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Paleomagnetic data provide information on the evolution of the Earth’s magnetic field, and are used
to reconstruct plate motions. One fundamental assumption underlying these interpretations is that the
magnetization of a rock reliably records the direction and intensity of the magnetizing field, i.e. that
the magnetization is parallel to the field direction, and the intensity of magnetization is proportional to
the field strength. Preferred alignment or anisotropic distribution of magnetic grains can affect both the
direction and the intensity of magnetization. Therefore, correction techniques, employing the anisotropy
of magnetic susceptibility (AMS), thermal remanence (ATRM), or anhysteretic remanence (AARM) are
used to account for these effects. We find that AARM within the same rock can vary dramatically with
coercivity/grain size, so that anisotropy corrections can also depend on how AARM was measured.
A consequence of the dependence of AARM on coercivity is that although a specimen may have
been magnetized in a single direction, different grain size fractions may record magnetizations in
different orientations. These directional variations, as revealed during progressive alternating field
(AF) demagnetization, could erroneously be interpreted as changes in field or reorientation of the
rock unit, when in reality they are related to grain-size-dependent remanence anisotropy. Similarly,
intensity variations caused by grain-size-dependent anisotropy may bias paleointensity estimates. These
observations have important consequences for studies on the evolution of the Earth’s magnetic field,
magnetic overprinting, and paleogeographic reconstructions.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Reliable paleomagnetic data, i.e. paleomagnetic directions and

Hale, 1987; Tarduno et al., 2006), or determine whether extrater-
restrial bodies also possess geodynamos (Cisowski et al., 1983).
Directional data provide information for paleogeographic recon-

paleointensities, are essential for (1) describing the past evolu-
tion of the Earth’s magnetic field which in turn helps under-
stand the geodynamo and forms the basis for archeomagnetic
dating, and (2) for paleogeographic reconstructions. Paleointensity
data are used to characterize the processes related to magnetic
field reversals or the absence of such reversals (superchrons), and
paleosecular variation (Biggin et al., 2012; Prévot et al., 1985;
Tarduno et al., 2006; Tauxe and Yamazaki, 2015), date archeological
materials (Ben-Yosef et al., 2010; Stillinger et al., 2016), estimate
the onset of inner core growth (Biggin et al., 2015; Buffett, 2003;
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structions of plate configurations (Dietz and Holden, 1970; Hospers
and van Andel, 1969; Irving, 1957; Morel and Irving, 1981), and
help evaluate the symmetry and dipole- versus non-dipole com-
ponents of the field (Evans, 1976; Pesonen and Nevanlinna, 1981;
Swanson-Hysell et al., 2009; Tauxe and Kent, 2004; van der Voo
and Torsvik, 2001).

Two fundamental assumptions in paleomagnetic and paleoin-
tensity studies are that (1) the magnetization is parallel to the
inducing field, and (2) the intensity of the magnetization is pro-
portional to the field. Some of the challenges in obtaining and
interpreting paleomagnetic data include the non-continuity of the
record, alteration and remagnetization of rocks (Dunlop et al,
1997; Elmore et al., 2012), limited stability of magnetic grains
(Levi, 1977), cooling rate effects (Bowles et al., 2005; Walton, 1980;
Yu, 2011), a non-linear relationship between field strength and
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thermal remanence (Coe, 1967; Selkin et al., 2007), low-field bias
in paleointensity data (Smirnov et al., 2017) and anisotropy (Rogers
et al, 1979; Kent and Irving, 2010; Selkin et al., 2000). Pale-
omagnetic studies on magnetic inclusions within silicates have
been successful in overcoming some of these issues, because these
magnetic inclusions are protected against alteration by their host
silicates, and because they are confined to a certain size range
(Cottrell and Tarduno, 1999; Feinberg et al., 2005; Tarduno et al.,
2006; Selkin et al., 2008). However, one potential problem with
such inclusions is that they generally have a preferred orientation
with respect to the silicate lattice, resulting in anisotropic rema-
nence acquisition if the silicates are aligned (Feinberg et al., 2006).

Remanence anisotropy affects both the direction and intensity
of magnetization acquired, with important consequences for in-
ferred apparent polar wander paths, paleogeographic reconstruc-
tions, or paleointensity studies. One of the simplest ways to correct
for these effects is by measuring anisotropy of magnetic suscep-
tibility (AMS) and multiplying the observed magnetization vector
with the inverse of the AMS tensor, i.e. because M =k x H, it
follows that H = inv (k) x M. However, AMS represents a superposi-
tion of paramagnetic, diamagnetic and ferromagnetic contributions,
making it unrepresentative of remanence anisotropy, and has been
described as inadequate for detecting paleofield deflections in pa-
leomagnetism (Selkin et al., 2000), archeomagnetism (Borradaile et
al., 2001; Tema, 2009), and extraterrestrial magnetism (Gattacceca
et al,, 2003). Anisotropy of thermal, anhysteretic, or isothermal re-
manent magnetization (ATRM, AARM, and AIRM) are more direct
representations of the anisotropy of remanence carrying grains. Be-
cause of possible alteration during thermal experiments, AARM is
often preferred to assess remanence anisotropy (Potter, 2004), and
Mitra et al. (2013) demonstrated that AARM and ATRM corrections
can give comparable results for some specimens. But, care has to
be taken when the remanence is carried by grains other than sin-
gle domain magnetite for which Néel theory applies, because coer-
civities cannot be easily related directly to blocking temperatures.
If several different minerals contribute to the natural remanent
magnetization (NRM) or the remanence anisotropy, the magneti-
zation of each mineral needs to be corrected with its own specific
anisotropy (Borradaile and Almqvist, 2008; Kodama and Dekkers,
2004). For example, inclination shallowing in sediments should be
corrected with the remanence anisotropy of the grain population
carrying the characteristic remanence (Kodama, 1997, 2012).

