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SUMMARY

Anisotropy of isothermal remanent magnetization (AIRM) is useful for describing the fabrics
of high-coercivity grains, or alternatively, the fabrics of all remanence-carrying grains in rocks
with weak remanence. Comparisons between AIRM and other measures of magnetic fabric
allow for description of mineral-specific or grain-size-dependent fabrics, and their relation to
one another. Additionally, when the natural remanence of a rock is carried by high-coercivity
minerals, it is essential to isolate the anisotropy of this grain fraction to correct paleodirectional
and paleointensity data. AIRMs have been measured using a wide range of applied fields,
from a few mT to several T. It has been shown that the degree and shape of AIRM can vary
with the strength of the applied field, for example, due to the contribution of separate grain
subpopulations or due to field-dependent properties. To improve our understanding of these
processes, we systematically investigate the variation of AIRM and the anisotropy of partial
isothermal remanence (ApIRM) with applied field for a variety of rocks with different magnetic
mineralogies. We also test the additivity of A(p)IRMs and provide a definition of their error
limits. While A(p)IRM principal directions can be similar for a range of applied field strengths
on the same specimen, the degree and shape of anisotropy often show systematic changes
with the field over which the (p)IRM was applied. Also, the data uncertainty varies with
field window; typically, larger windows lead to better-defined principal directions. Therefore,
the choice of an appropriate field window is crucial for successful anisotropy corrections in
paleomagnetic studies. Due to relatively large deviations between AIRMs calculated by tensor
addition and directly measured AIRMs, we recommend that the desired A(p)IRM be measured
directly for anisotropy corrections.

Key words: Magnetic properties; Magnetic fabrics and anisotropy; Rock and mineral mag-
netism.

samples whose remanence is carried by magnetite and its titanium-

1 INTROD TION . . . .
ODUCTIO substituted equivalents. By contrast, the anisotropy of isothermal

Magnetic fabrics are a fast and efficient measure of mineral tex-
tures (Owens 1974; Hrouda 1982; Rochette et al. 1992; Tarling
and Hrouda 1993; Borradaile and Henry 1997; Martin-Hernandez
et al. 2004; Borradaile and Jackson 2010). Anisotropy of rema-
nent magnetization, in particular, provides information on the pre-
ferred alignment of remanence-carrying grains, and can be used to
correct paleodirectional and paleointensity data for the effects of
anisotropic remanence acquisition (Stephenson et al. 1986; Jack-
son 1991; Jackson and Tauxe 1991; Biedermann ez al. 2019a). The
anisotropy of anhysteretic remanent magnetization (AARM) is of-
ten chosen for these purposes because it is considered the best
room-temperature equivalent of a natural thermoremanent magne-
tization (Potter 2004). However, AARM measurements target low-
and intermediate-coercivity grains and are thus mainly applicable to

remanent magnetization (AIRM) targets also the high-coercivity
remanence carriers that are not magnetized in the weak fields used
during AARM measurements (Cox and Doell 1967). For this rea-
son, AIRM is preferentially used to correct paleomagnetic data in
hematite-rich sediments or lunar rocks (Stokking and Tauxe 1990;
Hodych and Buchan 1994; Font ef al. 2005; Tamaki and Itoh 2008;
Bilardello and Kodama 2009; Tikoo et al. 2012; McCall and Ko-
dama 2014; Garrick-Bethell ef al. 2016). An additional advantage
of AIRM is that isothermal remanences (IRMs) are stronger than
anhysteretic remanences (ARMs). Therefore, IRMs imposed in low
fields (e.g. <60 mT) have been used to characterize the magnetite
contribution to remanence anisotropy (Stephenson et al. 1986; Tar-
ling and Hrouda 1993; Bogue et al. 1995; Cagnoli and Tarling 1997;
Bascou et al. 2002; Raposo et al. 2003; Kovacheva et al. 2009; di
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Capua 2014). A survey of earlier AIRM research has shown that
depending on the goal of a study, the anisotropy of IRM can be
measured by applying fields between a few mT and 13 T in a num-
ber of specimen orientations (typically 3 or 9), or by measuring
IRM acquisition curves along several directions. Most studies used
pulse magnetizers to impart IRMs. Sometimes, specimens were
demagnetized between magnetizing steps in different directions;
however, this was not always possible, especially when the IRM
fields were greater than the maximum demagnetizing alternating
fields (AFs) available. If a specimen saturates in the applied field,
then demagnetization between directions is not necessary. Another
approach to avoid problems of residual magnetization is using mul-
tiple specimens to define the anisotropy, which also avoids issues of
thermochemical alteration (Bilardello 2015). In summary, AIRM is
preferred over AARM mainly in two cases: (1) when rocks are dom-
inated by high-coercivity remanence carriers (Kodama and Dekkers
2004), or (2) when a rock’s remanence is near the sensitivity of one’s
rock magnetometers (Potter 2004).

