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In some basalt flows of the 1.1-billion-year-old Keweenawan Rift exposed atMamainse Point, Ontario, there
is a magnetic phase that holds a remanence antiparallel to the populations of magnetite and hematite that
are typical of flows in the succession. The paleomagnetic and geological context of this component
demonstrates that it is not a chemical overprint whose remanence is attributable to a subsequently reversed
geomagnetic field, but that the component is a self-reversal of the primary magnetization. Here we use rock
magnetic experiments and Mössbauer spectroscopy to show that this phase occurs in the most oxidized
flows and is held by a fine-grained population of hematite that acquired its self-reversed remanence through
interactions with a phase of lower blocking temperature. We propose that this self-reversed hematite is a
manifestation of the self-reversal phenomena that has been observed to occur experimentally during the
transformation ofmaghemite to hematite and that has been attributed to negative exchange coupling across
the crystal lattices. We suggest that hematite formed in association with iron-silicates in the basalt flows
carries a remanence reflective of the field in which it formed, but that martite (hematite pseudomorphed
after magnetite) which formed through the progressive oxidation of magnetite to maghemite with
subsequent inversion to hematite carries the self-reversed remanence. This study marks the second time
that a naturally occurring self-reversedmagnetization has been attributed to this mechanism andmarks the
oldest reported instance of any type of self-reversed remanence. Themartite that forms through this process
has the ability to retain a record of the negative exchange coupling from the time of its formation for
hundreds of millions of years.
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1. Introduction

Rapidly cooled volcanic rocks contain abundant small titanomag-
netite grains that serve as excellent magnetic recorders. Given their
high unblocking temperatures, strong magnetization and paleomag-
netic stability over billion-year time-scales, the titanomagnetite in
basalt flows serves as an important repository of geomagnetic
information. Much of what we know about the past latitude of
continents and the past intensity of the geomagnetic field comes from
paleomagnetic studies of extrusive basalt flows. Fully understanding
the magnetization of such flows is of paramount importance so that
workers can be confident in interpretations of past geomagnetic and
plate tectonic behavior.

The oxidation state of high-temperature magmatic environments
contrasts greatly from those at Earth's surface. When FeTi-oxide
grains are erupted onto the surface, they are out of equilibrium with
the newly established redox conditions due to falling temperature and
increasing oxygen fugacity. This disequilibrium can result in deuteric
oxidation as the lava flow cools. A commonly observed effect of the
increase in the ratio of Fe2+ to Fe3+, that accompanies deuteric
oxidation, is the exsolution of ilmenite lamellae within titanomagne-
tite grains (Aragon et al., 1984; Buddington and Lindsley, 1964). This
process subdivides the titanomagnetite into many smaller grains that
are Ti-poor and in the single to pseudo-single domain size range
(Evans and Wayman, 1974). These grains become excellent recorders
of magnetic information as they cool through their blocking
temperatures.

During and after initial cooling, the magnetic mineralogy of basalts
remains out of equilibriumwith the oxic surface environment and can
be further altered by low-temperature oxidation. Low-temperature
oxidation commonly alters cubic magnetite grains to cubic maghe-
mite (Fe3O4→γFe2O3). Remanent magnetization in ferromagnetic
minerals arises from the interaction of unfilled 3d orbitals between
iron cations known as exchange coupling. In iron oxides, exchange
coupling occurs due to electron exchange between the iron cations
and the oxygen anions that link them (this interaction is referred to as
superexchange coupling). During the oxidation of magnetite to
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maghemite, maghemite retains the inverse spinel lattice of the
primary magnetite (Dunlop and Özdemir, 1997). During maghemi-
tization, superexchange coupling overwhelms the influence of the
external field and maghemite preserves the remanent magnetization
direction of the original magnetite (Johnson and Merrill, 1974;
Özdemir and Dunlop, 1985). Maghemite is a metastable mineral and
can invert to the stable polymorph of rhombohedral hematite
(αFe2O3). The thermal activation necessary for this inversion can be
achieved on laboratory time-scales at temperatures as low as 250 °C
(Bernal et al., 1957) and can occur at lower temperatures on
geological time scales (Hargraves and Banerjee, 1973). In addition
to magnetite oxidation, low-temperature oxidation can result in
hematite formation as an alteration product of iron-silicate minerals.
Hematite formation also occurs during high-temperature deuteric
oxidation of olivine during initial magma cooling (Haggerty and
Baker, 1967). If hematite formation occurs during and/or soon after
the emplacement of a basalt flow, the hematite would be expected to
record a remanence direction similar to that held by the primary
titanomagnetite grains.

The direction of remanent magnetization held by these Fe-oxide
phases can be determined through thermal demagnetization of basalt
samples. Typically, magnetite and hematite have a distinct range of
unblocking temperatures given that the Curie temperature of
magnetite (580 °C) is significantly lower than the Néel temperature
of hematite (675 °C) and that the thermal demagnetization spectra of
hematite is often quite “blocky,” such that most of the hematite
remanence is lost close to the Néel temperature (Dunlop and
Özdemir, 1997). If there is a notable decrease in the derivative of
magnetic moment versus time at the magnetite Curie temperature,
the direction of magnetization held by magnetite and hematite can be
evaluated independently (e.g. Fig. 1A,E).

