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S U M M A R Y
Mid-ocean ridge basalt (MORB) specimens have often been found to have high ratios of
saturation remanence to saturation magnetization (M rs/M s). This has been attributed either
to dominant cubic anisotropy or to insufficient saturating field leading to overestimation of
M rs/M s of a dominantly uniaxial single domain (USD) assemblage. To resolve this debate,
we develop an independent technique to detect USD assemblages. The experimental protocol
involves subjecting the specimen to bidirectional impulse fields at each step. The experiment is
similar to the conventional isothermal remanent magnetization (IRM) acquisition experiment
but the field is applied twice, in antiparallel directions. We define a new parameter, IRAT, as the
ratio of the remanences at each field step and show it to have characteristic behaviour for the
two assemblages; IRAT ∼1 at all field steps for USD and <1 with a strong field dependence for
multi-axial single domain (MSD) grains. We verified the theoretical predictions experimentally
with representative USD and MSD specimens. Experiments with MORBs gave low IRATs for
specimens having high M rs/M s. This argues for a dominant MSD assemblage in the MORBs,
possibly cubic in nature. Although undersaturation of the samples can indeed be a contributing
factor to the exceptionally high Mrs/Ms, this study shows that the nature of the assemblage
cannot be dominantly USD.

Key words: Magnetic fabrics and anisotropy; Magnetic mineralogy and petrology; Rock and
mineral magnetism; Mid-ocean ridge processes.

1 I N T RO D U C T I O N

The ratio of saturation remanence to saturation magnetization
(M rs/M s) is commonly used to identify uniaxial single domain
(USD) particles, although the interpretation is not always straight-
forward. For example, the M rs/M s for randomly distributed USD
grains has a theoretical upper limit of 0.5 (Stoner & Wohlfarth
1948), but mixing of USD grains with finer superparamagnetic
(SP) or coarser multidomain (MD) grains inevitably reduces this
ratio (Day et al. 1977). Day et al. (1978) and, more recently, Gee
& Kent (1995), noted exceptionally high M rs/M s ratios (>0.5 and
as high as 0.67) in some mid-ocean ridge basalts (MORBs). Gee &
Kent (1995) attributed this to the dominance of grains with cubic
anisotropy (as opposed to uniaxial anisotropy), because the theo-
retical limit for single domain (SD) grains with cubic anisotropy
is 0.83 (K1 > 0) or 0.87 (K1 < 0), where K1 is the magnetocrys-
talline anisotropy (Joffe & Heuberger 1974). Fabian (2006) offered
an alternative explanation, arguing that the samples were essentially
uniaxial but not saturated leading to an underestimation of M s, mak-
ing the M rs/M s ratio <0.5. Using a saturating field as high as 7 T, he
showed for a single specimen that M rs/M s could be brought down
from 0.5 (measured at 1 T) to 0.39, thereby, obviating the need for
cubic anisotropy. Although lowering of M rs/M s with increasing field
would be an indication of sample undersaturation, the evidence it

presents for uniaxial anisotropy is inconclusive. Gee & Kent (1995)
measured hysteresis parameters of one specimen at a 5 T field. The
resulting M rs/M s ratio dropped from 0.63 (measured at 1 T) to 0.49.
However, the presence of abundant observable MD grains in this
specimen suggests that a ratio of 0.49 is the result of mixing of a
population with ratios much higher than 0.5 (hence not USD) with
grains having much lower ratios (the MD grains).

The assumption of uniaxial anisotropy of titanomagnetites in
MORBs, stems from the low K1 compared to magnetoelastic
anisotropy (Kλ). In titanomagnetites, with moderate to high Ti con-
tent, equant grains lacking significant shape anisotropy have been
shown to be dominated by stress anisotropy, which is assumed to be
uniaxial (Appel & Soffel 1984; Appel 1987). Sahu & Moskowitz
(1995) showed that Kλ > K1 for most temperatures in TM60, a
titanomagnetite with 60 per cent mole fraction of ulvöspinel, an
important constituent of MORBs. Although stress control of the
dominant anisotropy is largely agreed upon, the assumption of its
uniaxial nature is more of a mathematical simplification than an
empirical observation (Dunlop & Özdemir 1997, p. 44). In light of
such findings, an independent test for detecting USD grains could
prove to be useful. In this paper, we propose such a test.

