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No asymmetry in geomagnetic reversals recorded
by 1.1-billion-year-old Keweenawan basalts

Nicholas L. Swanson-Hysell'*, Adam C. Maloof', Benjamin P. Weiss? and David A. D. Evans®

Interpreting the past latitude and geography of the continents
from palaeomagnetic data relies on the key assumption that
Earth's geomagnetic field behaves as a geocentric axial dipole.
The axial dipolar field model implies that all geomagnetic
reversals should be symmetric. However, palaeomagnetic
data from volcanic rocks produced by the 1.1-billion-year-
old Keweenawan Rift system in North America have been
interpreted to show asymmetric reversals, which had led to
the suggestion that there was a significant non-axial dipole
contribution to the magnetic field during this time'2. Here we
present high-resolution palaecomagnetic data that span three
geomagnetic field reversals from a well-described series of
basalt flows at Mamainse Point, Ontario, in the Keweenawan
Rift. Our data show that each reversal is symmetric. We thus
conclude that the previously documented reversal asymmetry
is an artefact of the rapid motion of North America during
this time. Comparisons of reversed and normal populations
that were time-averaged over entire polarity intervals, or from
sites not directly on either side of a geomagnetic reversal, have
previously led to the appearance of reversal asymmetry.

Extrusive and intrusive igneous rocks of the Keweenawan
province form part of a failed mid-continent rift (MCR) system
that was active from 1.11 to 1.09 Gyr ago. The largest areal
exposure of these rocks is in the Lake Superior region, but
aeromagnetic and gravity surveys show that the relatively dense
and magnetic volcanic rocks of the rift span more than 3,000 km,
largely beneath sedimentary cover (Fig. 1)°. Palacomagnetic data
from Keweenawan rocks have been compiled to generate an
apparent polar wander (APW) path for North America, known as
the Logan Loop*®. Comparisons of the Logan Loop with APW
paths from other continents have been used to reconstruct the
supercontinent Rodinia”®.

Palaeomagnetic directions from MCR rocks consistently reveal
normal and reversed directions that are not antiparallel (with
inclination differences of 20°-30° Fig. 1)*. This pattern has
been interpreted as reversal asymmetry, leading to speculation
that significant non-dipole components may have contributed
to the surface geomagnetic field"?. The well-known problem of
Keweenawan reversal asymmetry is often cited as an uncertainty
in palaeogeographic reconstructions’”, as the introduction of
quadrupole and octupole components to the geomagnetic field
can lead to significant discrepancies between true palaeolatitude
and palaeomagnetically derived palaeolatitude!®. Much of the
movement of the late Mesoproterozoic APW path for Laurentia
occurs across what has been interpreted as an ‘asymmetric’ reversal.
The large magnitude of this apparent motion makes it important to
understand whether the difference in inclination between normal
and reversed directions is an artefact of a significant non-dipole

contribution to the field, or whether it is due to motion of
the North American continent. This information is critical for
deciphering North American plate motions during the Himalayan-
scale Grenville Orogeny and the assembly of cratons to form
the supercontinent Rodinia. A better understanding of the late
Mesoproterozoic geomagnetic field is also necessary to evaluate
claims of non-uniformitarian processes in the Proterozoic era, such
as true polar wander and low-latitude glaciation, which rely on the
uniformitarian geocentric axial dipole (GAD) hypothesis'"'2.

Previous studies have compared the mean of all Keweenawan-
aged reversed directions with all normal directions** and/or have
grouped all reversed and normal directions at a single study
location'*'*, To fully evaluate whether the actual reversals are
asymmetric, it is essential to obtain high-resolution palacomagnetic
data through stratigraphic sampling that spans reversals in the
context of detailed volcanostratigraphy.