The magnetizations of extrusive basalt flows from the 1.1 Ga
Keweenawan mid-continent rift are generally quite simple, with
remanence held by unidirectional components of magnetite and
hematite of very similar direction (e.g. Fig. 1A,E; Swanson-Hysell
et al., 2009). However, an additional component of magnetization
was discovered in 14 of the 72 studied flows that has an
intermediate unblocking temperature (580–650 °C) and holds a
remanence that is antiparallel to that of the components that
unblock between 500 and 575 °C and between 650 and 675 °C
(Fig. 1). Unlike these components, which can be confidently
interpreted as being carried by magnetite and hematite, respec-
tively, on the basis of thermal demagnetization data, the magnetic
phase that carries the 590–650 °C component requires additional
rock magnetic experiments to determine its carrier. We will refer
to this phase throughout the text as the “antiparallel component.”
The presence of the antiparallel component results in a “zig-zag” in
vector component plots of thermal demagnetization data (Fig. 1I).
The stratigraphic context of the flows and the progression in
paleolatitude due to fast plate motion during their emplacement
(Fig. 2) indicate that this “antiparallel” component is a self-
reversal. In this contribution, we utilize paleo- and rock magnetic
data paired with optical and electron microscopy to determine the
carrier of this self-reversed component and evaluate its origin.

1.1. Geological and paleomagnetic background

Keweenawan rocks of the 1.1 Ga mid-continent rift were the first
units of Precambrian age to be studied paleomagnetically in North
America (Dubois, 1955; Graham, 1953). The development of
paleomagnetic records from the rift has led to the best resolved
apparent polar wander path (APWP) in the Precambrian (the “Logan
Loop”, Dubois, 1962; Halls and Pesonen, 1982). This APWP forms the
basis for much of our understanding of late Mesoproterozoic
paleogeography during the assembly of the supercontinent Rodinia
(e.g. Buchan et al., 2001; Evans, 2009; Weil et al., 1998). The rock
magnetic behavior of Keweenawan lavas and specifically those from
Mamainse Point were important in the development of the theoretical
blocking curves for magnetite and hematite (Pullaiah et al., 1975).
There have been efforts to obtain records of the intensity of Earth's
geomagnetic field from Keweenawan volcanics and intrusives
(Pesonen and Halls, 1983), and to use the distribution of paleomag-
netic directions from individual lava flows to characterize paleose-
cular variation (Tauxe and Kodama, 2009).

A long standing enigma of paleomagnetic records obtained from
the Keweenawan rift was the fact that compiled reversed and normal
paleomagnetic directions are not antiparallel to one another, with the
older reversed directions being steeper in their absolute inclination.
This feature of the database has alternatively been interpreted as
reversal asymmetry resulting from significant non-dipole contribu-
tions to the surface geomagnetic field (Pesonen and Nevanlinna,
1981), or as resulting from a change in paleolatitude associated with
plate motions that occurred while volcanism was ongoing (Davis and
Green, 1997). In an effort to solve this problem, a recent study
reported a high-resolution paleomagnetic record from the most
complete section of extrusive lava flows in the rift at Mamainse Point,
Ontario (Swanson-Hysell et al., 2009). These data spanned three
reversals at high resolution, revealed a progressive decrease in
inclination upwards through the stratigraphy and showed each
reversal to be symmetric. These results demonstrate that the period
of Keweenawan volcanism was a time of significant motion of the
North American continent and that there is no need to invoke
significant non-dipole components to Earth's geomagnetic field to
explain the data.

The magnetizations carried by magnetite and hematite are
consistently of similar direction such that in 195 specimens where
least squares fits could confidently bemade to distinct magnetite and
hematite components, the average of the absolute value of the
difference between the inclinations is 3.6 (one standard deviation of
2.8°). Given the 152° variation in inclination through the section, this
similarity within individual specimens is striking. Directions from
themagnetitefits show a progressive decrease in absolute inclination
up section associatedwith the equatorwardmotion of North America
from ~80° to ~30° (Fig. 2; Swanson-Hysell et al., 2009). Hematite that
formed due to late-stage hydrothermal activity should have
shallower inclinations than that isolated for the magnetite in a
given flow—unless its magnetization was completely dominated by
internal coupling. In contrast to the expected direction for late-stage
hematite formation, the mean difference in the absolute value of
inclination between the magnetite and hematite fits (rather than the
absolute value of the difference) for the same set of samples show
hematite fits to be 1.5° steeper on average than the magnetite fits.
These results suggest that hematite formed during initial cooling, or
during low-temperature oxidation that occurred soon after flow
emplacement, thereby recording a similar snapshot of the geomag-
netic field as the magnetite.

In flows without the antiparallel component, little remanence is
lost during thermal demagnetization between 590 and 650 °C
(Fig. 1A,D). Where the antiparallel component is present, its
relative strength varies from marginally detectable (Fig. 1E), to
overwhelming any remanence held by magnetite (Fig. 1M). The
presence of the antiparallel component is variable within the
stratigraphy at Mamainse Point as it can be found in one flow and
not in the flow that is immediately above or below it stratigraphi-
cally (Fig. 2). This variable presence suggests that its formation is
tied to the unique eruptive and oxidative history of each individual
flow. On average, the flows we have studied paleomagnetically that
contain the antiparallel component are thinner (mean thickness of
3.4 m) than those where no such component is expressed (mean
thickness of 7.5 m). The directions of the “antiparallel component”
are close to truly antiparallel with angular differences between the
Fisher mean for that component in a given flow and that of the
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Fig. 1. Representative vector component diagrams (Zijderveld, 1967) (A, E, I and M), tilt-corrected equal-area projections (B, F, J and N), least-squares fits (C, G, K and O), and
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characteristic remanence direction ranging from 171.0 to 178.0
(with a mean of 175.2, Fig. 2). The large decrease in inclination seen
in the magnetite remanences is mirrored by that of the antiparallel
component. This context strongly suggests that the antiparallel
component is not the result of a phase that formed and acquired its
magnetization from an external field that was subsequently
reversed from the field in which the magnetite thermal remanence
magnetization formed. Rather, the antiparallel component is a self-
reversed magnetization that acquired a remanence antiparallel to
the other ferromagnetic minerals.