Similarly, if subpopulations of the same mineral but different
grain sizes possess different anisotropies, one would expect that
the remanence carried by each subpopulation would be affected
by its own anisotropy. It has been demonstrated that the pre-
ferred alignment of distinct sub-populations of magnetite grains
can be characterized by measuring the anisotropy of partial ARMs
(ApARMs) (Jackson et al., 1988). A number of studies have since
used ApARMs to capture the remanence anisotropies of specific
grain sizes to describe primary vs secondary fabrics, or differ-
ences in fabrics recorded by different grain sizes (Aubourg and
Robion, 2002; Bilardello and Jackson, 2014; Trindade et al., 1999).
Even though these studies illustrate that ApARMs in the same
rock can vary dramatically with grain size or coercivity window,
most studies still measure AARMs by imparting a remanence in
the 0-100 mT AF range, thus measuring an averaged anisotropy
over all the coercivity windows in the specimen.

Remanence anisotropy varies with coercivity in a large va-
riety of specimens with multiple remanence carriers. This calls
for a more complete assessment of how changes in remanence
anisotropy with grain size affect magnetization direction and in-
tensity, and relevant implications for anisotropy corrections. In this
study, we measured a series of ApARM tensors and their thermal
analogs, anisotropy of partial TRMs (ApTRM) tensors for selected
specimens of the Bushveld Complex from South Africa. While our

ApTRM experiments have been inconclusive, we will show how
ApARM tensors within the same specimen can change among low,
intermediate and high coercivity windows, and how these ApARM
tensors compare to the AARM tensors measured over typical coer-
civity ranges used in AARM experiments. Each of these A(p)ARM
tensors can be used to predict how much the intensity and direc-
tion of the magnetization would differ from that observed in an
isotropic specimen for any given field direction. These predictions
represent the expected uncertainty in paleodirection and paleoin-
tensity estimates, and how these vary with the coercivity frac-
tion of the remanence-carrying grains. To illustrate how grainsize-
dependent remanence anisotropy may affect NRM acquisition, we
investigate the direction of an ARM imparted along the specimen
z-axis (randomly oriented with respect to the anisotropy principal
axes), with a special focus on changes in magnetization direction
during AF demagnetization and acquisition of an ARM. This experi-
ment underlines how for a given field direction, the magnetization
direction in the same specimen can change according to variations
in the A(p)ARM tensor with coercivity/grain size.

Based on these investigations, we develop a conceptual model
for anisotropic remanence acquisition in rocks with complex fab-
rics, and propose a new procedure for anisotropy corrections. In
particular, we suggest that (1) ApARMs are measured for dif-
ferent coercivity windows to capture the specific anisotropies of
grain subpopulations, (2) a combination of ApARM tensors de-
termined in multiple coercivity windows that together carry the
characteristic remanence is used for anisotropy corrections, and
(3) the directional data of ARM demagnetization or ARM acqui-
sition experiments is also examined, in order to provide a first
measure of how strongly remanence anisotropy varies with grain-
size. These findings are broadly applicable to TRMs and ARMs,
and as other researchers have noted in the past, single particle
anisotropy must be taken into account when this approach is used
for depositional remanence anisotropy (e.g. Jackson et al,, 1991;
Kodama, 2012).

2. Materials

Specimens used in this study are gabbronorites from the
Bushveld Complex, South Africa, with preferred orientation of py-
roxene, plagioclase, and remanence-carrying grains within these
silicates (Feinberg et al., 2006). Several existing paleomagnetic
studies on rocks from the Bushveld Complex report paleopoles
with considerable spread, which has been attributed to differences
in emplacement ages and/or post-emplacement deformation re-
lated to re-equilibration of isostasy (Hattingh, 1986; Letts et al.,
2009, and references therein). Because anisotropy affects magneti-
zation directions and neither of these studies corrected for these
effects, anisotropic remanence acquisition could provide another
possible explanation. The remanence of the Bushveld specimens
used in this study is held primarily by low-Ti magnetite inclusions
exsolved in silicates, such as pyroxene and plagioclase, along with
rare pyrrhotite (Feinberg et al., 2006). We have measured ApARMSs
and AARMs on eight specimens, followed by A(p)TRM measure-
ments on a subset of four of these, and compared the new results
to directional data from previous paleointensity experiments on
35 of the Bushveld specimens. The original NRM demagnetization
patterns for these samples are included in the supplemental infor-
mation for this paper (Fig. A).

3. Methods
3.1. Paleointensity

Paleointensity experiments followed the IZZI-Thellier protocol
(Yu et al., 2004). The specimens were thermally demagnetized
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in a laboratory-built, non-inductively wound furnace whose tem-
perature is monitored via three thermocouples and is controlled
through a LabView module at the Scripps Institution of Oceanog-
raphy, UC San Diego, at temperatures up to 550 °C. Partial ther-
mal remanences (pTRMs) were imparted parallel to the specimen
z-axes in a field of 20 pT during cooling. For this study, we were
mainly interested in the direction of the imposed pTRM at every
temperature step. This magnetization was calculated as a vector
difference between the demagnetized and the magnetized states
for the same temperature.