The basalt flows at Mamainse Point unconformably overlie
the Archaean Superior Province on the northeastern shore of
Lake Superior (Fig. 1) and represent the most complete record
of extrusive Keweenawan volcanism. Mamainse Point is the
only known locality in the MCR where multiple reversals are
recorded in a succession of extrusive lava flows, as there are three
reversals (reversed — normal — reversed — normal) throughout
the ~4,500 m of basalt flows and inter-rift sediments.

Here we report palacomagnetic data from 73 basalt flows at
Mamainse Point that span the three reversals at high resolution and
show each reversal to be symmetric (Fig. 2). There is a progressive
decrease in the inclination of the palaeomagnetic data up-
stratigraphy from ~70° to ~30° that we interpret as resulting from
the equatorward movement of Laurentia. As a result of this progres-
sive change in palaeolatitude through time, a reversal test that uses
means of entire polarity zones may result in a false negative.

Palaeomagnetic studies at other localities in the MCR have
revealed a general pattern that older rocks carry a reversed magne-
tization and younger rocks record a normal magnetization (Fig. 1c;
Supplementary Table S3). This trend led early workers to postulate
that there was only one geomagnetic reversal during the 11 Myr
of Keweenawan volcanism and that this reversal could be used
as a stratigraphic datum for all Keweenawan igneous units™*-'°,
When Palmer" discovered multiple reversals in the sequence of
basalts at Mamainse Point, this single-reversal paradigm led him
to propose the presence of a sequence-repeating fault, despite the
fact that, in his words, there is ‘no geological evidence to support
the fault hypothesis’. In addition to the lack of geological evidence,
the fault repetition hypothesis has been discounted by geochemical
data (Fig. 2b; see Supplementary Information for a more complete
description of previous palaeomagnetic work at Mamainse Point
and other dual-polarity localities in the MCR)®.

TDepartment of Geosciences, Princeton University, Guyot Hall, Washington Road, Princeton, New Jersey 08544, USA, 2Department of Earth, Atmospheric
and Planetary Sciences, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, Massachusetts 02139, USA, 3Department of
Geology and Geophysics, Yale University, 210 Whitney Avenue, New Haven, Connecticut 06520, USA. *e-mail: nswanson@princeton.edu.

NATURE GEOSCIENCE | VOL 2 | OCTOBER 2009 | www.nature.com/naturegeoscience

713

© 2009 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/ngeo622
mailto:nswanson@princeton.edu
http://www.nature.com/naturegeoscience







LETTERS

NATURE GEOSCIENCE poi:10.1038/NGE0622 ‘

Figure 4 | Example palaeomagnetic data. a-h, Representative vector-component (Zijderveld) diagrams (a and e), equal-area projections (b and f),
least-squares fits (¢ and g) and magnetic intensity (J/Jo) plots (d and h) for Mamainse Point basalts. In the vector-component plots, the haematite fit is
traced with a red arrow and the magnetite fit is traced with a blue arrow. These components are summarized in equal-area plots (¢ and g). In all plots,
green-filled squares are natural remanent magnetization (NRM), brown-filled squares are alternating field (AF) demagnetization steps and red-filled
squares reflect thermal demagnetization. In the equal-area plots (b and f), colour-filled/colour-rimmed circles represent lower/upper-hemisphere

directions. All data are in tilt-corrected coordinates.

As the three reversals in the succession at Mamainse Point are
symmetric, there is no need to invoke substantial deviations from
a GAD such as a non-reversing quadrupole or octupole. Although
this result does not preclude non-dipole contributions to the
geomagnetic field during the Mesoproterozoic era, it does eliminate
the main rationale that has been used to question the validity
of the GAD hypothesis during the time period. This rationale is
further weakened by the presence of symmetric reversals in 1.4 Gyr
sedimentary red beds* and in carbonates of Mesoproterozoic
age”. Instead of resulting from reversal asymmetry, the change in
inclination observed through the succession is readily explained as
a consequence of continental motion.