The magnetization acquired by a specimen at room temperature
through the application of an impulse field is known as isother-
mal remanent magnetization (IRM). In SD grains, there are a finite

1250 C© 2011 The Authors

Geophysical Journal International C© 2011 RAS

Geophysical Journal International



Detecting uniaxial single domain grains 1251

number of directions in which the magnetic moment tends to reside
in the absence of an external field. Because moments in these direc-
tions have the minimum magnetic energy, they are known as ‘easy
directions’. With the application of a sufficient field, the moment can
attain enough energy to cross the energy barrier between adjacent
easy directions. In such a situation, the moment jumps, suddenly
and irreversibly, from one easy direction to another, closer to the
direction of the field. In SD grains, the field strength required to flip
the moments is a function of the angular relation between the field
and the moment. Therefore, the bulk coercivity of an assemblage
could change depending on the angular relationship between the
field, the available easy directions and the distribution of magnetic
moments.

An IRM acquisition experiment generally involves subjecting a
specimen to a stepwise increasing field. Here, we explore a double
IRM experiment (DIRM) in which each field step comprises ap-
plying the same field strength twice, but, in antiparallel directions.
The remanence is measured after each field application. We define
the IRM ratio (IRAT) as the ratio of the absolute remanences, sec-
ond over the first, at every step. IRAT has distinctive signatures for
USD grains as opposed to SD grains showing multi-axial anisotropy
(MSD) and is useful in addressing the controversy regarding the cu-
bic anisotropy (a form of MSD) of some MORBs as proposed by
Gee & Kent (1995) and disputed by Fabian (2006).

USD grains have by definition two easy directions in which the
moment has minimum energy in the absence of an applied field.
The first application of an instantaneous field in a dominantly USD
assemblage will flip moments in some grains towards the easy di-
rection closer to the field. When the field is applied in the reverse
direction the angular relationships between the field and the mo-
ments remain unchanged because the inherent uniaxial symmetry
of the grains is symmetric with respect to a bidirectional field. For
example, if a grain moment makes an angle of 120◦ with the field
and the field is sufficient to overcome the energy barrier, the moment
will flip to the only other easy direction, at an angle of 60◦ with the
field. Now, when the field direction is reversed the moment again
makes an angle of 120◦ with the field, hence, a second field of the
same magnitude is sufficient to flip the moment back. This ensures
that the bulk coercivity does not change in USD grains under a
bidirectional application of a field and consequently IRAT remains
very close to 1.

In the case of a dominantly MSD assemblage, the first appli-
cation of the field would flip moments in some grains into easy
directions closer to the field. However in this case, when the field is
reversed, the coercivity changes because the easy directions do not
necessarily maintain the same symmetry with the field. For exam-
ple, let us consider a grain of haematite showing sixfold anisotropy
in the basal plane. There are six easy directions, each 60◦ apart.
The first application of a sufficiently high-field acting in the basal
plane of a grain would cause a moment at an angle of 90◦ with
the field to overcome the necessary energy barrier and flip to an
easy direction closer to the field. This direction would be at an
angle of 30◦ with the field. Now, when the field direction is re-
versed, the new angle between the field and the moment would be
150◦ and the field strength could be inadequate to flip back the
moment.

In essence, any departure from uniaxial symmetry is likely to
show a change in coercivity with changing field directions. In fact,
it will be shown in the following sections that this anisotropy is
enough to exhibit substantially ‘higher’ coercivities during the sec-
ond application of the field. As a result, IRAT will be always >1 in
MSD grains for fields less than saturation.