As a consequence of the different minerals it targets, when com-
bined with other methods, AIRM can provide additional information
on the nature of magnetic and mineral fabrics that could not be ob-
tained from one method alone. For example, Lu and McCabe (1993)
compared AARM and AIRM in carbonate rocks from the Nashville
(Tennessee, USA) and the Jessamine (Kentucky, USA) domes, and
found that their AARM reflects both a depositional and compaction
fabric, while the AIRM represents a later tectonic overprint. Henry
and Daly (1983) and Hrouda (2002b) proposed that paramagnetic
and ferromagnetic contributions to the magnetic fabrics can be
separated based on a comparison between anisotropy of magnetic
susceptibility (AMS) and AIRM (but see caveats in Hrouda et al.
2000). More recent separation methods exploit the different field-
and temperature-dependencies of paramagnetic and ferromagnetic
properties (Martin-Hernandez and Ferré 2007). Numerous studies
have used combinations of AMS, AARM, AIRM and anisotropy
of thermal remanence (ATRM) to better understand the carriers of
magnetic fabrics, in aid of their interpretation (Borradaile and Dehls
1993; Selkin et al. 2000; Lawrence et al. 2002; Raposo et al. 2004;
Tema 2009; Bilardello and Jackson 2014; Biedermann et al. 2016;
Agro et al. 2017; Lycka 2017).

While a comparison between AMS, AARM, ATRM and AIRM
is useful for a first characterization of different carrier minerals
and their fabrics, it is possible to separate different grain sub-
populations even more deliberately. Subpopulations of remanence-
carrying grains may define distinct fabrics for different grain sizes
or compositions, resulting, for example, in AARMs and anisotropy
of partial ARMs (ApARMs) that vary with coercivity (Jackson ez al.
1989; Trindade et al. 2001; Aubourg and Robion 2002; Usui ef al.
2006; Biedermann ef al. 2019a,b). A recent study illustrates how
these coercivity-dependent variations of remanence anisotropy may
cause problems for the interpretation of paleodirectional and pa-
leointensity data, and how ApARM-based anisotropy corrections
can be improved (Biedermann et al. 2019a). Similarly, AIRMs can
vary with applied field, which may be attributed to anisotropy com-
ponents carried by different subpopulations of grains. For exam-
ple, several generations of hematite were found in hematite-bearing
Cambrian slates from North Wales, where fine-grained hematite
displays stronger fabrics than coarse-grained hematite (Jackson and
Borradaile 1991). Bilardello (2015) used AIRMs determined in
different fields to isolate the fabrics of pigmentary and detrital
hematite, and also discusses issues related to incomplete satura-
tion of hematite. Alternatively, field-dependent AIRMs in pyrrhotite
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samples have been explained by competing texture- and grain-size-
control of the anisotropy (de Wall and Worm 1993). Tensor sub-
traction of the AIRM measured in several fields has been used to
calculate the ApIRM of certain coercivity windows (Bogue et al.
1995). Additionally, AIRMs can be partially demagnetized by ther-
mal or AF methods to isolate only the high unblocking temperature
or high-coercivity (e.g. hematite) parts of the remanence fabric (Cox
and Doell 1967; Tan and Kodama 2002; Tan et al. 2003; Kodama
and Dekkers 2004; Bilardello and Kodama 2009; Hillhouse 2010;
Bilardello 2015; Biedermann et al. 2016).

