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bstract

A suite of non-tectonized, Meso-Proterozoic siliceous crystal tuffs and volcanic breccia with a visible stratification has a modal bulk
usceptibility (k) ∼ 160 �SI [mean; S.D. = 141 �SI; 44 �SI]. Normally, such susceptibilities suffice to make reliable measurements
f anisotropy of low field susceptibility (AMS) using AC induction-coil instruments. However, for this suite, time-dependent
usceptibility – variations during measurement are large in comparison to susceptibility – differences along different axes through a
pecimen. Thus, in many specimens, AMS axes determined by routine induction coil measurement in a (Sapphire Instruments SI2B;
9,200 Hz, 60 A/m) measurement procedures are not reproducible. The apparent variation of specimen susceptibility during a single,
our minute AMS measurement can > 2 �SI whereas in the same interval the noise-level of our instrument is < 0.2 �SI. Thus, the
ime-dependence of the specimen-susceptibility is an intrinsic phenomenon due to the characteristics (grain size, domain structure) of
he magnetite which dominates susceptibility during measurement and handling. Two procedures improved the reproducibility and
tability of AMS axial orientations in some specimens. First, for some specimens, one or two cycles of LTD or AF demagnetization
≤ 15 mT) stabilized AMS axes. (Previous workers have observed that LTD and AF demagnetization may change slightly the AMS
f polydomainal magnetite). Of course, exposure to alternating fields is preferably avoided before any AMS study. Second, for some
pecimens AMS measurement were improved by shielding the induction coil instrument in a large magnetically shielded space
ambient field < 5 nT). Further improvements were achieved by permitting the specimens to relax in side a magnetic shield for 24 h
efore measurement. The occurrence of time-dependent bulk susceptibility, especially noticeable in its AMS axial orientations is
ertainly a rare phenomenon and the procedures we used to improve measurement are excessive and unnecessary safeguards in

outine AMS work; in any case, they mostly failed to produce a desirable degree of reproducibility. However, a simple test to detect
or the presence of such time-dependent AMS is to repeat measurements at intervals of several hours, between which the specimen
s permitted to relax in different orientations with respect to the geomagnetic field, or in a shielded space.

2007 Published by Elsevier B.V.
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. Goals and introduction

The petrofabric or orientation–distribution of certain
inerals in rocks is commonly related to some pattern of
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flow, due to strain in tectonically deformed rock, plas-
tic flow in plutonic and metamorphic rock, or viscous
flow in magma or sediments. Orientation distribution

was notoriously difficult to quantify directly, either from
grain-shape or the orientation of crystallographic axes.
Sample preparation was laborious and commonly less
than 100 measurements would be obtained from a single

mailto:borradaile@lakeheadu.ca
dx.doi.org/10.1016/j.pepi.2007.04.007


e Earth
228 G.J. Borradaile, I. Geneviciene / Physics of th

specimen. Ising (1942a,b) and Graham (1954) recog-
nized that “magnetic fabric” (the anisotropy of the
specimen’s susceptibility in a low field, or AMS) was
commonly a good proxy for the orientation–distribution
(∼petrofabric) of most high susceptibility minerals in the
rock. Induced magnetization must be measured in a low
field, similar to the geomagnetic field (say, ∼80 A/m)
so that remanence-bearing minerals respond linearly
(without hysteresis) to the applied field. We now under-
stand that the direct equivalence of magnetic fabric
with petrofabric is complicated by many factors, most
importantly the fact that multiple minerals with different
orientation distributions and different anisotropies con-
tribute to the measured AMS (Borradaile and Jackson,
2004). The relative importance of each mineral species
depends on their relative abundance, the similarity of
their orientation–distributions and on their mean suscep-
tibility. Poorly abundant remanence-bearing minerals
(RBM) may control the AMS since their bulk (mean)
susceptibility is large (e.g., magnetite 2.2 SI, hematite
≤ 0.04 SI) compared to rock-forming minerals (mafic
silicates � 0.002 SI, felsic silicates ∼−14 × 10−6 SI).
Magnetite is usually an accessory (<1% volume) mineral
and in the rocks studied here its abundance rarely exceeds
2000 ppm but hematite is abundant and visual inspection
alone would suggest that the AMS of these felsic rocks is
a function of magnetite and hematite concentrations and
preferred orientations. We ascertained the mineralogi-
cal controls on susceptibility may be determined from
magnetic tests on rocks and mineral separations. Also,
orientations analysis may alert one to heterogeneous con-
trols on magnetic fabric. These include comparisons of
AMS orientations for groups of specimens with different
bulk susceptibility and comparisons of the orientation of
the mean tensor for a sample of specimens with the spec-
imens normalized and then not normalized by their mean
susceptibility.