1.2. Background on self-reversed magnetizations

While the list of examples of self-reversed behavior is not
particularly long, such behavior has an important place in the
history of paleomagnetism. Following the discovery of the self-
reversed Mount Haruna dacite (Nagata, 1953), a debate ensued
concerning whether reversed magnetizations result from reversals
of the geomagnetic field or from self-reversal during continuous
normal polarity. This controversy was settled by the discovery of
seafloor magnetic anomalies (Vine and Matthews, 1963) and the
consistency of magnetostratigraphic sections (Cox, 1969)—paving
the way for the plate tectonic revolution and the development of
the geomagnetic polarity time-scale. Nevertheless, self-reversed
contributions to natural remanence continue to be identified and
their occurrence and carriers need to be fully understood in order
for the origins of paleomagnetic directions and intensity to be
confidently interpreted.
Self-reversed magnetizations can arise either through N-type
ferrimagnetism, when a single magnetic phase behaves in this
fashion, or through coupling between two distinct phases. There are
few examples of N-type ferrimagnetism present in the natural
remanence of samples, as most minerals with N-type behavior only
exhibit it at temperatures below those typical for Earth's surface.
Recently, Doubrovine and Tarduno (2004) discovered a phase with
N-type ferrimagnetic behavior in ocean floor basalts whose self-
reversal was reproducible in the lab. This phase unblocks by
temperatures of 300 to 400 °C and was demonstrated to be held by
titanomaghemite that formed through low-temperature oxidation of
primary titanomagnetites. Self-reversal of the primary thermal
remanent magnetization (TRM) was proposed to occur through
ionic reordering that led to the antiparallel A sublattice contributing
more substantially to the magnetic moment than the usually
dominant B sublattice.

The most well-documented self-reversing mineral phases are
titanium-rich titanohematites (Fe2−yTiyO3) with a y value between
0.5 and 0.8 (e.g. Haag et al., 1990; Lawson et al., 1987; Nagata, 1953).
These self-reversed titanohematites consist of exsolved Ti-rich and Ti-
poor phases whose interaction gives rise to self-reversal (Dunlop and
Özdemir, 1997). The magnetization of antiferromagnetic Ti-poor
titanohematites is weaker than that of ferrimagnetic Ti-rich titano-
hematite and is blocked at higher temperatures. During cooling, more
weakly magnetized Ti-poor regions first become magnetized in a
direction parallel to the external field. The crystallographically-
controlled contacts between intergrowths result in exchange coupling
between the phases. As temperatures cool, the Ti-rich regions acquire
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their remanent magnetization under the influence of negative
exchange coupling with the already magnetized Ti-poor regions
overwhelming any influence from the external field. As a result, these
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of this composition have Curie temperatures between 200 °C and
−27 °C, they cannot be the carrier responsible for the antiparallel
component in the Mamainse Point flows.

Self-reversal also is possible in decoupled magnetic phases if one
of the phases forms in close proximity to the other under the influence
of an interaction field that locally can overwhelm Earth's field (Néel,
1951). This coupling is referred to as magnetostatic interaction and
can be either positive or negative—in which case it theoretically could
result in a self-reversal (Dunlop and Özdemir, 1997; Krása et al.,
2005). This type of interaction has been invoked to explain self-
reversed titanomaghemites in basalt flows from the Neogene and
Quaternary (Krása et al., 2005).

In regard to partial self-reversal in the Keweenawan rift, a 1968
study of the Portage Lake volcanics found a rise in magnetic moment
during the first thermal demagnetization step to 200 °C in six of the
samples studied (Vincenz, 1968). The author inferred the presence of
a partial self-reversal of magnetization from this rise in moment, as
well as from pTRM experiments, and ascribed it to titanohematite.
This claim is difficult to evaluate without vector component plots.
Regardless of the origin of this potentially self-reversed component,
its low unblocking temperature renders it quite distinct from the
antiparallel component investigated herein.

2. Results

2.1. The presence of the antiparallel component in the natural remanent
magnetization

Alternating field (AF) demagnetization of the natural remanence
shows that the end point reached by levels of 170 mT for samples
with the self-reversed component is the same as that reached by
thermal demagnetization to 565 °C (Fig. 3). At this level of AF and
thermal demagnetization, the magnetite component has been
removed, but the antiparallel component is still present. This result
shows the coercivity of the antiparallel component to be greater
than 170 mT and demonstrates that the antiparallel component is
fully present in the natural remanence of unheated samples. As a
result, we can be confident that the antiparallel component is not a
result of alteration occurring in the lab during thermal
demagnetization.

2.2. Decrease in NRM associated with hematite formation

The strength of the NRM is lower for flows with significant
hematite than for flows with negligible hematite. The NRM
moment is even lower for flows that have the antiparallel phase
(although this difference is associated in part with the vector
subtraction of the antiparallel phase from the overall moment;
Fig. 4). The decrease in moment associated with progressive
hematite formation indicates that some of the iron used in the
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Fig. 4. Empirical cumulative distribution functions for the moment of the NRM for samples
removed by 590 °C but with no antiparallel component and samples with the antiparallel c
formation of post-eruptive hematite was obtained at the expense
of primary magmatic magnetite.

2.3. pTRM and TRM acquisition and demagnetization experiments

Partial thermoremanent magnetization (pTRM) experiments
were conducted on specimens taken from samples from which
other specimens had been used for thermal demagnetization of the
NRM. The experimental protocol for the pTRMwas designed to target
the magnetic minerals with laboratory blocking temperatures
between 620 °C and 600 °C such that a portion of the minerals
holding the antiparallel remanence would be magnetized without
affecting the magnetite and minimally magnetizing the high
unblocking temperature hematite. The protocol proceeded as
follows: After measuring the NRM of the samples, the samples
were heated to 670 °C in zero field (typical background field levels in
the furnace used are b5 nT). The samples were cooled to 620 °Cwhile
still in zero field. When the samples had equilibrated to temperature
at 620 °C, a 35 μTfieldwas applied along the z-axis of the samples and
the samples were cooled in this field to 600 °C. The samples were
then cooled to room temperature in a zero field. The remanences
acquired during this pTRM experiment were measured on a 2 G
superconducting rock magnetometer and were found to be in the
same direction as the applied field. This result eliminates the
possibility that the antiparallel phase behaves as an N-type
ferrimagnet and instead suggests that its formation is related to
interaction between two phases.