Wohlfarth (1958) was the first to derive a simple relationship
between the forward and backward remanences and suggested that
the lack of reciprocity of the two could be due to non-uniaxial
anisotropy, particle interaction or domain state. He did not com-
ment on the exact mechanism of how these apparently dissimilar
properties would affect the result or the nature of their influence.
Although non-uniaxiality of anisotropy has been cited as one of
the reasons for the observed phenomenon, the other reasons seem
to have been invoked more often to explain similar phenomenon.
Tauxe et al. (1990) in an experiment similar to DIRM, observed a
‘sawtooth’ in a sample containing specular haematite and ascribed
that to relict MD signature in SD grains. A similar propensity is
sometimes observed in the interpretation of Henkel plots, where
IRM acquisition and DC demagnetization are plotted against each
other (Henkel 1964). Instead of alternating the field direction at
each step as in the DIRM experiment, this entails exposure of the
sample to successively higher fields in one direction and subsequent
demagnetization by applying increasingly negative fields in the op-
posite. This type of plot has long been used to analyse the strength
of particle interaction. Much like an Arai plot for a palaeointensity
experiment, where sagging of the curve is often ascribed to MD
grains, non-linearity in the Henkel plots are often used as an indi-
cator of interacting SD grains. More recently though, attention has
been drawn to the fact that multi-axial anisotropy can also cause
Henkel plots to be curved, with the remanence during the IRM ac-
quisition leg being greater than during the dc demagnetization leg;
a result in keeping with our tenet (Geshev & Mikhov 1992; Garcia-
Otero et al. 2000). Garcia-Otero et al. (2000) further showed that
this curvature would be in a direction opposite to that observed due
to particle interaction and warned that the combined effect of the
two could yield a straight line in a Henkel plot leading to erroneous
interpretation.

In this paper, we will use numerical models and experimental
evidence to demonstrate the difference in response of USD and
MSD grains to DIRM acquisition. We will be using USD magnetite
and MSD haematite to be representative of the two categories. We
will then use DIRM acquisition curves to address the issue of the
dominant anisotropy in MORBs. We will provide strong evidence
for the presence of multi-axial anisotropy in the high M rs/M s MORB
samples.

2 T H E O RY

2.1 Energy calculations

The total energy of an SD grain, assuming only coherent rotations
of moments, is the sum of the anisotropy energy (Eanis) and the
magnetostatic energy (Ems) due to the external field. An SD grain
showing n-fold anisotropy has n easy directions, where the total
free energy density Etot (energy per unit volume) is minimum. Etot

is given by

Etot = Eanis + Ems = K sin2
(n

2
θ
)

− Ms Beff cos(θ − φ), (1)

where K is the anisotropy constant (e.g. K1, Ku or Kλ ), M s is
the saturation magnetization, Beff is the effective field, θ the angle
between the moment and the easy direction, and φ is the angle
between the easy direction and B (Dunlop 1971).

For any grain in the absence of a field, the total energy per unit
volume is equal to the anisotropy energy. With the application of
an external field, the contribution of the magnetostatic energy rises.
Using eq. (1) we can plot the energy profiles of a single grain of
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Figure 1. Energy density for θ = [0, 360] in (a) magnetite grains with φ = 175◦ and (b) haematite grains with φ = 130◦. Insets show the corresponding grains
with easy directions (thin line) and field direction (thick). In (b) the c-axis is orthogonal to the plane containing easy directions. (a) In absence of a field the
energy profile (grey) shows two energy minima (easy directions). For a field 0.5Bcrit, the profile changes (dashed line), but the moment (grey dot) cannot flip to
the other easy direction. Only when Beff ≥ Bcrit, can the moment overcome the energy barrier and flip to a position 180◦ apart (red dot). (b) Without any field,
the energy profile (grey) shows six energy minima (easy directions). As in the USD case, at any field less than Bcrit, the energy profile changes but the moment
(grey dot) cannot overcome the energy barrier. At Bcrit, the moment flips instantaneously to an adjacent easy axis 60◦ apart (red dot). If the field was even
higher (1.39Bcrit for this particular grain), then the moment would have had its least energy configuration at an easy axis 120◦ (black dot) apart. Calculations
are based on values used in text. See fig. 2 in Dunlop (1971) for additional graphs showing dependence of Bcrit with φ for the two cases.

magnetite, having n = 2 easy directions (uniaxial), and a haematite
grain, having n = 6 easy directions in the basal plane (multi-axial;
Figs 1a and b, respectively). It is to be noted that haematite shows
a dominant sixfold basal plane anisotropy only between the Morin
transition (∼−10 ◦C) and the Néel temperature (∼675 ◦C) (Besser
et al. 1967). Below the Morin transition the moments are not con-
strained to lie in the basal plane, showing a pronounced uniaxiality
along the c-axis instead.