Palaeomagnetic poles that are paired with U-Pb geochrono-
logical data constrain the rate of continental motion dur-
ing Keweenawan volcanism (Fig. 3). A comparative analysis of
palaeopoles suggests that the volcanism at Mamainse Point spans
much of the period of Keweenawan volcanism given the similarity
of the ‘lower reversed 1’ pole to the Coldwell Complex reversed
1 pole, which has an age of 1,108 & 1 Myr and the similarity of
the ‘upper normal’ pole to the North Shore Volcanics normal
pole, which has an age of 1,097 £ 2 Myr. Using the conclusion
that the field was probably a GAD, we can calculate the mini-
mum velocity that is implied by the motion from the Coldwell
Complex reversed 1 pole to the North Shore Volcanics normal
pole to be 33.6 £3.5cmyr~' (see Supplementary Information
for error calculation methods and Supplementary Table S4 for
rates between all Keweenawan palacomagnetic poles with U/Pb
ages). The estimates for the rate of motion from 1,108 Myr to
1,094 Myr range between 21.5+7.1cmyr~! for Osler Volcanics
reversed — North Shore normal, to 38.5+4.4cmyr™ for Duluth
Complex reversed — North Shore normal. The compilation of
polar wander rates shows that during later Keweenawan volcanism
movement slowed (as has previously been noted by Davis and
Green?). The rate from the 1,097 Myr North Shore normal pole
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to the 1,087 Myr Lake Shore Trap pole is 12.2+ 6.4 cmyr~'. These
rates for the motion of North America during the first 10 million
years of Keweenawan volcanism are faster than the modelled speed
limit of 20 cm yr™! for plate tectonic motions imposed by bending
stresses associated with the subduction of oceanic lithosphere?’. The
only plate to reach this theoretical limit during the past 150 Myr was
India as it travelled north following the break-up of Gondwanaland.
Either 20cmyr™" is not a firm speed limit for plate motion at
1 Gyr, or some of the motion observed could be a result of true
polar wander that drove the North American continent and the
mid-continent rift, towards the equator at rates slightly faster than
those of plate tectonics®®—a possibility that could be tested with
data from other continents.

The period of Keweenawan volcanism was a time of significant
equatorward motion of the North American continent. As a result
of this progressive change in palaeolatitude, previous reversal
tests that used means from combined results in each polarity
produced false negatives. Detailed stratigraphic context combined
with high-resolution data are essential for understanding both the
behaviour of the geomagnetic field and APW paths in the late
Mesoproterozoic era.

Methods

The extrusive basalt flows at Mamainse Point are remarkably preserved and range
from less than 1 m to more than 20 m thick. Individual flows usually follow this
general stratigraphy from base to top: (1) massive (relatively coarse-grained) with
scattered elongate-upwards pipe vesicles (see Supplementary Fig. S12), (2) massive
with occasionally apparent flow banding, (3) massive with some vesicles,

(4) highly vesiculated and fine-grained and (5) flow tops often with pahoehoe
textures and slight ferruginization (Fig. 2¢; see Supplementary Figs S9-S11 for
further photos of the basalts). Individual flows and sedimentary hiatuses can

be delineated, allowing us to place our palaecomagnetic sampling in a robust
stratigraphic context. Although there are numerous conglomerates interbedded
with the flows particularly in the upper portion of the stratigraphy (Fig. 2a),
there are two especially thick conglomerates. The lower of these is the ‘basalt
clast conglomerate’, which is contained within our section MP214 where the
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conglomerate is 39 m thick. The upper conglomerate, or ‘great conglomerate’, is
~310 m thick and shows a progressive increase in the percentage of clasts derived
from Superior Province basement relative to basalt clasts (see clast counts in
Supplementary Fig. S8).