Because magnetization M saturates in high fields, high-field IRM
is not a linear function of the applied field A or B. Therefore, it is
important to consider how high-field anisotropy is mathematically
described. Second-order tensor mathematics, assuming a linear de-
pendence of M upon H (Jelinek 1977), are often used to characterize
IRM anisotropy. This is done with the implicit understanding that
while this is not strictly correct (Coe 1966), it remains a useful
approximation. Similarly, the low-field susceptibilities of hematite,
pyrrhotite and titanomagnetite are field dependent over the range
of AC fields typically used, up to a few hundred Am™ (H) or uT
(B) (Worm 1991; de Wall and Worm 1993; Jackson ef al. 1998; de
Wall 2000; Hrouda 2002a; Guerrero-Suarez and Martin-Hernandez
2012). For these minerals, the magnetic fabric tensors calculated
from linear AMS theory may represent an inaccurate description
of anisotropy. In some instances, the linear fit to nonlinear data
may result in erroneous negative minimum susceptibilities (Hrouda
2002a). Possible ways to account for the nonlinearity of magnetiza-
tion with field in these minerals are (1) measuring in extremely low
fields, <10 A m™!, where the M(H) behaviour is still linear, (2) mea-
suring many additional orientations and describing the anisotropy
using a higher order tensor or (3) using the Rayleigh law to compute
initial susceptibilities in each orientation, for which tensor calcula-
tions are valid (Hrouda 2002a; Hrouda 2009; Hrouda et al. 2018).
These methods have their own limitations in terms of sensitivity,
precision and efficiency. Although the degree of anisotropy can vary
strongly with field, principal directions and anisotropy shape, the
main parameters used for geologic interpretations show a weaker
field dependence (de Wall 2000; Hrouda 2002a; Hrouda 2009).
Hrouda ez al. (2018) have compared AMS tensors calculated using
linear theory with contour plots from 320 directional susceptibility
measurements in various fields for more than 100 specimens, and
concluded that the second-order tensor describes the specimens’
anisotropy to sufficient accuracy. For high-field IRMs and AIRMs,
the departure from linearity may be much larger than for the low-
field induced magnetization and low-field AMS, and the effects of
treating them with tensor mathematics require further study.

Here, we investigate whether and how the A(p)IRM varies with
coercivity window in different rock types. In addition, we test
whether ApIRMs are additive and define error limits for this ad-
ditivity. The results presented here improve our understanding of
IRM anisotropy, and it is our hope that A(p)IRMs become more
useful for studies involving magnetic fabrics and anisotropy.

2 MATERIALS AND METHODS

2.1 Sample collection

The sample collection used for this study includes five specimens
from the Bushveld Complex, South Africa (label prefix BG), one
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specimen from the Bjerkreim Sokndal layered intrusion, South-
ern Norway (BK), two ocean floor gabbros (ODP735), three meta-
morphic slates from the Thomson Formation (TS) and five red
bed sediment specimens from the Mauch Chunk Formation (MC).
The Bushveld samples contain micrometer-sized Ti-magnetite nee-
dles and hematite platelets, exsolved within pyroxene and plagio-
clase. The rocks from Bjerkreim Sokndal contain hemo-ilmenite,
either exsolved in pyroxenes or as individual grains, and magnetite.
Oceanic gabbros from ODP hole 735B contain both primary Ti-
magnetite, and secondary magnetite as exsolutions or formed by al-
teration of pyroxene and olivine, as well as sulfides. The slates from
the Thomson Formation contain magnetite and possibly sulfides,
and the red bed sediments contain trace amounts of magnetite, and
both detrital and pigmentary hematite. The magnetic mineralogy
and anisotropy of susceptibility and ARM of these specimens have
been described previously (Johns et al. 1992; Pariso and Johnson
1993; Sun et al. 1995; McEnroe et al. 2001; Tan and Kodama 2002;
Feinberg et al. 2006; Bilardello and Kodama 2010; Biedermann
etal 2016,2019b,c).