If AMS is controlled entirely by rock-forming
silicates or by carbonates, its association with the petro-
fabric elements is relatively simple. This is because most
silicates are paramagnetic (0 < k ≤ 2000 �SI) having a
positive constant susceptibility that relates the measur-
ing field (H) to the induced magnetization (M) according
to M = kH. In the rare case where diamagnetic minerals
such as quartz, feldspars and calcite are pure, M = kH
and k ∼ −14 �SI. However, for rock dominated by dia-
magnetic rock-forming minerals (e.g., calcite, quartz,
feldspar), trace concentrations of RBM, especially mag-

netite impurities usually complicate the interpretation.
Thus in rocks such as limestone, quartzite, and tonalite,
a few dozen micro-metric grains of magnetite may dom-
inate the susceptibility but their orientation–distribution
and Planetary Interiors 162 (2007) 227–243

may not be meaningfully characterized (Borradaile and
Stupavsky, 1995). This is exacerbated where k varies in
sign between specimens, and for some specimens the
AMS is indeterminate because the sign of k varies with
direction within the specimen.

The presence of RBMs escalates technical diffi-
culties. Normally, by using a low-field, similar to
the geomagnetic field any permanent magnetization is
avoided and the M = kH linear response is sufficiently
valid. In the Sapphire Instruments SI2B instrument we
used, which operates at 19,200 Hz, the peak field is
60 A/m, ∼75% of the geomagnetic field in our labo-
ratory). Thus, one may substitute M = [k]·H where M
and H are vectors and [k] is now a second rank ten-
sor describing the anisotropy of susceptibility (AMS).
Thus measuring susceptibility (k) in different directions
permits the determination of anisotropy of low field sus-
ceptibility (AMS) as the tensor [k].

Two conditions may obstruct the linearity of M(H)
and thus the determination of AMS. If H is large,
say more than 10 times the geomagnetic field M(H)
may become non-linear for which the initial hysteresis,
convex-upward curve may follow (Jackson et al., 1998):

M = kH + αH2

Usually, anisotropy of low-field susceptibility is repro-
ducible. This is valid even for specimens with rather low
susceptibility (e.g., ∼20 �SI) if holder corrections and
drift corrections are applied carefully. It is also valid for
specimens with very high susceptibility, although it may
be advisable first to demagnetize them by low temper-
ature demagnetization (Borradaile, 1994; Borradaile et
al., 2004). The standard deviation of the drift of the Sap-
phire Instruments SI2B meter we used is ∼0.3 �SI over
∼30 min, although this will depend on the laboratory
environment, and may be monitored by a special subrou-
tine in the operating software. In this study, we measured
the AMS of a suite of siliceous crystal tuffs, with a
macroscopic flow-compaction fabric, with the usual geo-
logical goals; to determine the flow axis and thus the
provenance of the tuffs. However, for many specimens,
the AMS axes and AMS magnitude ellipsoid shape were
not reproducible; replicate measurements produced ori-
entations of principal susceptibilities that were different.
Some changes occur on a time-scale similar to the dura-
tion of a single AMS determination, which requires
approximately four minutes when measuring k along

seven axes. Our seven-axis measurement scheme has
several advantages (Borradaile and Stupavsky, 1995).
First, unlike other measurement schemes, four axes of
measurement are along body diagonals ([1 1 1] of crys-
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allography); for these the reference direction of the
pecimen is equally inclined to the (x, y, z) coordinates of
he measurement scheme. The other three measurement
xes are parallel to (x, y, z). The importance of com-
ining body-diagonal and face-parallel measurement
xes exists if there is maximum sampling of direc-
ional variation. Schemes which use only face-parallel

easurements (e.g., Girdler, 1961) fail to do this. The
even-axis scheme has an option to be extended to 15
xes, which permit automatic canceling of holder contri-
utions, but we have found that the increased duration of
easurement introduces instrumental drift that may be

roublesome in routine studies even with well-behaved
aterial (Borradaile and Stupavsky, 1995). Our mea-

urement program subtracts previously measured holder
ontributions for the seven-axis scheme.

