(a) receiver functions [Moidaki et al., 2013] and (b) surface wave tomog-
raphy [Shen et al., 2013]. The line in Figure 3b shows the location of the
profile in Figure 3a. Shear-wave velocities (Vs) show that the surface
waves capture (c) the MCR’s low-velocity sedimentary rocks but not

(d) the underlying volcanic rocks.

bens (Figure 2a), so the MCR is a sequence of alternating
half grabens, similar to what’s found today along the arms
of the East African Rift.

Working backward from the geometry of the volcanic
and sedimentary rock layers seen today provides an evolu-
tionary model of the feature (Figure 2b). The MCR began as
a half graben filled by flood basalts. After rifting (exten-
sion) stopped, the basin further subsided, accommodating
more flood basalts. After volcanism ended, subsidence
continued, accompanied by sedimentation. The crust
depressed and flexed under the load of the basalt and sedi-
mentary rocks.

Long after subsidence ended, the area was compressed—
a process called basin inversion—which reversed motion on
the faults and activated new ones. The original crust thinned
during rifting as the crust stretched, rethickened during the
postrift phase because of the added volcanics and sedi-
ments, and thickened further because of the compression
when the basin inverted. If the model is correct, then crustal
thickness along the MCR should vary with the amounts of
extension and volcanism and the amount and direction of
compression applied to that portion of the MCR.

Surprises from Seismic Imaging

New insights on MCR come from data from EarthScope
seismometers in the transportable array that “rolled”
across the United States, the Superior Province Rifting
EarthScope Experiment (SPREE) flexible array [Stein et al.,
2011; Wolin et al., 2015], and Canadian seismic stations.

Seismic models covering much of the rift are being devel-
oped with these data [Shen et al., 2013; Bollmann et al., 2014;
Al-Eqabi et al., 2015; Zhang et al., 2015; Frederiksen et al., 2015].
As expected from the Lake Superior data, crust in the MCR’s
west arm is thicker than its surroundings (Figures 3a and 3b)
and is composed of sedimentary rocks underlain by layered
volcanic rocks. Combining the results with gravity and seis-
mic reflection data gives views of the MCR’s crustal thick-
ness and structure that will better constrain models of its
evolution [e.g., Levandowski et al., 2015).

These studies have already yielded surprising results.
The MCR’s dense volcanic rocks appear clearly on gravity,
seismic reflection, and receiver function data, which are
sensitive to variations in density. However, surface wave
tomography (Figures 3c and 3d) “sees” the rift’s sedi-
mentary rocks through which seismic waves travel slowly
but does not see high velocity in the rift-filling volcanics.
The basalt rift fill is presumably denser than the sur-
rounding crust, but the velocities of shear waves traveling
through it are similar or slightly lower than those of the
surrounding rocks.

Another surprise is that the formation of the MCR left
little signature in the upper mantle. Although vast quanti-
ties of melt were extracted to fill the MCR, the mantle
shows no significant seismic velocity anomalies [Shen
et al,, 2013; Bollmann et al., 2014]. Unless the mantle
beneath the MCR was replaced after the MCR formed, melt
depletion seems to have had little effect on seismic veloci-
ties. The idea that extracting melt from the mantle would
not change the mantle’s seismic velocity significantly is
surprising but consistent with a model for melt extraction
by Schutt and Lesher [2006].
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One of the best exposures of the Midcontinent Rift’s 1.1-billion-year-old volcanic rocks is in Interstate Park, along the border between Minnesota and

Wisconsin, where the St. Croix River cuts through a series of lava flows.

Moreover, mantle flows or oriented magma bodies usu-
ally make seismic wave speeds vary depending on the
direction the waves travel, so waves tend to go faster along
currently extending rifts than across them. However, Ola
et al. [2016] find no such anisotropy below the MCR, per-
haps because much of the volcanism occurred after exten-
sion ended.

Current and future studies combining petrology, geo-
chemistry, geochronology, paleomagnetism, plate
motions, and magnetotellurics will continue to explore
what these surprises mean for the evolution of the rift.