In Fig. 1, the energy minima in the solid grey curves (no field)
represent the easy directions. As we apply a field, the energy-density
curves change. A small applied field moves the curves to the dashed
lines but it is not large enough to remove barriers entirely from
between the easy directions and the moment may stay trapped in
the local energy minimum (grey dot). At a critical field value, Bcrit,
however, the curve changes to the heavy (red) line and the energy
barrier is removed; the moment is able to flip to the adjacent energy
minimum and remains there when the field is switched off (red dot
on grey lines). The value of θ at Bcrit is the critical angle, θ crit. It is
worth mentioning at this stage that the moment flips instantaneously
from one direction to the other, hence, θ crit is more of a mathematical
construct than a physical quantity. Also, it is noteworthy that Beff is
the effective field. So for uniaxial magnetite, when the moment is
free to rotate in any direction under the influence of the field, Beff

equals the applied field (B). However for a grain where the moments
are constrained to lie in a particular plane, as in haematite, only the
basal plane component, that is, Bsin ψ makes up Beff (Fig. 1, insets).

The condition for flipping is to remove the energy barrier (e.g.
the humps between the grey and red dots in Fig. 1). This can
be mathematically expressed in terms of the derivatives of the
energy density curves when the first and second derivatives are
both zero, that is, dE/dθ = d2E/dθ 2 = 0. Solving for θ and Bcrit,
we get

tan(nθcrit) = n tan(θcrit − φ), (2)

and

Bcrit = − nK

2Ms

sin(nθcrit)

sin(θcrit − φ)
. (3)

The flipping condition is met when Beff ≥ Bcrit.

2.2 Numerical simulation

To simulate DIRM as a function of applied field, we start with
an assemblage of magnetic grains with randomly oriented moment
directions along randomly oriented easy axes. A large number of
grains in the simulation ensures a low initial remanence, reflecting
a completely demagnetized state. We used 20 000 grains for our
simulations, which gave an initial remanence of ∼1 per cent of
saturation remanence. Increasing the number of grains gives even
lower initial remanence but also increases the total runtime without
significantly affecting the result. This is also more representative of
our experimental conditions where we use the natural remanence
(NRM) as the initial state. This is a fair approximation as long as
the NRM is significantly lower than the IRM. We will discuss this
in greater detail in Section 4.

We assumed shape-dominated uniaxial anisotropy in magnetite
and used M s = 480 K Am−1 for simulating an USD assemblage
(Tauxe 2010, p. 68). A uniform prolate grain shape with axial ra-
tio, c/a = 1.9, translates to a uniaxial anisotropy constant Ku of
27 K Jm−3. For simulating MSD grains, we used haematite, which
has a sixfold basal plane anisotropy. A range from 10 to 100 J m−3 is
suggested for magnetocrystalline anisotropy in haematite (Dunlop
& Özdemir 1997). For the purpose of this simulation, we chose a
value of 50 J m−3, noting that the results do not depend critically on
the precise value. We used M s = 2.1 K Am−1 for haematite (Tauxe
2010). An iterative routine of increasing field steps, with each field
step comprising a +B and −B simulated DIRM acquisition. For
each grain, the critical field, Bcrit, for the moment to jump to the
adjacent easy direction closer to the applied field B was calculated
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Figure 2. Kamb plots showing density of moments in response to different field steps for (a) USD magnetite and (b) MSD haematite. Only absolute value
of inclinations were considered and the density was normalized by the maximum density of moments for that particular field step. Therefore, similar colours
from different plots do not signify similar density.

using eqs (2) and (3). For those grains in which Bcrit was found to be
less than Beff , the moments were transferred to the easy directions
closer to the field direction. For USD grains this is a single-step
process for each B, because the moments can reside only in two
directions. For MSD grains, this can be a multistep process depend-
ing on the strength of the applied field (Fig. 1b). The simulations
yielded M rs/M s values of 0.5 and 0.94 for the uniaxial and triaxial
cases, respectively. For the latter, the moment was constrained to lie
in the basal plane.