2.2 Initial test measurements

For robust anisotropy characterization, it is essential that the direc-
tional differences among acquired magnetizations are larger than
the variability of repeated measurements along the same direction.
Therefore, test measurements were conducted prior to AIRM deter-
mination to check the repeatability of an IRM imparted in a 100 mT
field along the specimens’ axes. All magnetizations were measured
on a 2G 760 superconducting rock magnetometer (SRM). Magne-
tization tests were performed using a pulse magnetizer (2G, long
core) or a vibrating sample magnetometer (VSM, Princeton Model
3900). For the latter, pick-up coils were removed to obtain a better
geometry to fit a sample holder for directional IRMs, maximize
the applied field strength and protect the pick-up coils themselves.
Imparting IRMs on a pulse magnetizer is faster, but has the disad-
vantage that other instruments have to be used to demagnetize the
specimens: an AF demagnetizer in low fields, and the electromag-
nets of a VSM in high fields. The VSM can reach higher fields,
but uses a lower frequency than conventional AF units; 10-100s of
field cycles as compared to 1000—10 000 s of field cycles. Concerns
have been raised about the accuracy and reproducibility of fields
produced by the pulse magnetizer, in particular related to backfield
generation at high fields. For example, it has been recommended
to use at least two pulses to magnetize u-channel samples (Roberts
2006). Magnetizing specimens on the VSM takes longer, but of-
fers the advantages of better field control, and that specimens can
be demagnetized directly on the VSM in fields equal to or slightly
above those in which the IRMs were imparted. In this study, repeat
measurements of IRMs imparted parallel to x, y and z were used
for the pulse magnetizer, and IRMs along x and y were used for
the VSM. For the pulse magnetizer, these test measurements show
that (1) the variability of IRMs parallel to any axis is rather large
compared to the differences between axes, and (2) the magnetiza-
tion acquired parallel to the previous axis is not fully remagnetized
when the magnetization along the next axis is applied (Fig. 1a).
This second issue is minimized when demagnetization steps are in-
cluded between pulse magnetization steps. Similar measurements
on the VSM show a smaller variation between repeat measurements
(Fig. 1b).

Applying progressively higher IRMsup to 1 T along the specimen
x-axis reveals an additional difficulty: using the standard mode to

turn the field on and off leads to overshooting, that is, the application
of a backfield recoil, resulting in lower IRMs at higher fields. This
can be explained by the fact that when applying a higher field,
the backfield generated during switch-off of the field is larger. A
lower field pulse, but equal or higher to that of the recoil must be
subsequently applied to obviate this effect. The VSM possesses a
non-overshoot mode for toggling the field, and this results in IRMs
that increase monotonically with applied field and reach saturation,
as expected (Fig. 1c). Hence, all anisotropy measurements were
conducted on the VSM, while toggling the field using the non-
overshoot mode.

2.3 IRM acquisition

IRM acquisition was characterized on representative samples from
each group, selected based on previous A(p)ARM measurements. It
was measured following the double IRM acquisition method (Tauxe
et al. 1990). This involves applying a field parallel to the spec-
imen +z-axis and measuring the resulting IRM, followed by the
same field along the —z-axis, on an initially demagnetized speci-
men. Based on the results from test measurements, the IRMs were
applied on a VSM, and the non-overshoot function was used when
turning the fields on and off. Specimens were demagnetized us-
ing the VSM’s AF demagnetization at 1 T (1 per cent decrement),
followed by a second demagnetization at 100 mT (1 per cent decre-
ment). Acquisition fields were progressively increased from 0 to 5,
10, 20, 35, 50, 75, 100, 130, 180, 240, 320, 410, 500, 630, 800 mT
and 1 T. The last field, 1 T along —z, was repeated three times to
check repeatability. Magnetizations were measured on the 2G-760
SRM, and are reported as x-, y- and z-components, as well as IRM
intensity. We will refer to the magnetizations imparted along +z as
IRM acquisition, and those along —z as backfield curves.