Uses of low field susceptibility (k0) and its anisotropy
nown as AMS, are numerous. Since personal computers
ecame available to control the measuring equipment,
undreds of studies have been published which have
sed AMS to infer mineral orientation distributions, e.g.,
n structural geology, petrofabrics, magma-flow, deposi-
ional alignment, and environmental geology (Hrouda,
982; Borradaile and Jackson, 2004; Tarling and Hrouda,
993; Thompson and Oldfield, 1986). The interpreta-
ion of k and especially that of AMS is complex since it
epends on the abundances, mineral-susceptibilities, and
rientations and spacing of all the different minerals in
specimen, including diamagnetic ones. However, the

haracteristics of measurement instruments also influ-
nce the observations. For example, where RBM are
resent, Jackson et al. (1998) note that k measurements
epend on the inducing field and, if AC fields are used, k
ay also be frequency-dependent (Jackson and Wörm,

001). Only where RBM, especially magnetite, hematite
nd pyrrhotite are absent, may we expect to make repro-
ucible and unique observations of k or AMS since
he M(H) response is linear for all fields in paramag-
etic and diamagnetic materials. Exposure to high fields
ay also change “k0” and AMS where susceptibility is

ominated by multidomain accessory RBM (Potter and
tephenson, 1990). It is commonly observed that care-
ul “mineralogically non-destructive” demagnetization
ay be advisable before reproducible low field suscep-

ibility measurements may be made for specimens rich in
ultidomain magnetite or pyrrhotite. Low-temperature

emagnetization would be the preferable technique since
hermal or chemical demagnetization risks mineralogi-

al change and AF demagnetization may reset “k0” and
MS. In geological applications, tactics must be tai-

ored to suit either paleomagnetic or petrofabric goals
nd the order in which treatments are applied must be
and Planetary Interiors 162 (2007) 227–243 229

considered. In this study, we encounter a measurement
condition that is fortunately rather rare; AMS results,
especially orientations are time-dependent, sensitive to
handling, sensitive to replicate measurement and signifi-
cantly reset by large alternating fields or low-temperature
demagnetization.

2. Analysis

Our results are presented as equal-area stereograms
showing the individual kMAX, kINT and kMIN axes of
specimens as well as the mean axes of a sample of
specimens with the confidence region for the mean
tenors’ axes, and for the sample (Jelı́nek, 1978). An
important option that Jelinek recommended is the cal-
culation of mean tensors and confidence regions for
the measurement at face value, but also where spec-
imen data are normalized to their mean-susceptibility.
Comparisons of the two types of mean-orientation for a
sample reveal the bias due to high-susceptibility outliers
or due to multiple sub-fabric orientations (Borradaile,
2001).

The shape of the AMS magnitude-ellipsoid may be
described in terms of its eccentricity or departure from
the spherical (isotropic fabric) state and in terms of
its symmetry between the extreme prolate and oblate
ellipsoids. Structural and some magnetic petrofabric
studies retain the original cartographic fabric plot of
Flinn (1965) (Fig. 1a) with principal ratios (a = MAX/INT)
and (b = INT/MIN) as axes. This has drawbacks whether it
is used for finite strain, magnetic fabric or some measure
of orientation distribution. Fabric symmetry or shape,
(a−1)/(b−1), is non-linearly dispersed in a circumfer-
ential path from one axis to the other (prolate = ∞;
oblate = 0) and similar eccentricities (i.e., departure from
isotropy at the origin) do not plot along a line. Jelinek’s
(1978) parameters are superior; the shape parameter Tj is
symmetrical (prolate = −1; oblate = +1) and the eccen-
tricity plots along one axis, with the advantage that it
includes a reference to all three principal axes; being
logarithmic it also prevents the clustering of data near
the origin so typical of weak AMS. However, on carto-
graphic axes low-anisotropy specimens are unnaturally
dispersed in the y-axis direction; and the isotropic case
plots ambiguously anywhere along the (Tj, Pj = 1 axis),
Fig. 1b. These minor presentation difficulties are collec-
tively resolved where Jelinek’s parameters are axes of a
polar plot, in which the isotropic case plots uniquely