3.2. Remanence anisotropy

TRM and pTRM anisotropies were characterized by applying a
50 uT field while specimens were cooling from 600°C to room
temperature in an ASC-Scientific TD48SC furnace. Subsequently, all
specimens were demagnetized to 500 °C, then to 550°C, in order
to determine the ApTRMj5q0_g00 and ApTRMs5¢_go. After each step,
TRMs were measured on a 2G Enterprises 760-R SQUID supercon-
ducting rock magnetometer (SRM). This procedure was repeated
for three directions (x, y and z) on a thermally demagnetized spec-
imen, followed by a full TRM along the x-axis, in order to check
for specimen alteration. The difference between the first and sec-
ond measurement of the full TRM parallel to x should be distinctly
smaller than the differences between the full TRMs acquired par-
allel to the x, y, and z axes that are related to anisotropy. TRM
anisotropy tensors were calculated from the full-vector magnetiza-
tions.

A series of seven ApARM/AARM tensors was determined for
each specimen, using coercivity windows of 0-20, 20-50, 50-100,
100-180, and 0-50, 0-100, 0-180 mT. The former series will be
referred to as ApARMs (e.g., ApARM>g_50), and the latter as AARMs
(e.g., AARMg_50) throughout this paper. For each dataset, a 0.1 mT
DC field was applied on a DTech D-2000 AF demagnetizer in the
respective AF demagnetization interval. Decay rates varied from
0.0001 mT/half-cycle for AF < 5 mT, to 0.0075 mT/half-cycle at
200 mT AF. The remanence was subsequently measured on the
2G-760 SRM. The procedure was repeated for 9 orientations, and
specimens were demagnetized to 200 mT AF in-between steps.
ApARM and AARM remanence susceptibility tensors were then
computed using the field-parallel remanence components, M =

M - kH/|H|, analogous to the conventional method for AMS calcu-
lation.

All remanence anisotropy tensors are characterized by their
eigenvalues (ki1 > ky > k3) and eigenvectors, the mean (p)ARM or
(P)TRM Kpean = (k1 + k2 + k3)/3, the anisotropy degree P =kq/k3
or k' = \/((kl — kimean)? + (k2 — kimean)? + (k3 — kmean)z)/?’y and the
shape U = (2xky —kq —k3)/(k1 —k3). U varies from —1 for uniaxial
rotationally symmetric prolate ellipsoids to +1 for uniaxial oblate
ones, and we will use the more general terms ‘oblate’ and ‘prolate’
to describe triaxial fabrics with 0 < U <1 and —1 < U < 0, respec-
tively. Hext (1963) statistics, i.e. confidence ellipses and F-tests,
was used to determine whether a specimen possesses a significant
anisotropy in each coercivity or temperature window, and whether
principal directions of different windows are distinct at the 95%
confidence level.

3.3. Effects of magnetic anisotropy on remanence acquisition

To investigate the anisotropy-related NRM deflections and in-
tensity variations including Eheir dependence on coercivity, the
magnetization vector, M = kH was compared to the intensity of
Tagnetization, M = kmean H, and the direction of the inducing field,
H. For each ApARM and AARM tensor, the expected angular devia-
tions were computed for all possible field orientations as the acute

angle between M and H, and the corresponding intensity devia-
tions by |M|/M.

Finally, specimens were given an ARM parallel to the speci-
men z-axis in a 0.1 mT DC field applied over 0-200 mT AF. This
ARM, imparted to represent an NRM acquired in a constant field,
was subsequently stepwise AF demagnetized (steps of 2, 5, 10, 15,
20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160, 180, 200 mT).
Intensity and direction of the remaining remanence were mea-
sured after each demagnetization step. After demagnetization to
200 mT, a new ARM, again parallel to z, was stepwise imposed
on the specimen using the same steps as for the demagnetization,
again measuring the remanence direction as well as intensity after
each step. The resulting remanence direction during AF demagne-
tization and ARM acquisition was then compared to the known
field direction. The field intensity, calculated from the magnetiza-
tion and A(p)ARM tensors was compared to the known intensity
of the applied DC field. Because this experiment is prone to un-
certainties caused by slight changes in specimen orientation each
time the specimen is inserted in the magnetometer, the same ex-
periment was repeated on a 2G model 755 SRM with an in-line
ARM/AF system, assuring that specimens remained immobile dur-
ing the entire AF demagnetization or acquisition of ARM. Because
the in-line system can only reach 170 mT, the steps for these ex-
periments were 2, 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100,
120, 140, 160, 170 mT. The decay rates for the in-line ARM/AF sys-
tem are related to the speed at which specimens move (15 cm/s)
and are thus different for each field. Note that the arbitrary choice
of field orientation implies that the ARM direction may be close
to a principal axis of one or all the ApARM tensors, resulting in
little or no deflection even in anisotropic specimens. Hence, this
experiment is an easy way to show that anisotropy is present if a
deflection is detected. However, it cannot be used to rule out the
presence of anisotropy entirely if no deflection is observed.