The coercivity distributions derived from the IRM acquisition
curves were analysed using the MAX Unmix software package
(Maxbauer et al. 2016), to separate components of the coercivity
distribution, and determine whether the coercivity spectra contain
one or more distinct components. The IRM acquisition curves were
not originally collected for coercivity unmixing and contain fewer
data points per specimen than is typically recommended. As a re-
sult, the precise details of the fitted components should be viewed
with a level of caution (e.g. skewness, dispersion and per cent con-
tribution). However, statistical determinations of whether a data set
is best fit by one or more components should remain robust. Un-
smoothed spectra were used for all specimens except TS16.2 whose
acquired IRM was the weakest, thus subject to a higher noise level.

2.4 Anisotropy of full and partial IRMs

A set of nine (p)IRM anisotropy tensors was determined for each
specimen. Each tensor was based on IRMs imparted along nine di-
rections in a specified field, and partial AF demagnetization of these
remanences. The directions used were 0/0 (declination/inclination in
specimen coordinates), 90/0, 0/90, 45/0, 135/0, 0/45, 90/45, 180/45,
270/45, following the schemes of McCabe ef al. (1985) and Girdler
(1961) for AARM and AMS, respectively. Directional IRMs were
acquired on the VSM in fields of 100, 180, 500 mT and 1 T. Af-
ter measuring the full IRM on the 2G-760 SRM, these IRMs were
partially demagnetized at 100 and 180 mT on a DTech AF demag-
netizer and the remaining pIRMs were measured. The fields of 100
and 180 mT were chosen because A(p)ARMs have previously been
measured in the same fields (Biedermann et al. 2019b,c). Note that
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Figure 1. (a) Repeat IRM measurements parallel to the x, y and z-axes using a pulse magnetizer, with and without AF demagnetization in between steps. (b)
Repeat IRM measurements parallel to x and y on the VSM. (¢) Comparison of standard and non-overshoot modes of the VSM for IRMs applied parallel to x.

we are using the term ‘full IRM’ for magnetizations acquired prior
to any partial demagnetization, even if a sample’s magnetization
does not fully saturate in the fields applied (B,p,). The term ‘par-
tial IRM” will be used for magnetizations that have been imparted
in a field B,,, and then AF demagnetized at 100 or 180 mT, that
is, magnetized over the coercivity windows 100 to B,,, mT, or 180
to Bapp mT. Subsequent to imparting and measuring all IRMs and
pIRMs along one direction, the specimens were AF-demagnetized
on the VSM at 1 T followed by 100 mT, using 1 per cent decrements,
as for the IRM acquisition experiments. The residual magnetiza-
tion that could not be demagnetized between +1 and —1 T was
subtracted from all directional IRMs as background. AIRM and
ApIRM tensors were computed from the parallel components, that
is, the magnetization acquired parallel to the applied field, of each
directional magnetization. Thus, each specimen is characterized by

four AIRMs (AIRM(),I()(), AIRMo,lgo, AIRM(),SOO and AIRM(),]O()())
and five ApIRMs (ApIRMgo_130, ApIRMigo_500, ApIRMg0_s00,
ApIRM 001000 ana APIRM80_1000)- Principal directions, degree and
shape of the anisotropy were computed for each A(p)IRM tensor,
and compared to one another. The principal directions correspond
to the eigenvectors of the magnetization tensor, and the correspond-
ing eigenvalues describe the maximum, intermediate and minimum
principal magnetizations (Mpa.x > My > My,). The degree of