Multiple samples (usually 5-6) were collected and subsequently analysed
from 73 flows spanning the stratigraphy from the lower contact with the Superior
Province metamorphic rocks to above the third reversal in the succession (see
Supplementary Information for a description of the detailed demagnetization
routines used). The thermal demagnetization behaviour and hysteresis loops
of the basalt samples (Fig. 4 and Supplementary Fig. S1,S2 and S4-S7) show
that the magnetization is carried by both haematite and magnetite. Whereas the
magnetite exists as a primary igneous mineral in the basalt, the haematite probably
formed as a result of deuteritic oxidation shortly after the eruption of each flow.
Our detailed thermal demagnetization protocol allows for comparison of the
haematite and magnetite components. Our data demonstrate that the characteristic
magnetization components carried by the two mineralogies (unblocked between
500 and 575 °C for magnetite and 650—675 °C for haematite) are consistently of
a very similar direction (Fig. 4). This result suggests that the haematite formed
during initial cooling of the basalts or during pedogenesis that occurred soon after
flow emplacement and recorded the same snapshot of the geomagnetic field as
the magnetite component. In some instances, the high intensity of the haematite
component prevented isolation of the magnetite component. For 16 flows, it was
therefore necessary to use the haematite component as the characteristic remanent
magnetization (ChRM) and for an extra 12 flows magnetite fits were used for some
samples and haematite for others, as indicated in Supplementary Table S1. When a
magnetite component was confidently isolated, as indicated by a ‘shoulder’ in plots
of J /Jo, aleast-squares fit through the demagnetization steps in its unblocking range
was used as the ChRM (see Supplementary Table S1 for the mean direction of each
flow). A number of flows have an extra magnetization component that unblocks
between 590 and 650 °C that is of opposite polarity to the components that
unblock between 500 and 575 °C and between 650 and 675 °C (see Supplementary
Fig. S2) and is further discussed in Supplementary Information. Fisher means
were calculated for each flow from the ChRM directions isolated through principal
component analysis®® of samples within that flow (Supplementary Table S1).

Clasts were sampled and analysed from the basalt clast conglomerate
(site MP45; Supplementary Fig. S11) and from basalt clasts within the great
conglomerate (site MP201; Supplementary Fig. S11) allowing for two conglomerate
tests (see Supplementary Fig. S3). Least-squares fits to both the magnetite and
haematite components for each test are consistent with selection from a random
population (see Supplementary Information for details of the test results).

These conglomerate test results further confirm that both the magnetite and
haematite components observed in the flows were acquired before the erosion of
the flows and the deposition of these conglomerates that were deposited within
the larger stack of Keweenawan basalts. Therefore, we can be confident in the
use of these directions as a record of the local magnetic field at the time the
flows erupted and cooled.

The terms ‘normal’ and ‘reversed’ when applied to palacomagnetic directions
from the MCR are not intended to specify the absolute orientation of the
geomagnetic field at the time of volcanism, as there are unresolved parts of the
APW path for Laurentia since the Mesoproterozoic era. Rather, the designation
distinguishes between directions with negative inclinations (reversed) and
directions with positive inclinations (normal), a convention used in all previous
palaeomagnetic studies of Keweenawan volcanics.
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PALAEOMAGNETISM

In GAD we trust

Palaeomagnetists’ basic assumption that Earth’'s magnetic field is a GAD, that is, a geocentric axial dipole, has
been challenged by anomalous magnetic data from ancient Canadian basalts. At a closer look, fast continental drift

could explain this anomaly.

Joseph G. Meert

econstructing the position of the
Rland masses on the globe through

deep time is like completing a blank
puzzle. Palacogeographers have only the
known outlines of the continents and a
few palaeomagnetic data to help them
estimate past latitude and orientation of the
land masses. To make matters worse, the
palaecomagnetic data can be contradictory,
and it can be difficult to unravel the many
signals contained within a limited study.
In the case of the 1.1-billion-year-old
Keweenawan rocks of the Canadian shield,
attempts to reconstruct the position of
North America have been muddled,
as the palaeomagnetic data have been
controversially interpreted to reflect a
deviation of Earth’s magnetic field from
the basic assumption of a geocentric axial
dipole (GAD) model**. On page 713 of this
issue, Swanson-Hysell and colleagues look
at the rocks in higher resolution and neatly
lay to rest the long-standing controversy
over the nature of Earth’s magnetic field
1.1 billion years ago*.