at the origin, Fig. 1c (Borradaile and Jackson, 2004;
Hamilton et al., 2004). Note that some authors econ-
omize on calculation, substituting P = kMAX/kMIN for
Pj which loses the logarithmic scaling advantage of
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Fig. 1. Where the principal susceptibilities are all of the same sign, the shapes of magnitude ellipsoids representing anisotropy of susceptibility
(AMS) may be represented by an ellipsoid. The ellipsoid also qualitatively represents the orientation–distribution of kMAX axes, as shown on
stereograms. (a) The Flinn plot was first used, and is still retained in structural geology; however, shape and eccentricity of the ellipsoid are simply

hape (T
es. The
ly aniso
gment
associatedwith a cartographic axis. (b) Jelinek’s (1978) parameters for s
and the latter is logarithmic with a reference to all three principal ax
diagram however, the isotropic case does not plot uniquely and weak
last disadvantages disappear if Jelinek’s parameters are plotted on a se

Jelinek’s Pj as well as its reference to the intermediate
principal value (Jelı́nek, 1981).

3. The case study

Our study commenced as a routine magnetic fab-
ric study of some recently discovered felsic pyroclastic
flows, in a remote part of northern Ontario, 10 km west
of Lake Nipigon and approximately 200 km north of
Thunder Bay. The rocks have petrological affinities with
granitic–syenitic intrusions approximately 20 km dis-
tant, at English Bay on the west shores of Lake Nipigon.
The age of the English Bay syenitic-granitic intrusions
is 1537+10

−2 Ma from the U–Pb zircon geochronology of
Davis and Sutcliffe (1985). For this tuff Davis obtained
an U–Pb age of 1542 ± 3 Ma (Borradaile et al., submitted
for publication) confirming the magmatic relationship
and the Meso-Proterozoic age of the volcanism. Spec-
imen mean susceptibility (bulk susceptibility) mostly
lies between 70 and 250 �SI (Fig. 2f), normally quite
adequate for the determination of reproducible suscepti-
bility axial orientations, provided that careful correction
is made for the sample holder in each of the orientations
in which the specimen is measured and for drift.

However, a routine AMS measurement protocol did
not yield reproducible results for most of the sample
suite. For example, twelve measurements of a single

specimen produce unexpected and unacceptable scatter
of principal axes and of fabric-ellipsoid shapes (Fig. 2a
and c). Normal investigatory procedures revealed that
anisotropy was inconsistent, depending on the dura-
j) and eccentricity (Pj) have advantages in that the former is symmetric
ir use on a cartographic plot makes some improvement on the Flinn
tropic states scatter unnaturally along the Tj axis near Pj = 1. (c) The
of a polar plot (Borradaile and Jackson, 2004).

tion of the measurement, the degree of handling in the
geomagnetic field of the laboratory, and the degree of
relaxation time of the specimen, either in a constant ori-
entation, or inside a magnetic shield (<2 nT). These clues
all point to some time-dependent or viscous magnetic
response. Viscous responses cause unstable remanent
magnetization (and susceptibility) in both are both very
small and large (multidomain = MD) magnetite grains.
In magnetite such responses may be troublesome over
laboratory time-scales (Dunlop and Özdemir, 1997; p.
262 et seq.) and we shall return to this in conclusion.
The concentration of hematite is subordinate to mag-
netite in these rocks, and since its susceptibility is also
∼0.1% that of magnetite, its contribution to this problem
is negligible.

Since the noise level of our Sapphire Instruments
SI2B coil without a specimen is ≤ 0.2 �SI under
normal laboratory conditions, AMS instability must
be attributable to some specimen interaction with
the geomagnetic field (80 A/m) or with the field of
the induction-coil measuring susceptibility (60 A/m at
19,200 Hz). The routine instrumental noise test over
approximately one hour shows the enormous increase in
noise with the specimen in a fixed orientation (Fig. 3a).
For specimens with this level of anisotropy and bulk
susceptibility the susceptibility difference between suc-
cessive routine AMS orientations is usually > 3 �SI.