Did a Hot Spot Supply the Excess Magma?
The MCR is an extraordinary feature that arose from an
unusual combination of a
continental rift and an LIP,
illustrating that over a bil-
lion years of Earth history,
even unlikely events can
happen. Rifting can be clas-
sified into two types: “pas-
sive” rifting in which forces
pull the lithosphere in
opposite directions, extend-
ing it [Sengor and Burke, 19781, and “active” rifting, where a
mantle plume or hot spot thermally uplifts and stretches
the crust above it [e.g., Nicholson et al., 1997]. For the MCR,
we suspect that the rifting continent by chance overrode a
plume or a region of anomalously hot upper mantle, so both
active and passive rifting may have been at play.

Initial modeling [Moucha et al., 2013] implies that the
MCR’s magma volume cannot have been generated by pas-
sive upwelling beneath an extending rift, even though the
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Modeling implies that the MCR’s
magma volume cannot have been
generated by passive upwelling
beneath an extending rift

Precambrian mantle was hotter than today’s. Bowles-
Martinez and Schultz [2015] find a highly conductive anom-
aly below western Lake Superior and northwestern Wis-
consin, extending to depths below 200 kilometers, that
may have been formed by a mantle plume and somehow
persisted. A question currently being discussed involves
how the magma source operated over a long period of rapid
plate motion [Swanson-Hysell et al., 2014].

MCR Failure

The MCR was previously thought to have failed—stopped
extending—because of regional compression associated
with the Grenville orogeny [Cannon, 1994]. However, new
age dating shows that most of the compression recorded by
reverse faulting
occurred long after
extension and volca-
nism ended. Thus the
MCR’s failure was not
due to Grenville com-
pression [Malone et al.,
2016]. Instead, it
stopped spreading
much earlier, once sea-
floor spreading between Amazonia and Laurentia was fully
established.

Insights into Other Rifts and Continental Margins

The MCR results help place other rifts worldwide in their
evolutionary sequence via “comparative riftology” —
comparing rifts at different stages in their evolution.
Today’s East African Rift looks like what we envision for
the MCR during rifting—a gravity low, low velocities due to
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the high temperatures, and thin crust below the extending
arms. The Southern Oklahoma Aulacogen, a failed rift that
opened in the Cambrian breakup of Rodinia and was
inverted in the late Paleozoic, appears similar to today’s
MCR, with a gravity high due to the igneous rocks filling
the rift.

By analogy, failed rifts similar to the MCR will have thick
crust even if they have not been inverted, and inverted
ones will have the thickest crust. Similarly, the gravity
anomaly should change from a low to become progressively
more positive as the rift fails and is later inverted.

The MCR has many features similar to those observed at
volcanic passive continental margins. Volcanic margins
arise where continental rifting is associated with large-
scale melting that gives rise to thick igneous crust. Hence
the MCR shows what a passive margin looked like in its
early stages.

MCR’s Legacy Showcases Geology’s Effect on Culture
The MCR highlights geoheritage: geology’s role in an
area’s culture and growth [S. Stein et al., 2015]. Lake Supe-
rior and the surrounding spectacular scenery in national,
state, and provincial parks are underlain by the MCR. The
lake lies above the rift because soft sedimentary rocks
within the MCR were easier for ice age glaciers to erode
than the volcanic rocks. Thus the rift provided the
region’s first transportation system—Native Americans
and Europeans used the lake to import and export trade
goods. The lake remains an economic engine and tourist
attraction.

Also, the MCR’s mineral deposits shaped the region’s
settlement and growth. Water flowing through the volcanic
rocks dissolved copper and deposited it in concentrations
that became sources of valuable ore in many places around
Lake Superior. For at least the past 7000 years, Native
Americans have mined copper and traded it as far south as
Ilinois. The discovery of commercially viable copper
deposits during the 1840s led to a mining boom that
shaped the area’s economy.

More information for the public, park interpreters, infor-
mal educators, and teachers can be found on websites hosted
by Michigan Technological University (http://bit.ly/mtu
-mcr) and Northwestern University (http://bit.ly/nwu-mcr).

The MCR is a place where visitors can interact with geo-
logical features more than 1 billion years old. Its evolu-
tion—from extensional beginnings to rift failure, from ice
age glaciers scouring it to lake infill, from ancient copper
miners to modern boaters enjoying a lazy summer day—
shows how geology weaves the fabric not only of our conti-
nents but also of our lives.
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