In USD assemblages, reversing the field direction flips the mo-
ments from one direction to the opposite. As a result, there is no
difference in net magnetization of the bulk distribution of moments
at any B or −B (Fig. 2a). At ±60 mT, all moments, having the low-
est coercivity, flip towards the field. Since we have assumed that all
grains have the same size and shape, coercivity is strictly a function
of φ. Hence, the moments that are flipped to the antipodal easy
directions at any particular field, all lie on a cone around the field
direction. This is manifested in the form of small circles in Fig. 2.
The number of such circles increases (note the expanding dark patch
in Fig. 2a from 60 to 150 mT) with increasing field until saturation,
at which all the moments are confined to one hemisphere. At each
field step, the distribution of moments is symmetric with respect
to the field direction (e.g. at 60 and −60 mT), thereby, giving the
same net remanence. As a result, the remanence acquisition curve
is smooth and IRAT is ∼1 at all field steps (Fig. 3a). This is strictly
true only for a completely demagnetized initial state (solid circles
in inset to Fig. 3a). For a simulated sample with an initial rema-
nence of ∼2 per cent of the saturation remanence (either parallel
to or antiparallel to the first field direction), the ratio changes to a

value more (small open circles in inset to Fig. 3a) or less than unity
(small open squares in inset to Fig. 3a) approaching unity as the
field increases from 60 to 100 mT. The ratio is either more or less
than unity, when the NRM is parallel or antiparallel to the direction
of the first-applied field. If the NRM is ∼5 per cent of saturation
remanence, IRAT shows at most ∼10 per cent departure from unity
(larger symbols in the inset to Fig. 3a). As NRM of natural samples
is usually weak and is unlikely to be 5 per cent of saturation rema-
nence, IRAT is expected to be within 10 per cent of unity in natural
USD assemblages.

In MSD assemblages, coercivity changes as a function of the
history of fields applied. This effect is especially marked at low
fields. Fig. 2(b) shows that at 150 mT, the concentration of mo-
ments is near the field azimuth in the +B hemisphere (direction of
the first-field application and top of diagrams). When the field is re-
versed, there are distinct concentrations in both the hemispheres.
This is because at −150 mT, the field is not strong enough to
sweep away the moments that are already at a high obtuse an-
gle, φ, to the −150 mT field direction owing to prior application of
the +150 mT field. Therefore, a fraction of the moments from the
150 mT step do not flip and effectively cancel out the contribution
from the concentration of moments in the −B hemisphere after the
−150 mT step. This gives rise to a pronounced sawtooth pattern in
the DIRM acquisition plot (Fig. 3b). IRAT increases from 0.06 at
100 mT to 0.99 at 600 mT (Fig. 3b, inset). At higher fields, the field
strength compensates partially for this effect. Thus, the moment
distribution at ±600 mT and higher fields are almost mirror images
of each other, whereas those at ±150 mT are markedly different
(Fig. 2b).
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Figure 3. DIRM acquisition curves for (a) USD magnetite. Inset shows IRAT for the corresponding field steps (solid line). Open circles/squares show IRAT
for a 2 per cent (small symbols), 5 per cent (big symbols) NRM at 0◦/180◦ to the initial field direction and (b) MSD haematite. Inset shows IRAT for the
corresponding field steps. Remanence (M r) is normalized by saturation remanence (M rs).
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Figure 4. IRAT as a function of field spacing and initial field in MSD
grains. Circles show IRAT for field spacing of 20 mT (open red ) and 100 mT
(closed red). Squares show IRAT for an initial field of 50 mT (closed black)
and 300 mT (open black).