Clearly, the noise here would blur any true difference in k
due to anisotropy, i.e., between successive orientations in
the seven-orientation measurement routine. Obviously,
measurement procedures of longer duration worsen this
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Fig. 2. Time-dependence of AM measurements (all stereograms are equal area). (a) A specimen measured 12 times in succession with no special
handling. (b) The same specimen measured 12 times after the specimen had been relaxed for 24 h in a good magnetic shield (<2 nT); axial orientations
are more reproducible. The measuring instrument and specimen was also in a magnetic shield during measurement (<10 nT). (c–d) The shapes of
the magnitude ellipsoids are also more reproducible when measurements are made inside a shield. (e) Less handling (i.e., fewer measurements) may
even produce quite consistent results without a shield; however, the reproducibility is much less than we find in usual AMS studies. (f) Frequency
distribution of bulk susceptibility (average of the seven susceptibilities measured in each AMS determination). Bulk susceptibility is not noticeably
affected by measurement conditions or their duration.
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permits
Fig. 3. The routine noise test for the Sapphire Instruments SI2B unit
specimen–environment interaction.

effect; best results were obtained with seven orienta-
tions requiring 4–5 min an a separate holder-contribution
correction (Borradaile and Stupavsky, 1995).

We shall demonstrate that some improvement is
achieved by minimize interaction with natural or
artificial fields during and before measurement (cf.
Fig. 2b with Fig. 2a). We housed the SI2B instrument
inside a large magnetic shield (40 cm × 40 cm × 40 cm
shield, ≤ 5nT) which reduced environmental affects on
the specimen (Fig. 3a and b). Relaxing the specimen for
24 h in a paleomagnetic-quality shield (≤ 2nT) further
improves the subsequent measurement (Fig. 3b and c).
Furthermore, the number of replicate measurements
quickly encounters the law of diminishing returns;
the handling and field-exposure during 12 replicate
measurements (each of seven orientations) produces far
more scatter than with three replicate measurements (cf.
Fig. 2a and e).

4. Rock magnetic properties

For the samples we study, kMAX and kINT are parallel
to flow banding. However, the pervasive red hematite
pigmentation is clearly secondary; it transgresses the
boundaries of xenoliths and flow bands, and it fails to

penetrate the interior of some volcanic clasts. Very little
hematite is required to pigment a rock and its suscepti-
bility is much less than magnetite. Magnetite, hematite
and the most susceptible mafic silicate have k in the ratio
comparisons of noise level due to the environment with those due to

10,000:20:1. Therefore, from the outset it was apparent
that AMS was chiefly controlled by magnetite traces,
since the abundances of hematite and mafic silicate were
at best at accessory concentrations (<1%). Susceptibili-
ties are low but adequate for an AMS study (Fig. 2f).

Multiple mineralogical sources contributing equally
to bulk susceptibility commonly present complications
in interpretation since their orientation distributions are
unlikely to be coaxial (Borradaile and Jackson, 2004). In
the absence of a mafic silicate matrix, trace RBMs domi-
nate the interpretation of AMS. Although the anisotropy
of RBM may be isolated using the anisotropy of anhys-
teretic remanences (AARM) technique, in this study
the presence of highly coercive hematite prevented the
obligatory demagnetization steps. Consequently, the fol-
lowing logical procedures were pursued to evaluate the
magnetic mineralogy.

First, IRM acquisition and its decay during progres-
sive AF demagnetization revealed an interesting contrast
between specimens with the more stable versus less sta-
ble AMS orientations (Fig. 4a and b). The more stable
AMS resides in specimens whose remanence cannot be
saturated with the maximum DC field available to us
(1.0 T); although this demagnetizes in alternating fields
quite rapidly, it is never completely demagnetized at the

highest peak AF available to us (180 mT). Specimens
with the least stable AMS nearly saturate their rema-
nence between 60 and 100 mT, indicating the presence
of small pseudo-single domain (PSD) and single domain
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Fig. 4. Simple rock magnetic tests throw

SD) magnetite. However, the presence of hematite in

hese specimens does prevent their demagnetization.

Second, the resilience to demagnetization of char-
cteristic (arguably primary) components of the natural
emanent magnetization may yield clues to the nature of
light on the minerals controlling AMS.

the RBM. Incremental demagnetization of 37 specimens

(after all susceptibility studies were made) revealed that
significant NRM components reside in coercivity ranges
equivalent to MD, PSD and SD magnetite (Fig. 4c).
Unblocking temperatures from thermal demagnetiza-
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tion of another set of 37 specimens shows that most
unblocking temperatures occur just below 500 ◦C, and
none above 600 ◦C. The most common unblocking tem-
peratures of ChRMs commonly occur just below the

Curie temperature of the host mineral. This information
is equivocal since the Curie temperatures of magnetite
and hematite are ∼580 and ∼700 ◦C, respectively.