4. Results
4.1. Directions of pTRMs acquired during paleointensity experiments

The directions of pTRMs acquired during the paleointensity
experiments are dispersed around the field direction. The angle
between magnetization and field orientations is generally larger
at lower temperatures than at higher temperatures, ranging from
sub-parallel to the applied field to nearly perpendicular to the
field. In addition, there appears to be a systematic deflection away
from the laboratory field at most temperatures for some of the
specimens (Fig. 1).

4.2. TRM anisotropy

Three out of four specimens show differences between the first
and second set of TRMs acquired parallel to x. The difference,
defined by AMy = (My,aiteration check — Mx,initial)/ Mx,initial, are be-
tween —5.6 and +15.8%. In addition, it appears that the TRM
acquired along one direction does not fully remagnetize when
applying a perpendicular TRM. From these two observations we
conclude that (1) specimens may have chemically altered during
the experiment, and/or (2) the Thellier Laws of reciprocity and
independence do not hold for these specimens. For one speci-
men, BG2.09a, AMy equals —0.2%. This is the only specimen for
which (p)TRM anisotropy will be reported (Table A, online sup-
plementary). Fig. 2 shows that the maximum ATRM axes of all
three tensors coincide. There seems to be a rotation of the min-
imum and intermediate axes from ATRMg.go0 to ApTRMs500-600 tO
ApTRMs550-600; however, this change in direction is not statistically
significant due to the large ej3 confidence angle. The degree of
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Fig. 1. (Top) Stereoplots showing directions of pTRMs for two specimens acquired during paleointensity experiments; colors indicate temperature. Insets show NRM remaining
and pTRM gained for each specimen, with all magnetizations normalized to the initial NRM. For BG1.17, A(p)ARM principal-axis orientations of sister specimen BG1.17a are
also shown (grey circles, triangles and squares respectively for minimum, intermediate and maximum axes). (Bottom) Histogram shows pTRM angular deflections (10° bins)
for 35 specimens measured at 9 temperatures each. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

anisotropy increases with increasing lower temperature of the Ap-
TRM window.

4.3. ApARM and AARM tensors and effect on remanence direction and
intensity

All specimens acquire ARMs, and these are generally anisotropic
(Online Supplementary Tables B (summary) and C (all data)). Three
specimens do not display significant anisotropy in the 0-20 mT
AF window, where the mean ARM is lowest, and three samples
have insignificant anisotropy in the 0-50 mT AF window, as de-
fined by e;3 confidence angles > 26° and F > 9.01 (Hext, 1963).
For those tensors with significant AARM, the anisotropy degrees
k' and P vary between 1.07 %« 10~7 m3/kg - 4.64 « 106 m3/kg,
and 1.12-1.59, respectively. For some ApARMs and AARMs in some
specimens, the k; and k3 values cannot be distinguished at 95%
confidence, as indicated by F;3 < 9.55 and large e,3 confidence
angles. The shape of the ARM anisotropy varies from U = —0.92
to U = 0.46. Fig. 3 shows the mean ARM, anisotropy parameters
and principal directions for each of the ApARM and AARM ten-
sors for three representative specimens. The ApARMg_o has the
weakest mean ARM, and also the weakest k’. Compared to the
other ApARMs, ApARMsq_100 has the highest k', which also domi-
nates the combined AARMs, AARMg_100 and AARMg_1g9. The mean
ARM, on the other hand, can be higher for AARM1gg-180 than for
AARMs50_109. These observations indicate that although the grains
in the higher coercivity window possess higher overall remanence,

owing to concentration and/or spontaneous magnetization, they
have lower anisotropy than those in the 50-100 mT window.

The principal axes of several or all A(p)ARM tensors in the same
specimen can have similar orientations; however, they can also
be dramatically different. In particular, the orientation of princi-
pal axes can be significantly different for AARMg_»o as compared to
any of the other ApARMs or AARMs, i.e. the 95% confidence ellipses
do not overlap. The other ApARMs and AARMs show similar max-
imum principal axes directions (overlapping confidence ellipses),
however, the intermediate and minimum principal axes appear to
rotate with increasing coercivity (non-overlapping confidence el-
lipses). These differences in principal axes orientations and degree
and shape of anisotropy will result in different remanence deflec-
tions and intensity changes for the grain populations in each of the
coercivity windows, as defined by their AARM and ApARM tensors
(Fig. 4).

4.4. Remanence direction for ARM parallel to z

To model a NRM acquired in constant field conditions, and in
the absence of any remagnetization or alteration events, an ARM
of known intensity and orientation was applied to each spec-
imen. Successive stepwise demagnetization of this ARM shows
that (1) the ARM direction generally deviates from the direc-
tion of the applied field, and (2) there appears to be a variation
of directions with demagnetization step, resulting in a seemingly
two-component magnetization (Fig. 5). In a typical paleomagnetic
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ture is not significant.

study, the vector endpoint diagrams as shown in Fig. 5 would likely
be interpreted as 2 components of magnetization acquired at dif-
ferent times. However, in this study the entire magnetization was
acquired in a single magnetization event, with a field of constant
orientation. Hence, only the coercivity- and grainsize-dependence
of the AARM as shown in Section 4.2 can account for the appar-
ent two-component magnetizations. Similar observations are made
during the stepwise acquisition of an ARM in a known field with
constant orientation.