Magnetic minerals in rocks — particularly
those formed from molten rock — will
align with the magnetic field. Rocks
found today thus record the magnetic
field direction at the time of their
solidification. These palaeomagnetic data
can aid the reconstruction of the movements
of the continents, but only if the Earth’s
magnetic field is known sufficiently well.
Palacomagnetism therefore relies on the
fundamental assumption that the Earth’s
magnetic field behaves as a GAD, that is,
essentially as if there were a bar magnet
centred in the Earth’s core and aligned
with the axis along which the Earth
spins, giving rise to normal or reverse
polarity (Fig. 1a,b). A more complex
magnetic field and reversals (Fig. 1c) will
introduce errors in palaeogeographic
reconstructions. Evidence from the past few
million years shows that the Earth’s magnetic
field is indistinguishable from the GAD
model®, but the structure of the field earlier
in Earth’s history is more controversial*.

The Earth’s magnetic field has
periodically reversed polarity through
time®. According to the GAD model, a shift

from a normal (north-seeking) to a reverse
(south-seeking) magnetic field will result
in a change in the sign of the inclination,
that is, the angle the magnetic field lines
make with the surface of the globe; this
angle varies with latitude from 0° at the
Equator to 90° at the poles. Furthermore,
the declination (the angle between the
local magnetic north and geographic
north) would be exactly 180° opposed.
However, if more poles were present and

remained stationary during reversal of

the axial field, such as depicted in Fig. 1c,
there would be large asymmetry in normal
and reverse polarity directions, making

it nearly impossible to produce reliable
palaeogeographic maps.

Such reversal asymmetry has been
suggested for the latter part of the
Mesoproterozoic (~1.1 billion years ago)"?.
During this time, much of the continental
crust was aggregating into a supercontinent
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Figure 1| Magnetic reversals and their records. a,b, Assuming a geocentric axial dipole magnetic
field under normal (a) or reverse (b) polarity, the field behaves as if there were a bar magnet centred
in the Earth and aligned with the spin axis. ¢, To explain the Keweenawan rocks of the Canadian
shield, it has been proposed that the field can behave as a non-axial quadrupole field>®. d, The
supercontinent Rodinia formed about one billion years ago. Previous studies from the Keweenawan
basalts (shown in red) suggested that reversals during this time had a non-axial quadrupole
component (¢). Swanson-Hysell and colleagues demonstrate® that the reversals recorded in the
basalts were actually symmetric; the appearance of asymmetry in averaged normal and reverse
directions arose from aliasing effects of recording the rapid motion of North America with low-

resolution palaeomagnetic data.

NATURE GEOSCIENCE | VOL 2 | OCTOBER 2009 | www.nature.com/naturegeoscience

© 2009 Macmillan Publishers Limited. All rights reserved

673



known as Rodinia”® (Fig. 1d). At the same
time, a large volume of basaltic material
erupted in the middle of the existing

North American continent. Palacomagnetic
studies of these volcanic rocks, known as

the Keweenawan basalts, have revealed

a remarkable asymmetry between the
inclinations observed in the average ‘normal’
polarity samples and the average ‘reverse’
polarity samples'?.

As the rocks were thought to have
erupted over a relatively short time interval,
the authors of those studies argued that
this asymmetry indicates a significant
deviation from the GAD model. They
suggested that the structure of the Earth’s
magnetic field included a large contribution
from a non-GAD field*?, which remained
stationary while the GAD field underwent a
symmetric reversal.