A full thermoremanent magnetization (TRM) was applied to a
subset of specimens to investigate whether interactions with the high
unblocking temperature hematite could be causing a self-reversal of
the antiparallel phase. The samples were heated to 670 °C in zero
field. Once equilibrated at 670 °C, a 35 μT field was applied along the
z-axis of the samples and the samples were cooled in this field down
to room temperature (~25 °C). The resulting magnetization, as
revealed through the thermal demagnetization of the laboratory-
induced TRM, was a single component remanence parallel to the
applied field (Fig. 3). This result indicates that the antiparallel
component does not acquire a self-reversed TRM due to interaction
with the high unblocking temperature hematite phase on laboratory
time-scales.

2.3.1. Mössbauer spectroscopy
Mössbauer spectra were obtained from three samples of crushed

bulk rock. The magnetic hyperfine parameters and the relative
proportions of each component determined from the spectra are
listed in Table 1. Samples MP101-36.9 and MP111-143.8 contain the
antiparallel phase while sample MP101-9.6 does not and its
remanence is interpreted to be dominated by magnetite on the
basis of thermal demagnetization data. The Mössbauer spectrum of
the MP101-9.6 sample was fitted by two sextets, corresponding to
025 0.03 0.035 0.04 0.045 0.05
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>95% of remanence
removed by 590 C
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omponent.



Table 1
Magnetic hyperfine parameters at 300 K determined through Mössbauer spectroscopy.

Phase Parameter Sample
MP101-9.6

Sample
MP101-36.9

Sample
MP111-143.8

Hematite Bhf (T) 51.2(1) 51.5(1)
QS (mm/s) −0.21(1) −0.21(1)
IS (mm/s) 0.44(1) 0.36(1)
% 64 74

Fe2+ QS (mm/s) 2.61(2) 2.59(1) 2.04(1)
IS (mm/s) 1.15(1) 1.18(1) 1.13(1)
% 42 29 26

Fe3+ QS (mm/s) 0.97(4) 0.74(4)
IS (mm/s) 0.33(2) 0.49(2)
% 9 7

Magnetite Bhf (T) 49.2(2)
Site A QS (mm/s) −0.07(1)

IS (mm/s) 0.30(1)
% 25

Magnetite Bhf (T) 46.0(1)
Site B QS (mm/s) 0.01(1)

IS (mm/s) 0.68(1)
% 24

Notes: All of the spectra were obtained at room-temperature using a conventional
constant-acceleration spectrometer in transmission geometry. The spectrometer uses a
57Co/Rh source and α-Fe calibrate isomer shifts and the velocity scale. The magnetic
hyperfine field (Bhf), isomer shift (IS) and quadrupole splitting (QS) and relative area
(%) were determined from the spectra using the NORMOS program (Brand, 1987).
Components identified through thermal demagnetization spectra for each sample
were: MP111-9.6 (magnetite), MP101-36.9 (magnetite, antiparallel component,
hematite), MP111-143.8 (antiparallel component, hematite).
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sites A and B of magnetite, and two doublets of paramagnetic Fe2+

and Fe3+ associated with Fe-silicates (Fig. 5). The relative proportion
of sites A and B was higher than the value of 0.5 that is expected for
stoichiometric magnetite indicating that some degree of oxidation has
decreased the contribution of site B. No hematite was detected in the
spectrum for MP101-9.6.

The Mössbauer spectra show the samples with the self-reversed
phase to be dominated by hematite (74% for MP111-143.8.; 64% for
MP101-36.9) with the rest of the Fe residing as paramagnetic Fe2+

and/or Fe3+ in association with Fe-silicates (Fig. 5, Table 1). The
magnetic hyperfine parameters that were fitted for the hematite in
both samples are close to the magnetic hyperfine parameters of the
stoichiometric phase (Murad and Cashion, 2003). Given that the
antiparallel component comprises a significant portion of these
samples' magnetization, it is expected that it would contribute to
the Mössbauer spectroscopy data which are sensitive to components
that comprise N2% of the sample's total iron. For example, maghemite
would have a unique signature on the spectra which is not observed in
either MP101-36.9 or MP111-143.8. Therefore, the Mössbauer
spectroscopy data strongly suggest that the antiparallel remanence
resides in a population of stoichiometric hematite.

2.4. Low-temperature cycling

The Mamainse Point basalts can be grouped into 4 categories:

(1) Flows with remanence dominated by magnetite (Fig. 1A).
(2) Flows with remanence held by both magnetite and hematite

(Fig. 1E).
(3) Flows with remanence held by magnetite, self-reversed

hematite and hematite (Fig. 1I).
(4) Flows with remanence held by self-reversed hematite and

hematite with no appreciable magnetite present in thermal
demagnetization data (Fig. 1M).

Low-temperature experiments were performed using a Quantum
Design Magnetic Properties Measurement System. Specimens from
samples in each of the above categories were pulsed with a 2.5 T field
at room temperature before being cooled to 10 K and then warmed
back to room temperature in near zero field with frequent measure-
ments of the isothermal remanent magnetization (Figs. 6, S1-S2).