To determine whether the directions of ARM remaining or ac-
quired in each coercivity window are significantly distinct or share
a common mean orientation, they were separated into groups
as defined by the AF 0-20 mT (Group 1), 20-50 mT (Group 2),
50-100 mT (Group 3), and 100-200 mT (Group 4) ranges, for both
ARM demagnetization and ARM acquisition of each specimen. Note
that in doing so, the directions at 20 mT, 50 mT, and 100 mT were
each included in two of the sub-groups. Watson’s (1983) common
mean test was used to assess if the magnetization vectors of two
adjacent subgroups have common or different directions (Table 1).
Whereas some sub-groups may share a common mean, most sub-
groups have different mean directions at the 95% confidence limit.

5. Discussion
5.1. New protocol for anisotropy corrections
Magnetic remanence vectors are commonly corrected for aniso-

tropy using a single AMS, AARM, ATRM or AIRM tensor, and mul-
tiplying the magnetization vector with the inverse of this tensor

(adjusted for single particle anisotropy in the case of depositional
remanence) (Jackson et al, 1991; Kodama, 2012; Selkin et al.,
2000). Doing so corrects the overall remanence for the integrated
fabric of all remanence-carrying grains, and works well in rocks
with a single remanence carrier which also carries the anisotropy.
However, care has to be taken when several minerals contribute
to the remanence and/or anisotropy, in which case the choice of
correct anisotropy tensor is crucial (Bilardello and Kodama, 2010;
Selkin et al., 2000).

If an anisotropy correction based on a single tensor were suf-
ficient, correcting the ARM data as shown in Fig. 5 with one
adequate remanence anisotropy tensor, would restore an overall,
single-component magnetization parallel to the field. However, in
rocks with multiple remanence carriers and complex fabrics, dif-
ferent subpopulations of grains may form, alter, and be (re)magne-
tized at different times. Hence, not all subpopulations of grains will
contribute to the characteristic remanence. Likewise, it is possible
that several subpopulations of grains combined carry the char-
acteristic remanence, but possess different magnetic fabrics, and
upon demagnetization of the NRM it appears as if two (or mul-
tiple) components of magnetization are present. No single tensor
is able to correct for a seemingly two-component magnetization,
because variations in remanence intensity and direction related
to coercivity-dependent changes in anisotropy will remain unac-
counted for. To account for these effects, we suggest that using a
combination of ApARM tensors that reflect the different subpopu-
lations of grains is a more appropriate basis for anisotropy correc-
tions than using a single overarching remanence anisotropy tensor.
Alternatively, it is possible that the ATRM tensor is much less af-
fected by differing anisotropies in different partial TRMs and use of
that tensor would be preferable. However, most of our specimens
show signs of alteration or non-ideal behavior in ATRM experi-
ments, and the principal ATRM and ApTRM directions of the one
specimen that did pass the alteration test are ill-defined. Therefore,
we can neither confirm nor rule out that ApTRMs are different at
this stage, and more work will be needed to investigate the varia-
tion of ApTRM with blocking temperature.

To improve the application of AARM, we propose an updated
theory of anisotropic remanence acquisition, which takes into ac-
count the dependence of anisotropy on coercivity and grain size.
For a rock containing multiple subpopulations of grains (sp1, sp2,

. spn; assume that sp1 contains the fraction of lowest, and spn
the fraction of highest coercivities) with distinct magnetic fab-
kspn), the magnetlzatlon it acqu1res in field H

rics (Ksp1, ksp2 ...
is described by My = M1 + Mz + -+ Mn = ksle + kssz +

-+ ksan In the general case when kgp; is different for each

subpopulation, M1, Mz Mn, will have different orientations. The
anisotropy and remanence Ef the bulk rock are defined by ki =
Iesp1 +kspo +- - - +kspn, and Mo (Fig. 6). In a fully magnetized state,
the specimen’s magnetization is controlled by all subpopulations of
grains together, and thus affected by the combination of all kgp;s.
During alternating field demagnetization, it is the lowest-coercivity
grains that lose their magnetization first, followed by the interme-
diate and high-coercivity grains. Similarly, in the case of thermal
demagnetization, the lowest unblocking temperatures are removed
first, although the relationship between coercivity and blocking
temperature is not straight forward except for grains whose mag-
netizations are carried by uniaxial single domain magnetite and we
are discussing only the coercivity-dependence of anisotropy here.
The total magnetization is carried by all grains (sp1 ... spn). Then
after the first demagnetization step the remaining magnetization is
carried by sp2 ... spn, and so on. The remanence after each step is
controlled by the corresponding anisotropies Ko, Kspz + - - - + Kspn,
and so on. During ARM acquisition, the lowest-coercivity grains are
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Intensity deviation
(normalized by mean ARM)

Field inclination

Angular deviation
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Field declination

Fig. 4. Angular and intensity deviations for specimen BG2.04a in each coercivity window as compared to an isotropic specimen with the same kmean, magnetized parallel
to the field direction, as a function of field declination and field inclination. Each graph represents a different coercivity window, as indicated in the top left (e.g. 0-20 mT).
Squares, triangles, and circles indicate the directions of maximum, intermediate and minimum principal A(p)ARM axes for each window, and diamonds indicate the set of

natural remanence directions during AF demagnetization in the same window.

Table 1

Watson (1983) test of common means. ‘yes’ means that the hypothesis that two subgroups have a common mean cannot
be rejected at the 95% confidence interval, ‘no’ means that the two subgroups have different mean directions at the 95%

confidence level.