These results have a bearing on alternating-field (AF) demagneti-
zation. In AF demagnetization, a specimen is exposed to an AF that
has a sinusoidal waveform. The field decreases linearly with time
and traps comparable number of moments along opposite directions.
This gives rise to a net-zero moment. Although our experiment is
very different from an AF demagnetization, both are affected by the
coercivity spectrum in an analogous manner. The linearly reducing
AF can trap disproportionately, more moments along one direction
giving rise to strong remanence. This could explain spurious ARMs
sometimes observed in the laboratory, even when no detectable field
bias or bad waveform was present.

The sawtooth is more pronounced at low fields and is also sensi-
tive to the spacing of the field steps (Fig. 4 ). For example, at 200 mT,
IRAT varied between 0.56 and 0.81 depending on the choice of field
steps, which in these experiments ranged between 20 and 100 mT.
Increasing the number of field steps lowers the difference in coerciv-
ity of the successive field steps. The intermediary field steps help to

‘soften’ the coercivity by churning the moment directions multiple
times. The choice of the initial field step has a similar, albeit less
pronounced, effect on IRAT. For example, at 300 mT, IRAT varies
from 0.79 to 0.85 for initial fields of 50 and 300 mT, respectively,
with the same field step spacing of 50 mT. These results, together
with the variability of grain size and coercivity of natural rocks,
suggest that the absolute IRM values from very different samples
might not be comparable. Despite these caveats, the property of
IRAT, being close to unity and showing little change with field step
for USD grains, can be used to distinguish between dominantly
USD and dominantly MSD assemblages.

3 E X P E R I M E N TA L E V I D E N C E

The theory and modelling in the preceding sections predict that
USD and MSD assemblages will behave differently in a DIRM
acquisition experiment. To test this experimentally, we investigate
two sample types: the Tiva Canyon tuff and a specularite–haematite
sample from the Dhok Pathan formation in Pakistan.

The Tiva Canyon tuff has been proposed as a standard USD
material (Carter-Stiglitz et al. 2006). Hysteresis loops (Fig. 5a)
look like classic SD loops predicted by Stoner & Wohlfarth (1948).
First-order reversal curve (FORC) distributions (Pike et al. 1999;
Roberts et al. 2000) show typical non-interacting SD behaviour with
closed contours parallel to the Bc axis, a density peak near 40 mT
and a small spread along Bu (Fig. 6a).

Tauxe et al. (1990) characterized the haematite found in the Dhok
Pathan formation of the Siwalik Group in Pakistan as either specular
or pigmentary types. The sedimentary sequence, comprising grey
to red siltstones, have varying proportions of these phases. In this
study, we chose one of the grey specimens that was reported to have
primarily specular haematite with low coercivity.

The experimental protocol involved subjecting a specimen to an
impulse DC field (B) in a pulse magnetizer and measuring the re-
manence. The specimen was then placed in the opposite direction in
the pulse magnetizer and subjected to the same field (now, −B) and
the remanence was remeasured. This was repeated at successively
higher fields.

In a DIRM acquisition plot, no substantial sawtooth was observ-
able in the Tiva Canyon tuff and the lowest IRAT was as high as
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Figure 5. Representative hysteresis behaviour for (a) Tiva Canyon tuff (b–f) Ph93-1 at 1, 3, 5, 7 and 30 mm from the glassy margin.

Figure 6. FORC distributions for (a) Tiva Canyon tuff (b–f) Ph93-1 at 1, 3, 5, 7 and 30 mm from the glassy margin. FORC distributions were prepared with
the software described in Harrison et al. (2008).

0.94 at 30 mT (Fig. 7a). Specularite–haematite, on the other hand,
showed a substantial sawtooth with IRAT increasing gradually from
0.57 at 50 mT to 0.97 at 600 mT (Fig. 7b). As predicted from theory:
(1) the lowest IRAT was observed at the lowest field, (2) USD and
MSD assemblages have distinct DIRM signatures and (3) IRAT at
the first-field step shows the most difference for USD and MSD as-
semblages and can be used to effectively discriminate between the
two. In the following section, we will be using the first-field IRAT
to understand the dominant source of magnetic anisotropy energy
in the MORBs initially studied by Gee & Kent (1999).