Fig. 5. Fifteen replicate measurements on the same specimen before and after c
of the mean tensor changes significantly after AF demagnetization to 30 mT
fabric is enhanced, as shown by the shapes of the confidence regions for th
ellipsoid are more reproducible as AF demagnetization progresses.
and Planetary Interiors 162 (2007) 227–243

Thirdly, thermomagnetic tests using a Sapphire
Instruments (SI6) Curie balance reveal the decay of
saturation remanence with temperature. Curie- or Néel
temperatures are shown for specimens with more stable

(Fig. 4e) and less stable (Fig. 4f) AMS orientations. A
typical specimen with stable AMS shows the dominance
of hematite with slight inflection points that suggest the

ertain steps of incremental AF demagnetization. (a–d) The orientation
, and during AF demagnetization the planar component of the AMS
e axes of the mean tensor. (e–h) The shapes of the AMS magnitude



e Earth

p
o
a
a
A
C
s
t

F
c
L

G.J. Borradaile, I. Geneviciene / Physics of th

resence of minerals with Curie or Neel temperatures
f ∼210 ◦C (? titano-magnetite or titano-hematite) and
t 700 ◦C (hematite); there is a dubious indication of
n inflexion point associated with magnetite (580 ◦C).
specimen with a less stable AMS shows a dominant
urie temperature due to magnetite (∼580 ◦C); with a

ubsidiary critical temperature at ∼700 ◦C (hematite);
he inflexion at 210 ◦C may also be present (Fig. 4f).

ig. 6. (a) Measurement of a suite of the specimens with no special shielding
ycle of low temperature demagnetization (LTD to 77 K). (c–d) Mean tensor a
TD cycles. Note the enhanced definition of a planar fabric but the change in
and Planetary Interiors 162 (2007) 227–243 235

5. Effects of AF and low-temperature
demagnetization on AMS-stability

Potter and Stephenson (1990) showed us clearly that

exposure to high fields, including the alternating fields
used in AF demagnetization changed bulk susceptibility
(k) slightly, usually the changes are ∼0.1%. However,
since AMS is defined by small differences (∼1%) in k

or special handling. (b) Erratic changes in their AMS axes after one
xes for the suite, with their confidence cones after one and after three
directions of the mean kMAX and mean kINT.
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Fig. 7. Inconsistent changes in bulk susceptibility for different specimens with one and three cycles of LTD.

Fig. 8. Ten replicate measurements of a specimen with “stable AMS”, before and after cycles of LTD. (a) Mean tensor has reproducible axial
orientations but a gradual improvement of concentration of specimen axes, shown by the progressively smaller confidence regions for the mean
axes. (b) AMS magnitude ellipsoid shapes are more reproducible after LTD.
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long different axes, it is clear that any small high-field
hange in k is much more apparent in changes of the
MS axes. In multidomain magnetite, AMS is deter-

ined by the grain-shape and the internal arrangement

f domain-walls. Potter and Stephenson demonstrated
hat high fields (>10 mT) sufficed to cause essentially
ermanent re-arrangements of domain walls with slight

ig. 9. Ten replicate measurements of a specimen with fairly stable AMS. (a
re thereafter stable. However, the dispersion of specimen axes emphasizes a m
llipsoid shapes appear most reproducible after one LTD cycle.
and Planetary Interiors 162 (2007) 227–243 237

changes in k which explains the more noticeable changes
in AMS axial orientations.

A specimen with relatively stable AMS orientations

was measured 15 times in rapid succession, without
any shielding, or special handling. The routine measure-
ment procedure produced results with moderate scatter,
as shown by the 95% confidence regions for the mean

–d) Orientations of mean axes change slightly after one TD cycle but
ore planar fabric as LTD cycles are increased. (e-f) AMS magnitude
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tensor (Fig. 5a) but with poorly defined shapes for the

magnitude ellipsoid (Fig. 5e). Further sets of 15 rapid
measurements after demagnetization to peak AF fields
of 5, 30 and 60 mT change the AMS axial orienta-
tions significantly, improving the definition of the planar