The Verwey transition at ~120 K is very pronounced in flows
whose remanence is dominated by magnetite (Fig. 6). Oxidation of
magnetite, and the resulting deviation of stoichiometry, has the effect
of spreading out and then suppressing the Verwey transition
(Özdemir et al., 1993). The excellent expression of the Verwey
transition in the flows whose remanence is dominated by magnetite
demonstrates that there are flows in the succession that have been
very minimally affected by post-eruptive oxidation. There is a
continuum in the suppression of the Verwey transition (Fig. 6) from
samples of type 1 (remanence dominated by magnetite) to flows of
type 4 (remanence held by self-reversed hematite and hematite).This
continuum likely represents a progression in oxidation from type 1 to
type 4 samples. The Verwey transition is still pronounced in flows of
type 2 (magnetite+hematite) indicating that despite hematite
formation magnetite remains well-preserved (see MP105-20.4 in
Fig. 6). In flows with self-reversed remanence, there begins to be a
significant suppression of the Verwey transition (see MP111-11.0 in
Fig. 6) indicating that the self-reversed hematite has formed at the
expense of magnetite. These results suggest a connection between
progressive oxidation, the destruction of stoichiometric magnetite,
and the formation of the self-reversed component.
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The Morin transition of hematite is not expressed as a sharp drop
in moment confined to 260–250 K in any of the samples studied. In
samples where the presence of hematite is inferred from thermal
demagnetization data, there is evidence for a broad Morin transition
initiating at ~250 K and continuing below 200 K (Fig. 6). Suppression
of theMorin transition occurswith very small hematite grains as there
is a strong dependence of the Morin transition temperature on
particle size below 200 nm until ~30 nm when the transition is no
longer observed (Jacob and Abdul Khadar, 2010; Zysler et al., 2003).
This interpretation of Morin transition suppression implies that there
is a range of hematite grain sizes present in the samples, some of
which are quite fine-grained (b200 nm). It also has been hypothe-
sized that lattice defects could similarly lower the temperature of the
Morin transition by anchoring regions of surface spins (Özdemir et al.,
2008). Since most hematite grains formed at low-temperatures have
magnetizations dominated by defect moments (Tauxe, 2010), this
behavior could be affecting the expression of the Morin transition in
the Mamainse Point basalts.

2.5. Microscopy

Considering their 1.1 Ga age, the basalts at Mamainse Point are
exceptionally well-preserved. This preservation is evidenced on the
outcrop scale by the excellent preservation of original eruptive
features, such as pahoehoe textures on flow tops (Swanson-Hysell
et al., 2009), and on the microscope scale by the preservation of
original mineral phases. The final mineral assemblage in each flow has
been influenced by three important steps: (1) original emplacement
and cooling of the flow that was accompanied by high-temperature
oxidation, (2) oxidation related to subsequent subaerial weathering,
and (3) low-grade zeolite to lower-most prehnite-pumpellyite
metamorphism associated with burial (Massey, 1983; Smith, 1974).
Individual flows exhibit a range of porosities and experienced varying
durations of subaerial alteration prior to being buried by subsequent
flows. Consequently, the alteration of primary silicates and oxides
varies heterogeneously throughout the Mamainse Point basalts. This
heterogeneity could have been accentuated by the presence of
hydrous phases in some flows during reactions associated with low-
grade burial metamorphism (Smith, 1974). Following this initial
burial, theMamainse Point successionwas uplifted atop rift sediments
along a reverse fault thought to be related to far-field stresses of the
~1.0 GaGrenville Orogeny (MansonandHalls, 1994). In the time since,
there have been no significant thermal events in the region. Belowwe
describe the range of alteration textures associated with the silicate
and titanomagnetite components of the rock, which in turn, exert a
strong influence on the paleomagnetic remanence of the basalt flows.
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2.5.1. Silicate minerals
Thin sections of minimally altered basalts samples show sub-

ophitic textures with calcic plagioclase laths (up to 2 mm) and more
equant clinopyroxene (up to 0.5 mm) making up the majority of the
silicate mineralogy and hosted in a fine-grained groundmass.
Plagioclase laths contain minor amounts of sericite. Clinopyroxene
grains are well-preserved and range from small grains in the
Fig. 7. Photomicrographs and SEM images of hematite forming in altered silicate minerals in
MP101-12.4 (G, H, I) and MP111-143.8 (J, K, L). MP111-143.8 contains the self-reversed co
were shown through EDS and EBSD to be titanomagnetite while the skeletal magnetite morp
hematite (see Fig. 8). The photomicrographs (A, D, G, J) were taken in plane-polarized light. T
beam at 15 kV acceleration. The field of view in C, F, I and L are shown with boxes on the B
groundmass to larger grains that sometimes enclose plagioclase
laths. In addition to small pyroxenes, the fine-grained groundmass
also contains smaller grains and skeletal titanomagnetite (described
below). The lower part of the stratigraphy is dominated by high-Mg
olivine-rich picritic and basaltic lavas (Klewin and Berg, 1991). Where
present, olivine grains are typically altered to hydrous silicates in the
interior and have rims of hematite (Fig. 7). Vesicles occur in many
samples MP101-41.1 (A, B, C) and MP105-29.3 (D, E, F) and of iron oxides in samples
mponent while MP101-12.4 does not. The large iron oxides in the MP101-12.4 images
hologies in MP111-143.8 were shown through EBSD analysis to have been replaced by
he secondary electron SEM images (B, C, E, F, H, I, K, L) were collected with the electron
, E, H and K image respectively.
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samples and are commonly filled with amygdules consisting of an
outside ring of ~100 μm quartz crystals which are then in-filled with
fine-grained zeolite, chlorite or clay minerals. In more oxidized
samples, plagioclase becomes progressively more albitized, as noted
by earlier workers who observed that albite is more prevalent within
thin flows and on flow tops and bases (Smith, 1974), and the extent of
sericitization within the laths increases. The groundmass can also be
altered to clay minerals and hematite.