Sample and group Demagnetization of ARM /| z

Acquisition of ARM // z

Watson’s V V critical Common mean? Watson’s V V critical Common mean?

BG1.17a

Group 1 - Group 2 111 74 no
Group 2 - Group 3 15.9 73 no
Group 3 - Group 4 0.4 8.9 yes
Group 4 - Group 1 0.4 8.7 yes
BG2.04a

Group 1 - Group 2 33 7.1 yes
Group 2 - Group 3 78 72 no
Group 3 - Group 4 14.2 9.3 no
Group 4 - Group 1 171 9.4 no
BG2.09a

Group 1 - Group 2 0.1 7.3 yes
Group 2 - Group 3 189 7.8 no
Group 3 - Group 4 135 8.9 no
Group 4 - Group 1 20.2 8.8 no

12 8.8 yes
5.7 8.4 yes
213 71 no
0.5 8.7 yes
139 8.2 no
14.8 8.0 no
14.6 74 no
369.2 7.0 no
11 7.5 yes
11.2 7.3 no
21.6 7.5 no
66.3 74 no

magnetized first, and the magnetization is affected by kgpq. Sub-
sequently, intermediate and then high-coercivity-grains get mag-
netized, and their anisotropy also starts contributing to the fab-
ric affecting remanence. Thus, the relevant anisotropy is Ksp1,

then ksp1 + kepo, kspr + kspp + ksp3, ..., ksp1 + - - - + kspn. Hence,
H =inv(kmt)1\7lmt is used to retrieve the field information from
the observed Mmt- The tensor and therefore also the correction
equation change during the demagnetization: 1\71,-, the remaining
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showing the direction of the ARM after each demagnetization or acquisition step. Tick marks in all vector endpoint diagrams are 2 * 10~% Am?2/kg.

magnetization after demagnetizing at the alternating field AF; has
to be corrected using

H= inV(ksp(iH) +-- '+kspn)Mi =inv (ko _kspl — _kspi)Mi~
Analogously,
Mo = inv( Kspii+1) + -+ Rspn YW = inv( Keot — ksp1 — -+ - — Kspi

’ kmeangp i1y + - - - + kmeangp, kmeangor — kmeangyy — - - - — kmeangy;

is the anisotropy-corrected magnetization vector, where the added
tensors are normalized by their mean ARM.

If anisotropy corrections based on these tensors successfully re-
trieve the field in which the ARM was acquired, both in direction
and intensity, they can adequately correct the NRM, provided that
ARM is a good proxy for NRM. In principle, the theory presented

here can be applied to all rocks, and independent of the type of
NRM. However, note that anisotropy corrections for detrital re-
manent magnetization (DRM) also need to take into account the
individual particle anisotropy. The different corrections required for
TRM and ARM on the one side, and DRM on the other, are re-
lated to the nature of acquisition of each of these remanences: the
orientation distribution of remanence-carrying particles remains
fixed during both TRM and ARM acquisition, whereas particles ro-
tate during the acquisition of a DRM. Therefore, TRMs or ARMs
can be corrected using AARMs and the protocol outlined in this
paper, whereas the model would have to be adapted to include
individual-particle anisotropies in order to use AARMs to correct a
DRM (Jackson et al., 1991; Stephenson et al., 1986).
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Using remanence anisotropy applied over a broad coercivity
spectrum will activate the remanence-carrying grains only, in con-
trast to AMS, which describes the fabric of all grains combined
(dia/paramagnetic and ferromagnetic). This leads to a more ac-
curate anisotropy correction, because it more closely reflects the
fabric of the grains contributing to the remanence. However, in
analogy with complex AMS fabrics, where the anisotropy contri-
butions of different minerals can interfere positively or negatively,
the remanence anisotropies of subpopulations of grains with dif-
ferent coercivities can also add constructively or cancel each other
out. Therefore, anisotropy corrections should be based on ApARMs
rather than AARMs or AMS, to avoid over- or under-correcting the
remanence direction and intensity.

Measuring ApARMs in finer coercivity windows theoretically
leads to more accurate anisotropy corrections; however, care needs
to be taken that windows are not too small, resulting in lower
signal-to-noise ratios and consequently not significant fabric re-
sults. For each specimen, the windows for ApARM characteriza-
tion should be chosen such that the fabrics of all subpopulations
of grains can be isolated (and corrected for), while making sure
that the magnetizations measured in each orientation are strong
enough to determine reliable anisotropy tensors. We caution that
too large windows may lead to under- or over-corrections of parts
of the demagnetization curves, whereas coercivity windows that
are too small could lead to no significant anisotropy, or to unre-
alistically high anisotropy when the noise level is higher than the
anisotropy.