Fig. 10. Ten replicate measurements of a specimen with a fairly unstable AMS
change orientation significantly as cycles of LTD are applied. Reproducibility
Shape of the magnitude ellipsoid may bemore reproducible after three cycles
and Planetary Interiors 162 (2007) 227–243

component of the magnetic fabric shown by the elon-

gate coplanar confidence regions for the mean kMAX
and kINT. Progressive AF demagnetization also reduces
the scatter in ellipsoid shapes (Fig. 5f–h). AF demag-
netization steps should have re-arranged domain walls

. (a–d) The mean axis of the sample of measurements for this specimen
may be improved after three cycles of LTD but this is debatable. (e–g)
of LTD.
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ssociated with MD and PSD magnetite in progression
o that the most stable results presumably correspond
o MD magnetite grain-shapes, without contributions
rom meta-stable domain walls. Of course, SD mag-
etite has kMIN parallel to its long axis and kMAX
arallel to its shortest dimension (Jackson, 1991; Potter
nd Stephenson, 1988), giving rise to rare but readily
dentified inverse fabrics and more obfusc-blended fab-
ics where SD magnetite subfabrics compete with other
inematically intuitive (“normal”) subfabrics (Rochette
t al., 1992; Ferré, 2002). A few specimens in the
uite do show either inverse SD fabrics (vertical kMAX

xes, Fig. 11) or in some cases blended SD–MD fab-
ics. It is sometimes difficult to distinguish the latter
rom what may be real exceptions to the average flow
irection.

ig. 11. Replicate measurements of the least stable type of specimen befor
onfidence regions unacceptably large. (d–f) Shapes of magnitude ellipsoids d
and Planetary Interiors 162 (2007) 227–243 239

LTD also rearranges magnetite domain when it
is cooled through its Verwey transition (∼120 K) by
immersion in liquid Nitrogen (77 K) and then allowed
to warm to room temperature. Performed inside a mag-
netic shield, this procedure assures that the maximum
effects of grain-shape are revealed for magnetite and, for
paleomagnetists, that spurious domain-wall remanence
is erased. Three LTD cycles usually optimize demag-
netization, and never more than five (Borradaile, 1994;
Borradaile et al., 2004; Middleton et al., 2004). Our ini-
tial attempt to stabilize AMS directions for a sample of
26 specimens, each measured just once (Fig. 6a), did

tighten confidence regions around the mean tensor axes
(Fig. 6c) with one LTD cycle but this improvement was
lost when a second and third LTD cycle were applied
(Fig. 6d). Erratic changes in the axial orientations of

e and after LTD cycles. (a–c) Erratic changes in the mean axis and
o however seem more reproducible after three LTD cycles.
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ndividual specimens are seen in Fig. 6b. Fig. 7 shows
he somewhat chaotic changes in k0 after one and three
TD cycles; the behaviour is not systematic although the
tereogram of Fig. 6c suggests that a single LTD cycle
ptimizes the stabilization of AMS axes.

A more satisfactory specimen reveals rather stable
MS axial orientation when measured 10 times before

nd after LTD cycles (Fig. 8a). The axes confidence
egions are smallest after one LTD cycle, but there-
fter enlarge, although the orientation of the mean axes
hanges imperceptibly. The AMS magnitude ellipsoid
hape is also best defined after one LTD cycle (Fig. 8b).

Less stable specimens are illustrated in Figs. 9 and 10.
TD causes significant changes in AMS axial orien-
ations, even swapping of principal axes, and changes
n ellipsoid shape that may be best defined after one
Fig. 9f) or after three (Fig. 10g) LTD cycles. In the worst
pecimen, 10 replicate measurements fail to define sat-
sfactory mean axial orientations (Fig. 11a–c), although
hree LTD cycles slightly improved the definition of ori-
ntation (Fig. 11c) and shape (Fig. 11f).

. Conclusions and best measurement procedure

Some of the time-dependent susceptibility variation
bserved is attributable to geomagnetic field effects in
he laboratory, since relaxing the specimens in a shield
mproves the reproducibility of axial orientations. How-
ver, the AC measurement procedure using a peak field
hat is ∼60% of the geomagnetic field also produces
ome effect since the larger the number of replicate
easurements, the less reproducible are the orienta-

ions of AMS axes (cf. Fig. 2b with 3 measurements
ith Fig. 2a, 12 measurements). Our choice of a seven-

xis measurement scheme, in use since 1995, provides a
etter sampling of orientation possibilities during AMS
easurements than the traditional 6 and 12 orientation

chemes. Since that procedure is better for rocks with
eproducible, easily measurable AMS, it cannot be the
ource of directional instability here as suspected by a
eviewer. Dunlop and Özdemir (1997, p. 262 et seq.)