From a paleomagnetic perspective, the most important silicate
alteration feature is the oxidation of iron-rich silicate phases (e.g.
olivine). The resulting oxidation texture typically consists of core clay
minerals surrounded by a 50–100 μm thick, optically opaque rim of
hematite grains (Fig. 7A and D). The hematite rims often preserve a
euhedral outline of the precursor silicate mineral and hematite septa
can cross the clay-rich interiors. Scanning electron microscope (SEM)
images of these hematite rims show them to be composed of regularly
aligned, tightly packed, submicrometer hematite platelets (Fig. 7C).
Energy dispersive spectroscopy (EDS) shows the platelets to be
composed of stoichiometric hematite. Electron backscatter diffraction
(EBSD) of these oxide rims shows that the crystallographic orienta-
tions of the platelets are predominantly aligned in a single orientation.
Because the clay–mineral aggregates themselves are randomly
oriented throughout a sample, no remanence anisotropy is expected
and their remanence is anticipated to be a chemical remanent
magnetization acquired under the influence of the external magnetic
field as the hematite platelets grow through their blocking volumes.

2.5.2. Iron oxides
The occurrence of the antiparallel component within the

Mamainse Point basalts is closely linked to the degree of preservation
of titanomagnetite grains. In flowswith no evidence of the antiparallel
component, titanomagnetite grains are beautifully preserved and
occur as skeletal grains internally subdivided into sub-micrometer, Ti-
poor subgrains by ilmenite lamellae exsolved along the {111}magnetite

(Fig. 7G–I). This type of intergrowth texture (stages C3 and C4 of
Haggerty, 1991) occurs during initial cooling when disequilibrium
between the primary titanomagnetite and the oxygen fugacity of the
basalt results in oxidation of Fe, diffusion of Ti to the resulting
vacancies in the octahedral sites of the {111} crystal planes, and the
formation of ilmenite lamellae (Aragon et al., 1984; Buddington and
Lindsley, 1964).

In more oxidized samples, titanomagnetite grains have undergone
martitization (the transformation of magnetite into hematite). In
some grains, this process did not reach completion and relict grains of
magnetite are observed within the secondary hematite (Figs. 8 and
S3). In the most oxidized samples, martitization caused the complete
replacement of titanomagnetite, leaving behind hematite grains that
are quite small, but whose collective morphology is a pseudomorph
after skeletal titanomagnetite. When examined under high magnifi-
cation, the secondary hematite occurs as platelets generally ranging in
size from 150 to 300 nm. In addition to secondary hematite,
pseudomorphs of skeletal titanomagnetite sometimes contain ilmen-
ite lamellae, whichare assumed to be primary, and secondary titanite
with grain diameters b100 nm. In some samples with both martitized
titanomagnetites and well-preserved titanomagnetites, it was ob-
served that martitization preferentially occurred in grains that were
close to vesicles.

In order to understand the crystallographic relationship of the
secondary hematite to the primary titanomagnetite, we measured the
orientations of the two phases in partially martitized grains using
EBSD; a technique that is readily capable of distinguishing between
cubic and trigonal systems. The magnetite and hematite are oriented
such that the {0001}hematite are always parallel to {111}magnetite, while
the {110}magnetite is sometimes parallel to the {112̄0}hematite (Fig. 8).
This epitaxial relationship between martite and the host magnetite
has long been recognized on the basis of reflection microscopy and X-
ray diffraction data (see Davis et al., 1968 and references therein) and
recently has been identified in oxidized banded iron formation using
EBSD data (Barbosa and Lagoerio, 2010). This crystallographic
relationship between parent magnetite and the daughter hematite
results because both the low temperature oxidation of magnetite to
maghemite and the subsequent inversion of maghemite to hematite
are topotactic transformations (Davis et al., 1968; Dunlop and
Özdemir, 1997).

The transformation of magnetite to hematite in rocks is most
commonly attributed to an oxidation reaction such as:

4Fe3O4 magnetiteð Þ + O2→6Fe2O3 hematiteð Þ: ð1Þ

Recent work on banded-iron formations has shown that similar
textures may also form by non-redox mechanisms (Ohmoto, 2003;
Otake et al., 2007), such that:

Fe3O4 magnetiteð Þ + 2Hþ→Fe2O3 hematiteð Þ + Fe2 + + H2O: ð2Þ

Eq. (1) is associated with a volume increase of 1.66%, while Eq. (2)
is associated with a volume decrease of 32.22% (Mücke and Cabral,
2005). The samples examined in this study do not show evidence for a
dramatic 32% volume loss, and consequently, we interpret the
replacement textures in the Mamainse Point basalts to be due to
oxidation. This interpretation of oxidation is further supported by the
observation of altered Fe-silicates with thick rims of hematite within
the same samples that contain the martitized magnetite. Taken
together, these results demonstrate that the magnetite in samples
containing the antiparallel component has been largely martitized to
hematite (Figs. 7 and 8).

3. Discussion

3.1. Composition of the antiparallel remanence

The high coercivity of the antiparallel component revealed
through AF demagnetization combined with the Mössbauer spectros-
copy data provides strong evidence that the self-reversed remanence
is naturally present in the samples and is held by hematite. The
continued unblocking of the antiparallel component up to tempera-
tures of ~650 °C demonstrates that the component is not held by
magnetite and is unlikely to be held by maghemite due to the typical
inversion of maghemite to hematite at these temperatures.