A straightforward test for coercivity-dependent changes in
anisotropy is to check for changes in the magnetization directions
during an ARM demagnetization or ARM acquisition experiment.
These changes can be used to determine the optimal coercivity
windows in which ApARMs are measured for anisotropy correc-
tions. The same data can also be used to test if anisotropy correc-
tions are successful, because the field direction and intensity are
known. ARM demagnetization or acquisition is routinely measured
in paleomagnetic studies in order to verify that ARM is an ade-
quate proxy for NRM. For this, the intensity of ARM is compared
to that of the NRM during NRM demagnetization. Because the ARM
direction is measured as a by-product, these data can be used as
a first estimate of anisotropy and changes in anisotropy, by check-
ing (1) whether the ARM is parallel to the field in which it was
acquired, and (2) how the ARM direction varies with coercivity. If
an ARM is not parallel to the field, this indicates anisotropy, and
if its direction varies systematically throughout the ARM demag-
netization or ARM acquisition, then this can be related to changes
in remanence anisotropy with coercivity. Note that, if the field is
applied parallel to one of the principal remanence susceptibility
directions, the ARM is parallel to the field even in presence of
anisotropy (e.g., Fig. 4). In this case, ARM anisotropy can still be
detected if the ARM is imparted along several directions, e.g. x, y,
and z, because the intensities will be different. Similarly, the di-
rection of laboratory pTRM acquired in paleointensity experiments
can be monitored (as is done in the Thellier GUI program of Shaar
and Tauxe (2013)) and checked for anisotropy as well as anisotropy
variations with temperature.

5.2. Anisotropy corrections for our specimens

The differences in ApARM tensors indicates that our specimens
comprise several subpopulations of remanence carriers, each with
a different fabric. Other than for the synthetic model, it is not
known a priori how many subpopulations there are, which co-
ercivity windows they correspond to, or whether the coercivity
windows of two (or several) subpopulations overlap. Further, there
were more demagnetization steps in the ARM demagnetization
or acquisition experiments than there were coercivity windows

for the ApARM measurements. ApARMs were measured for coer-
civity windows of 0-20, 20-50, 50-100 and 100-180 mT. ARM
demagnetization and ARM acquisition was measured in fields
of 2, 5, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140,
160, 180, 200 mT on the DTech/2G-760, and 2, 5, 10, 15, 20,
30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160, 170 mT on the
2G-755. For the demagnetization or acquisition steps at 0, 20,
50, 100 and 180 mT, the combination of ApARMs affecting the
remanence and that should be used for the anisotropy correc-
tion, corresponds to the findings of the synthetic model. How-
ever, for all other steps, it is more complicated. For example,
the demagnetization step at 30 mT is affected partly by the
ApARM in the 20-50 mT window, as well as the anisotropies car-
ried by higher-coercivity grains, as measured by the ApARMs in
higher coercivity windows. This can be expressed as a * ko590 +
kso-100 + Kk100-180, where the factor a indicates the fraction of
the coercivity windo!v involved. The corresponding equation to

calculate the field is H =inv(a * Rsp(i+1) + Rspiiy2) + - - - + Rspn) M,

and for the anisotropy-corrected magnetization M.; =
axKsp (1) +Ksp(i+2)++Kspn

axkmeangp(i1)-+kmeansp 2y +----+kmeanspn

Conversely, during acquisition of ARM, the magnetization at
30 mT is affected by the remanence anisotropies of all win-
dows with lower coercivities, as well as the window compris-
ing the 30 mT step; ko-20 + b * kao—50. The coefficients a and
b can be approximated by the ratio kmeansg_so/kmeanyg_s9, and
kmeanyg_39/kmeanyo_s0, i.e. a = 1 — b. Assuming that the mean
ARM decay or gain is linear in each window, a and b can also
be estimated from the fields at which the magnetization is mea-
sured, i.e. a = (50 — 30)/(50 — 20) and b = (30 — 20)/(50 — 20).
Corrected magnetization directions and field information are
thus obtained from H = inv(ksp1 + --- + Kspi—1) + b * kgpi)M;,

and for the anisotropy-corrected magnetization M.; =
. Ksp1+-+Rspi—1)+bxkspi
inv( kmeangp1+---+kmeangy ;1) +bxkmeangy; )-

Synthetic ‘paleo’directions and ‘paleo’intensities were com-
puted from the magnetizations during the demagnetization/ac-
quisition of ARM experiments using different types of anisotropy
corrections: (1) isotropic correction with mean ARM suscepti-
bility, (2) anisotropy correction with the AARMjg_100 tensor, (3)
anisotropy correction with the AARMg_1gp tensor, (4) anisotropy
correction based on ApARMg_29, ApARM2yg_50, ApARMs50_100 and
ApARM10-1g0, correcting all the measurements between 0-20 mT
AF for ApARM>p-180, between 20-50 mT AF for ApARM50-1s0, etc.,
and (5) anisotropy correction based on ApARMjy_29, ApARM>q_50,
ApARMs50_100 and ApARMjgp-180, correcting the measurements
between 0-20 mT AF for the interpolated ApARMjyg_1g0 + a *
ApARMy_y0, etc. Fig. 7 shows vector endpoint diagrams for the de-
magnetization and acquisition of an ARM parallel to the specimen
z-axis before and after correction.