4 NAT U R E O F A N I S O T RO P Y E N E RG Y
I N M O R B S A M P L E S

To investigate the nature of anisotropy in MORBs, we started with
a 0.18 Ma sample (PH93-1) from the Phoenix expedition near 10◦N
on the East Pacific Rise (Batiza et al. 1996). Gee & Kent (1999) used
specimens from this sample to show that magnetic granulometry
varied as a function of the distance from the chilled margin. The
M rs/M s ratios of some of the specimens were extremely high (>0.5).

For this study, we cut four slices of PH93-1 at ∼1–2 mm res-
olution parallel to the chilled margin for the outermost 1 cm.
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Figure 7. DIRM acquisition in natural samples. M rs measured at 2.4 T. Inset shows corresponding IRATs. (a) Tiva Canyon tuff. (b) Dhok Pathan haematite.
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Figure 8. (a) IRAT as a function of field for PH93-1 specimens. Circle size represents distance from the margin, that is, 1(smallest circle), 3, 5 and 7 mm. (b)
Corresponding DIRM acquisition in representative specimens. Line thickness increases with distance from the margin. Only one specimen shown from each
zone.

Multiple specimens weighing between 20 and 100 mg were ob-
tained by breaking apart each thin slice. The specimens were sub-
jected to a complete DIRM acquisition experiment. Subsequently,
FORCs were determined for all specimens. The slices had distinct
hysteresis behaviour (Figs 5b–e) and derived FORC distributions
(Figs 6b–e), consistent with the inferred increasing magnetic grain
size away from the quenched margin. Peaks near Bc = 0 and FORC
distribution contours parallel to Bu reflect a dominantly SP frac-
tion (Fig. 6b). As we move away from the margin, the coercivity
peak moves towards higher Bc values, consistent with an increas-
ing SD fraction (Fig. 6c). For specimens ∼0.5–0.8 mm away from
the glassy margin the contours close and the spread along Bu re-
duces, suggesting a dominantly SD contribution (Figs 6d and e).
Further away, the contours open up again, but with higher coer-
civity peak than in Fig. 6(b), showing substantial MD contribution
(Fig. 6f).

We subjected all specimens to the DIRM experiment (Fig. 8).
DIRM acquisitions of the samples show IRAT increasing with field
(Fig. 8). Specimens closest to the margin have the highest IRAT
values (0.81 at 50 mT) and IRAT decreases with distance from the
margin. At higher fields (200 mT), the difference in IRAT vanishes

because the field strength overwhelms the difference in coercivity
as the specimens approach saturation.

To further investigate the nature of the anisotropy energy we anal-
ysed two more approximately zero-age MORB samples; a pillow
basalt (PH99-1) from 10◦N on the East Pacific Rise (Batiza et al.
1996) and a ∼8-cm-thick sheet flow (MW86-5) from the southern
East Pacific Rise (Sinton et al. 1991). The first centimetre of these
samples were carefully sliced into chips measuring ∼1–2 mm in
thickness. Each chip was further subdivided into 2–6 specimens
measuring 20–100 mg. Three more specimens were sampled from
the interior of the three basalts (>3 cm). A curtailed double-IRM
protocol, involving just the initial step was carried out. The initial
field was 50 mT for PH93-1 and 75 mT for the rest. Subsequently,
hysteresis loops were determined and M rs/M s ratios were calculated
using paramagnetic slope correction from 0.7 to 1 T.

To avoid high temperature alteration of the specimens, we avoided
thermal demagnetization. Instead, the NRM was used as the initial
state. The potential bias introduced, as a result, should be negligible
as long as the IRM, after the first applied field, is substantially
higher than the NRM. This would show that the potential bias
due to existing NRM is negligible. For our purposes, we needed
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a selection criterion, which would recognize specimens that were
affected by the NRM bias. When IRM exceeded the NRM by a
factor of 6 or more, it was assumed that the bias, due to such a low
NRM, was negligible. 10 of the 58 samples did not meet this criteria
and were excluded from this discussion (Fig. 9 ). IRAT data versus
M rs/M s data for the remaining specimens are shown in Fig. 10 .
Three specimens had IRATs slightly above one and although this
is arguably due to an initial NRM bias (as shown in Fig. 3a, inset),
the IRM was strong enough not to warrant an exclusion of these
specimens.