ote that the viscous magnetization of magnetite, conve-
iently considered as a viscosity coefficient (S = dM/dt)
ay peak for small SD grains (∼0.03 �m) and then

gain for PSD grains in the size range 5–10 �m. Coer-

ig. 12. (a) Routine AMS specimens without shielding or special handling yiel
mean flow axis ENE-WSW. (b) Corresponding AMS magnitude ellipsoid s

elaxed for 24 h in a good magnetic shield (<2 nT) and then measured with
eproducible AMS axes indicate a ESE-WNW flow axis in the foliation, w
pecimens shows inverse fabrics that are nevertheless kinematically compat
re well defined using this improved measurement procedure and generally l
agnetite).
and Planetary Interiors 162 (2007) 227–243 241

civities suggest both these grain sizes appear to be
present (Fig. 4) and in a few specimens the presence
of an inverse AMS fabric indicates domination by SD
behaviour (Fig. 11b). The matter is complicated since the
viscosity coefficient is expected to be different for acqui-
sition and decay, and to be affected by the initial state and
stability of magnetization. SDECAY is expected to be less
than SACQUISITION (Dunlop and Özdemir, 1997) which
is unfortunate for AMS research in rocks such as those
studied here.

Clearly, measurement conditions cannot always be
ignored in the study of low-field magnetic anisotropy.
Numerous workers have recognized aspects of the prob-
lem involving field-dependence, frequency dependence
and viscous effects (Borradaile et al., 1992; Jackson et
al., 1998; Jackson and Wörm, 2001; Mullins and Tite,
1973; Potter and Stephenson, 1990; de Wall, 2000; de
Wall and Wörm, 1993). However, those studies usually
involved extreme measurement conditions or specially
selected materials. The specimens we examined present
a more subtle case which is hopefully rare but which
could be overlooked without replicate measurements.

Low temperature and AF demagnetization may
improve the definition of AMS axial orientations in
some specimens. However, the improvements are not
consistent enough to justify their use as aids to routine
AMS measurement and the required degree of demag-
netization is not predictable. Indeed, it is clear for some
specimens that any handling may change the AMS,
including the AC induction coil measurement itself. We
believe the best procedure is to first measure a suite of
specimens using the routine procedure; without special
handling or shielding. For us, such results indicate con-
siderable scatter of axial orientations (Fig. 12a) and a
very broad spread of ellipsoid shapes (Fig. 12b). The
same specimens should then relaxed inside a good mag-
netic shield, in our case at < 2 nT for at least 24 h. A single
measurement of each specimen is then performed with
the measuring instrument inside a large magnetically
shielded space, in our case with a residual field < 10 nT.
The shielding should be several coil-lengths distance

from the measurement coil (Dr. M. Stupavsky, pers.
comm.). Colleagues measuring magnetic susceptibility
in tills also have benefited from the use of shielding
around the measuring apparatus (Gravenor et al., 1973;

d unreproducible results. One campaign of measurement here suggests
hapes are rather widely scattered. (c) When the same specimens are

the Sapphire Instruments SI2B inside a magnetic shield (<10 nT)
hich is also parallel to the field stratification. (d) A subset of these
ible with the flow axis shown in (c). (e) AMS magnitude ellipsoids
ess anisotropic (lower Pj), with the exception of inverse fabrics (SD
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Stupavsky et al., 1974). With shielding, our axial orien-
tations are much better concentrated (Fig. 12c and d) and
the dispersion of magnitude-ellipsoid shapes is reduced
(Fig. 12e). The normal AMS axial fabrics define a flow
axis ∼110◦ or 290◦ within the flow plane which is rec-
ognizable in the field and parallel to the girdle of kMAX
and kINT axes (Fig. 12c). The much smaller sample of
specimens with inverse SD fabrics may be interpreted
with similar flow axes (Fig. 12d).

The rarity of time-dependent AMS leaves us uncon-
cerned but a simple test for its presence is to relax the
specimens and perhaps also measure them in a shielded
environment and then repeat the measurement some
hours later. It is doubtful that measurements would be
improved using methods other than the rapid AC induc-
tion coil method. For example, the torsion magnetometer
requires longer measurement times and whereas the
applied field is static, it is also large (Jelı́nek, 1985).
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