The quality of each correction was assessed by comparing
(1) the estimated directions of measured magnetization as well
as directions of best-fit lines, and (2) intensities with the known
direction and intensity of the field (Fig. 8). For directions, the

measures /M2 + M2, and \/(M,% + M3)/(M2 + M? + M2) describe
how much the measured magnetization deviates from the direc-
tion of the field (z) for each specimen and each type of correc-

inv(

tion. ,/ M2 + Mf, decreases by about a factor of 2 when anisotropic
corrections (2)-(5) are used compared to the mean ARM. In gen-

eral, there is a slight decrease in /M7 + M3 from (2) and (3)

to (4) and (5), however, this is small compared to the differ-
ence between isotropic and (any) anisotropic correction. While

the measure \/(M,% + M3)/(M3 + M3 + M2) generally decreases
when anisotropy-corrected, it may be larger after correction with
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AARMy_150 than for the isotropic correction. This indicates that for
some specimens, anisotropy corrections based on an overall AARM
may result in worse estimates of the paleofield direction than if
the data was not corrected. Many specimens show little varia-
tion between the corrections (2), (3) and (4), however, for some
\/(M,Z( + M3)/(MZ 4+ M3 + M%) markedly decreases from (2)/(3) to
(4)/(5). Similar observations can be made based on the inclination
of the best-fit lines with respect to field direction. Hence, whereas
the type of correction may not have much influence on the es-
timated field direction for the majority of specimens, for some
specimens determining individual ApARMs and adding parts of all
ApARMs that may contribute significantly improves anisotropy cor-
rections as compared to the integrated AARMg_190 or AARMg_1gp.

The reliability of intensity estimates was characterized by the
ratio of estimated intensity and known field intensity, for the ARM
at fields 0, 20, 50, 100 and 180 mT AF. Hence, only corrections
(1)-(4) were calculated. The ratio is generally closer to 1 for cor-
rections (2)-(4) than the isotropic correction (1). Similar as for the
estimate of directions, the changes between (2)/(3) and (4) are
generally small, but for some specimens, the bulk AARM correc-
tions (2) or (3) result in larger deviations from the known intensity
than the uncorrected data, or after correction with individual ten-
sors. Hence, the error in estimated intensity may increase for an
anisotropy correction based on a bulk AARM as compared to a
paleointensity estimate assuming the specimen is isotropic. For
these specimens, the accuracy of intensity estimates significantly
increases when the anisotropy corrections are based on a set of
individual ApARMs. Note that intensity estimates can addition-
ally be affected by decay rate effects, if the A(p)ARM and ARM
demagnetization/acquisition experiments were performed on dif-
ferent instruments (cf. Fig. A, online supplementary for a thorough
discussion of this effect).

5.3. Implications for anisotropy corrections in future studies

The results presented here suggest that for rocks with complex
remanence anisotropies, it may be necessary to use anisotropy cor-
rections based on a combination of ApARMs rather than a single
AARM tensor. More work will be needed to determine whether
the same is true for ATRMs, or if anisotropy of TRM behaves differ-
ently. By analogy, it is possible that ATRM varies with the tempera-
ture interval over which TRMs are imparted. Future studies should
investigate this effect, and relate the temperature-dependence of
ATRM to the direction of pTRMs acquired in paleointensity studies.
A potential challenge with this type of investigation is that each
heating step increases the risk of specimen alteration.

Whether or not these more advanced ARM anisotropy correc-
tions are needed depends on the remanence carriers and their
fabrics, particularly the interplay of their individual anisotropies.
In specimens with a single remanence carrier and a single fabric,
remanence anisotropy likely does not depend on coercivity, and
therefore a simple correction may be sufficient. On the contrary, in
rocks with multiple remanence carriers and complex fabrics, the
interplay of individual anisotropies may call for a more advanced
anisotropy correction. Coercivity-dependent changes in remanence
anisotropy should be checked for in all rocks with complex fabrics
of remanence-carrying minerals, because it is not clear a priori how
the individual fabrics interact and if a more advanced anisotropy
correction is necessary.

6. Conclusions and suggestions for future studies
Remanence anisotropy affects both the direction and intensity

of magnetization, and may need to be corrected for in paleomag-
netic and paleointensity studies. Previous work has highlighted the

importance of isolating the anisotropy of the remanence-carrying
grains prior to anisotropy corrections, when anisotropy and rema-
nence are carried by different minerals (Bilardello and Kodama,
2010; Selkin et al., 2000). Here, we expand these findings to rocks
with multiple remanence and anisotropy carriers, and illustrate
how grain-size dependent anisotropies and fabrics affect magne-
tization. When A(p)ARM varies with coercivity or grain size, this
variation can lead to a seemingly multi-component magnetization,
even if a specimen is magnetized in a single event and con-
stant field. This study further shows how anisotropy corrections
can be adapted in rocks with multiple remanence carriers with
distinct fabrics. We suggest that these procedures are applied in
future studies, rather than the traditional correction for the bulk
anisotropy in a specimen, if specimens contain multiple remanence
carriers with different fabrics. More work will be needed to deter-
mine whether similar effects are observed for A(p)TRMs acquired
over different temperature intervals.

A simple initial test whether remanence anisotropy is coerciv-
ity dependent can be done based on directions of ARM imparted
in a known field. This test is convenient because ARM acquisition
or ARM demagnetization are commonly measured anyway in pa-
leomagnetic studies. Systematic changes in ARM direction with AF
step indicate changes in remanence anisotropy. A more complete
assessment can be reached by determining ApARMs for different
coercivity windows.

Finally, the results presented here indicate that AARM tensors
and hence anisotropy corrections are dependent on the experi-
mental parameters that were used when the remanence anisotropy
was measured. In addition to the coercivity-dependence, we find
a strong variation between mean ARMs acquired on different in-
struments. We therefore encourage researchers to report all exper-
imental parameters, particularly coercivity window and decay rate
that were used to impose ARMs, in future studies.
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