Although hematite is known to have a Néel temperature of
~675 °C, its unblocking temperature is also a function of grain volume
(v), saturation magnetization (Ms), and microscopic coercivity (Hc,
Pullaiah et al., 1975). If hematite is responsible for the antiparallel
remanence, then the grains holding this remanence must be
magnetically stable on a geological timescale and unblock between
550 and 640 °C. According to Néel (1949), the relaxation time (τ)
magnetization held by an assemblage of non-interacting single-
domain grains can be calculated as:

τ = C−1e
vμoMsHc

2kT ð3Þ

where C is the characteristic frequency of thermal fluctuation (in Hz),
μo is the permeability of free space, k is Boltzmann's constant, and T is
temperature. Both Ms and Hc are themselves a function of temper-
ature, and we use the empirical temperature-dependent behavior of
Ms reported by Özdemir and Dunlop (2005) in this analysis. The
microscopic coercivity of hematite is dominated by magnetoelastic
effects and the temperature dependence of these effects remains
poorly defined. Following the example of Pullaiah et al., (1975), we
calculate the temperature dependence of Hc as proportional to Ms(T)3

normalizing to the room-temperature coercivity of a population of



Fig. 8. SEM images, EBSD mineral identification maps, and pole figures of hematite and magnetite orientations from EBSD analysis of hematite pseudomorphed after skeletal
magnetite. The pole figures are lower hemisphere equal-area projects that have been contoured using a half-width of 10° and clustering of 5°. White arrows in MP111-143.8 point
out the prismatic {112̄0} planes of hematite that correspond with the {110} magnetite planes. The parallel orientation of the basal {0001} hematite planes with the octahedral {111}
magnetite planes is quite clear in the pole figures.
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naturally-occurring 500–3000 nm diameter hematite grains (260 mT;
Dunlop and Kletetschka, 2001).

Modeled unblocking temperatures for grains of hematite as a
function of diameter are depicted in Fig. 9. Results for relaxation times
of 5 min and 4.5 billion yr are shown in order to demonstrate the
temperatures that would unblock given grain sizes on laboratory and
geological timescales. This theoretical calculation approximates the
grains as spheres for the purpose of calculating volume and, in effect,
imparts the uniaxial shape anisotropy of the empirically determined
room-temperature Hc value. Hematite grains with greater anisotropy
would have higher values of Hc, and therefore longer relaxation times
and slightly higher unblocking temperatures (Özdemir and Dunlop,
2002). The results of the calculations indicate that hematite grainswith
a volume of 4.8×10−21 m3 (~210 nm diameter) will be magnetically
stable on geological timescales and have an unblocking temperature
similar to that of pure magnetite on laboratory timescales. At room
temperature, hematite grains with volumes below 3.8×10−22 m3

(90 nm in diameter) will behave superparamagnetically. At hematite
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grain volumes above 3.4×10−20 m3 (~400 nm diameter), unblocking
temperatures become nearly indistinguishable from that of the largest
hematite grains and approach the ideal Néel temperature for hematite
(675 °C). These calculations are consistentwith empirical studies on the
influence of grain-size on hematite's rock magnetic properties. The
threshold diameter between superparamagnetic and single-domain
behavior in hematite at room temperature is known to be between 40
and 160 nm (Raming et al., 2002), while the transition from SD to MD
behavior occurs at grain sizes near100 μm(KletetschkaandWasilewski,
2002). This analysis indicates that an assemblage of hematite grains
with diameters between 190 and 340 nm could have unblocked on
laboratory timescales in the temperature range that unblocked the
antiparallel component in the Mamainse Point basalts.

The grain size predictions from these calculations are consistent
with the hematite grain sizes estimated for martitized former skeletal
magnetite crystals. This grain size analysis is possible through high-
resolution EBSD mapping that estimates the extent of crystals based
on the regions of constant orientation. For a martitized magnetite
crystal in sample MP111-143.8, the grain size of these hematite grains
is estimated by this method to be 194±119 nm. SEM images show
the hematite grains associatedwith Fe-silicates to be larger—generally
between 1 and 5 μm (Fig. 7). This larger grain size for the hematite
platelets associated with Fe-silicates is consistent with such grains
holding the magnetite-parallel remanence that unblocks close to the
ideal Néel temperature.

3.2. Formation of the antiparallel remanence

In all samples with the antiparallel component there is also
significant remanence associated with hematite that unblocks close to
the Néel temperature. This result from thermal demagnetization is
confirmed by Mössbauer spectroscopy as well as optical and electron
microscopy. Low-temperature cycling experiments show that the
presence of the self-reversed component is associated with progres-
sive oxidation of magnetite grains. Taken together, these data point to
a positive relationship between the degree of low-temperature
oxidation of a basalt flow and the presence of the antiparallel phase.
A low-temperature oxidation pathway is consistent with the pTRM/
TRM results that suggest a chemical, rather than thermal, origin of the
self-reversed remanence due to the needed interaction between the
self-reversed phase and a phase with a lower blocking temperature
during its formation.

The most likely mechanism for the formation of the self-reversal is
the transformation of metastable maghemite to hematite. Since the
remanence of maghemite is blocked during low-temperature oxida-
tion, its internal magnetic field strongly influences the formation of
the daughter hematite. Laboratory experiments have demonstrated
that the hematite formed via the inversion of maghemite to hematite
can hold a remanence antiparallel to that of the parent maghemite
(Hedley, 1968; McClelland and Goss, 1993). In these experiments,
maghemite is produced by heating lepidocrocite (γFeOOH) leading to
the creation of maghemite followed by hematite all in the presence of
an applied field. The maghemite acquired a magnetization parallel to
the applied field while the hematite acquired a remanence that was
antiparallel to the field. In the results of McClelland and Goss (1993),
the hematite self-reversal only occurred when the magnetization of
the parent maghemite was still blocked at the time of its transfor-
mation to hematite. McClelland and Goss (1993) explain this behavior
as the result of exchange interactions between the parent maghemite
and the daughter hematite. The formation of a self-reversal during the
maghemite–hematite transition had previously been predicted by
Banerjee (1963). Exchange interactions between the two phases are
possible given that hematite and maghemite can share O2− anions
across reaction surfaces as the result of the crystallographically
controlled orientation of the two phases during the inversion. As
discussed above, exchange coupling between maghemite and the
magnetite from which it forms results in the retention of the original
magnetite remanence direction. During subsequent inversion of the
maghemite, negative exchange coupling across the phase boundary
would pass through the crystals, causing the daughter hematite to
become magnetized in a direction antiparallel to the remanence
carried by the maghemite. This mechanism has been suggested as the
explanation for a self-reversed phase that is present in samples of
Siluro–Devonian andesites from the Lorne plateau of Scotland
(McClelland, 1987).