Swanson-Hysell and colleagues took a
closer look at the reversal structure in the
Keweenawan basalts at Mamainse Point near
Lake Superior*. The lava pile at Mamainse
is thick (~4,500 m) and contains several
sequences of reverse and normal polarity
magnetization. More importantly, the
authors noted that each of the sequences
of normal and reversed polarity were
separated from the next by a time gap,
when basalt was not flowing to the surface.
Swanson-Hysell and colleagues obtained
similar palaeomagnetic results to the earlier
studies"?, but offer an alternative explanation

for the asymmetry between the normal and
reverse directions. They argue that the past
studies, which simply averaged all normal
and reverse directions, were flawed because
North America underwent significant
latitudinal motion, much of which was not
recorded because of the gaps in volcanic
activity. When averages of normal and
reverse polarity directions are taken from
lavas of the same age within the sequence,
the directions perfectly fit the GAD model.
According to these new observations, the
apparent asymmetry is not due to any long-
standing anomalous field behaviour, but
instead to the rapid latitudinal motion of
North America.

This conclusion explains the root cause
of the asymmetry, but it requires unusually
fast continental motion. Large continents
generally move over the Earth at rates of
less than 5 cm yr~'. The rates proposed in
this study are four to seven times higher.
Swanson-Hysell and colleagues hint that
this rapid motion was a response to mass
instabilities in the mantle. In their model,
the instability caused the entire crust and
mantle to move rapidly to a dynamically
stable configuration. This process, called
true polar wander, repositions the excess
mass (in this instance North America)
towards the Equator.

The beauty of the true polar wander
hypothesis is that it can be tested, as long
as high-resolution data, similar to those

reported here, exist for other continents.
Indeed, there is some indication of true
polar wander during the time interval in
question from existing studies*”, although
further work is needed to confirm
this hypothesis.

Swanson-Hysell and colleagues have
provided a new model” for explaining
the magnetic field data from the
Keweenawan rocks without the need for
any non-GAD field contribution. If they
are right, palacomagnetists can henceforth
conduct palaeogeographic reconstructions
without worrying about a capricious
magnetic field. a
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Fire's black

legacy

Forest fires convert a small portion of burning vegetation into charred solid residues such as charcoal. A survey of
Scandinavian forest soils reveals that charcoal has a highly patchy distribution, and a shorter-than-expected lifetime.

Caroline M. Preston

illions of hectares of boreal
forest — coniferous forest in
the high latitude Northern

Hemisphere — are burnt each year, mostly
in unmanaged sparsely populated regions’.
The twentieth century has seen a rise in
boreal forest fires, which in Canada has
been linked to rising summer temperatures®
The risk of fire — together with the area
burnt — is predicted to increase by at least
twofold in Canada, Alaska and Russia by
2100 (refs 1,3,4), with potential ramifications
for the global carbon cycle. A small portion
of forest fuel is converted into solid charred
residues®® such as char, charcoal, soot

and graphite — termed black carbon.

These residues are considered to be highly

674

resistant to decomposition, and are therefore
thought to function as a long-term carbon
sink. However, despite their significance,

the distribution and turnover time of the
pyrogenic carbon pool is poorly constrained.
On page 692 of this issue, Ohlson and
colleagues present results from an exhaustive
survey of soil charcoal in Scandinavian
forests, and show that the abundance and
carbon content of charcoal varies through
space and time’.

Forest fires convert the majority of
burning vegetation and soil organic matter
into carbon dioxide, emitting around
250 Tg (1 Tg = 10" g) of carbon per year
in the pan-boreal forest alone®. However,
approximately 1-3% of the burning

organic matter gets converted into black
carbon. Black carbon has a complex
molecular structure, which is thought

to increase its resistance to microbial
decomposition — indeed, the lifetime of
soil black carbon is known to extend to
thousands of years>*°.

However, recent research suggests that
the amount of black carbon in boreal forest
soils is lower than that predicted based
on fire frequency and presumed lifetimes.
Thus, the soil black-carbon pool may be
less resistant to breakdown than previously
thought. Equally uncertain is the size
of the soil black-carbon sink: although
black-carbon residues have been found
in soils across the globe, the size of this
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