We see a gradual transition from high M rs/M s, low-IRAT spec-
imens to low M rs/M s, high-IRAT specimens. More importantly,
specimens having M rs/M s above 0.5, all have IRAT values below
0.8 and sometimes as low as 0.3 (Fig. 10). Such low values of
IRATs are consistent with our hypothesis of substantial MSD con-
tribution in MORBs. The mostly glassy MW86-5 specimens, all
cluster in a low M rs/M s, high-IRAT section of Fig. 10 (squares).
On the other hand, pillow specimens, especially PH93-1(triangles),
show a moderate dependence of IRAT with distance from the
margin with higher IRAT in specimens closer to the margin. The
high IRAT can be either due to a greater contribution of USD
magnetite or an effect of SP fraction, as shown in Garcia-Otero
et al. (2000). Specimens from the flow interiors have MD hystere-
sis behaviour (Fig. 5f) and the derived FORC distributions have
open contours and low coercivity (Fig. 6f) showing dominant MD
contribution. These specimens typically have a high IRAT values.
Although a theoretical treatment of IRAT in MD grains is beyond
the scope of this work, it is postulated that the mobile walls of the
MD grains, being less coercive than the anisotropy of SD grains, are
easier to re-organize under the influence of an external field, thereby,
contributing to substantially higher IRATs, even at low fields.

An independent case for the presence of multi-axial anisotropy
in MORBs has been presented by Lanci (2010), in which he used
anisotropy of susceptibility to establish the presence of dominant
cubic anisotropy. Another proposed mechanism for high M rs/M s as
well as the high coercivity, as observed in these basalts, was the
3-D cross structure of Tauxe et al. (2002). These cross structures
are composed of three parallelepipeds intersecting in three mutually
orthogonal directions. Although reversals in magnetization in such
complicated shapes show flower and vortex states and is not possible
to model sensu-stricto within the framework discussed in this paper,
the presence of more than one easy direction would arguably lower
the IRAT. Hence, although it is possible that the anisotropy is indeed
cubic, this work does not rule out more complicated possibilities.

5 C O N C LU S I O N S

(i) We define a new parameter IRAT (the ratio of two opposing
low-field IRMs imparted in a double IRM-acquisition experiment)
for differentiating between USD and MSD grains. With numerical
simulation and experimental data, we show that, IRAT is ∼1 for
USD grains for all fields. For MSD grains, IRAT approaches 1 from
lower values with increasing field.

(ii) We have shown that, in a system with dominant multi-axial
anisotropy, coercivity varies with application of a field. At fields
close to saturation, both USD and MSD grains have IRAT values
of ∼1. This suggests that, for samples where MSD grains may
be present, experiments like anisotropy of isothermal remanence
should be conducted at fields close to saturation, where the differ-
ence of remanences become negligible. Otherwise the experiments
will always show a substantial anisotropy, even when there is none.
Presence of MSD grains can impart strong remanences during AF
demagnetization and can be a source of spurious ARMs, sometimes
observed in the laboratory. On the other hand, parameters such as,
HIRM and S-ratios, which are chiefly used as proxies for the rela-
tive amount of goethite/haematite as compared to softer minerals,
like magnetite/maghemite, are unlikely to be affected much by this
because of the large difference in coercivity between the two groups.

(iii) All our hysteresis parameters have been measured at 1 T
maximum field. As noted earlier, Fabian showed that such a field
might be underestimating the saturation magnetization which could
potentially explain the high M rs/M s in some specimens. Despite
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that, our work shows, the specimens cannot have a dominant USD
fraction.

(iv) If Kλ > K1 for most MORBs then contrary to the popular
assumption, stress anisotropy could be non-uniaxial.
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