The formation of hematite in association with silicates in the
basalts would not result in a magnetization of those grains that was
significantly influenced by the ferromagnetic minerals in the rock.
Therefore, we posit that the more ubiquitous hematite that formed in
association with Fe-silicate phenocrysts, and the ground-mass of the
basalt, has a parallel remanence to the magnetite. This hematite
formationwould have begunwith deuteric oxidation of olivine during
initial magma cooling (Haggerty and Baker, 1967) and could have
continued within Fe-silicate phenocrysts and throughout the ground-
mass as a result of subaerial weathering before the emplacement of
subsequent flows. As low-temperature oxidation of the flow contin-
ued, the maghemitization of the primary magnetite progressed
further, particularly in the thin vesiculated flows that contain the
antiparallel component. Maghemite formation occurs in weathered
basalts in both temperate (Soubrand-Colin et al., 2009) and tropical
climates (Garcia de Oliveira et al., 2002). While maghemitization
could have been associated with later hydrothermal activity, the high
level of similarity between magnetite and high-unblocking temper-
ature hematite magnetizations (see section 1.1) suggests that such
late-stage oxidation was not associated with significant hematite
production. These data may point towards the importance of deuteric
metasomatism (autohydrothermal alteration) in addition to low-
temperature oxidation. Regardless of when the maghemitization
occurred, it subsequently inverted to fine-grained hematite that,
through the exchange-coupling described above, acquired a rema-
nence that was self-reversed with respect to the parent maghemite.
The timing of this inversion is difficult to constrain, but is likely to
have occurred between 1.1 and 1.0 Ga during burial under post-rift



183N.L. Swanson-Hysell et al. / Earth and Planetary Science Letters 305 (2011) 171–184
sediments prior to Grenville-aged uplift of the succession along the
Mamainse Point fault (Manson and Halls, 1994).

Prior to this work we are aware of only two other studies that have
attributed an antiparallel natural remanence removed above 500 °C to
self-reversed hematite: the Lorne plateau andesites (McClelland,
1987) and a study of diorite of the Buck's batholith in northern
California (Merrill andGrommé, 1969). However, thismechanismmay
bemore ubiquitous than thepaucity of published examples suggests as
the magnetite→maghemite→hematite pathway should be quite
common. In order for the component to be recognized, it needs to be
comparable in magnitude to remanence held by primary magnetite
and/or parallel hematite, and thermal demagnetization must proceed
at high resolution (b20 °C). Antiparallel directions held by hematite
have been observed in many studies of hematite-rich oxidized
sediments (“red beds”; e.g. Robinson and McClelland, 1987; Rösler
et al., 1997; Roy and Park, 1972; Schmidt and Williams, 1995; Turner,
1981; Turner et al., 1984). The explanation given for these antiparallel
remanences is that the samples contain hematite that formed
significantly after deposition following a geomagnetic reversal.
While this is a tenable explanation in the absence of significant plate
motion, we suggest that antiparallel hematite in red beds could form
through the self-reversalmechanismdescribed above asfirst proposed
by McClelland and Goss (1993). In this scenario, hematite formed in
associationwith silicateminerals in the sediment acquires the polarity
of the current geomagnetic fieldwhile hematite forming in association
with maghemitized magnetite grains acquire a polarity antiparallel to
the detrital remanent magnetization of the sediment. In fact, some
studies of oxidized sediments with antiparallel magnetizations have
observed the presence of martite (e.g. Schmidt and Williams, 1995;
Turner, 1981; Turner et al., 1984). Future studies that reveal hematite
with an antiparallelmagnetization to themagnetite remanence, or the
remanence held by another population of hematite, in any lithology
should consider that instead of resulting fromprolonged acquisition of
chemical remanence across polarity reversals, this behavior may be
attributable to martite self-reversal.

4. Conclusions

Some flows in the volcanic stratigraphy of the mid-continent rift
atMamainse Point contain a phase that unblocks between 590 °C and
650 °C and is antiparallel to the magnetite and high-unblocking
temperature hematite remanences. The geological and paleomag-
netic context of these basalt flows provides robust evidence that the
phase is self-reversed, rather than having been acquired during
subsequent polarity intervals. The high coercivity of this antiparallel
phase, its high unblocking temperatures and results fromMössbauer
spectroscopy show the phase to be carried by hematite. Its
suppressed unblocking temperature suggests that the grains of
hematite carrying this magnetization are finer than the hematite
population carrying a magnetization parallel to the magnetite
remanence, which unblocks closer to the ideal Néel temperature
for hematite. Electron microscopy shows that samples with the self-
reversed component contain hematite pseudomorphs after magne-
tite (martite) that have formed within skeletal titanomagnetite
crystals and that there is a preferential alignment of the basal plane of
the hematite with the {111} plane of the magnetite. These hematite
grains are in a size range consistentwith their suppressed unblocking
temperatures. The probable mechanism for the self-reversal is
exchange coupling with the parent maghemite that formed during
low-temperature oxidation. Variable porosities, permeabilities and
exposure time between individual flows provide a ready explanation
for why the antiparallel phase is found heterogeneously throughout
the succession. The variable occurrence of this phase throughout the
succession emphasizes the need for high-resolution thermal demag-
netization protocols when studying volcanic and sedimentary
lithologies that contain hematite.
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