anisotropy is characterized by two parameters, P = AA/;"“%‘X and M’ =
min

\/((Mmax - ]Mmean)2 + (Mint - ]\4mean)2 + (Mmin - Mmean)z)/3 with
Mpean = (Mmax + Mine + Minin)/3, analogously to P and &, respec-
tively, for susceptibility anisotropy. Note that because IRMs saturate
in strong fields, we prefer to use magnetizations rather than suscep-
tibilities to define anisotropy parameters. The anisotropy shape is
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described by U = (2 % Mint — Mmax — Mmin)/(Mmax — Mmin) (Je-
linek 1981; Jelinek 1984). For the purpose of this study, results are
shown in specimen coordinates. Hext (1963)’s statistics was used to
determine whether the presence of anisotropy and the directions of
principal axes are statistically significant (if ' < 9.01 or e;3 > 26°,
anisotropy is not significant). For subsequent analyses (e.g. ten-
sor addition), statistically insignificant tensors were replaced by an
isotropic tensor with diagonal elements equal to Mye,,. The orien-
tations of principal axes are at least partially undefined if e, > 26°
or ex; > 26°.

2.5 Additivity of ApIRMs

If A(p)IRMs are additive, future studies could determine a small
number of tensors and then compute additional tensors. To test
whether AIRMs are additive, full AIRM tensors for fields >180mT
were computed from sets of measured AIRMs and ApIRMs, and
compared to the measured tensors in the same field. Tensors were
calculated as follows:

AIRMj_809,. = AIRMy_199 + ApIRM;0-150

AIRM_s00,c1 = AIRMy_100 + ApIRM g0_s00

AIRMy_s00,c2 = AIRMy_ 130 + ApIRMig9_500

AIRMy_s00,c3 = AIRMy_190 + ApIRMigo_180
+ApIRM 350500

AIRM071000,01 = AIRM07100 + ApIRM10071000

AIRM_1000,c2 = AIRMy_150 + ApIRMg9_1000

AIRMy_1000,c3 = AIRMg_190 + ApIRM o180
+ApIRMgo—1000-

The group of calculations AIRM . will be called 0-100-B,,,
AIRM ., are referred to as 0-180-B,,, and AIRM, .3 as 0-
100-180-B,pp. Additivity was evaluated in terms of the agreement
between mean IRMs, directions of principal axes, anisotropy de-
gree and shape parameter, as well as tensor elements, for the sum
of ApIRM and the corresponding measured AIRM tensors. The
agreement between summed and directly measured tensors was
quantified by the ratios of calculated and measured values for mean
remanence and anisotropy degree, differences for the shape param-
eter and angular differences relative to the confidence angles for
principal directions, analogously to the assessment of A(p)ARM
additivity described in Biedermann et al. (2019c¢).

3 RESULTS

3.1 IRM acquisition and coercivity spectra

Most specimens show a strong initial increase in IRM up to DC
fields 0f 200-300 mT, followed by a weaker increase at higher fields

(Fig. 2). Specimen MC17_2, a red bed sediment from the Mauch
Chunk formation, does not acquire any IRM in fields <10mT,
followed by a gradual increase. This specimen does not saturate
in a 1T field, the maximum that could be reached with the pole
configuration used on the VSM, and prior work has shown that
4.75T is necessary to saturate hematite’s remanence within and
perpendicular to bedding (Bilardello 2015). In the same specimen,
backfield IRMs are significantly weaker than the IRMs acquired
in the same field, which may be due to hematite’s multiaxial basal-
plane anisotropy (Mitra ez al. 2011; Mitra et al. 2012). Similarly, the
Thomson Formation slates do not saturate completely in a 1 T field.
Unmixing of the coercivity spectra favours two-component models
over single components, as indicated by the F-test at 95 per cent con-
fidence (Supporting Information Table A). Additional components
at higher fields cannot be excluded. Note that for all specimens,
while the IRMs were imparted parallel to the specimens’ z-axes, the
magnetizations acquired also possess components along the spec-
imen x- and y-axes, which is a direct consequence of remanence
anisotropy. Repeat application of an IRM in the same direction
leads to a 1.2 2.5 per cent increase in magnetization for specimens
MC17_2 and TS16.2 that do not saturate in a 1 T field, and 0.06—
0.7 per cent change in the remaining specimens. A similar kind of
progressive increase in repeated IRM has been observed in treat-
ments of u-channel samples, but attributed to artefacts of the pulse
magnetizer (Roberts 2006). Because we observe changes in IRM
acquired on the VSM, and as they are strongest for non-saturated
specimens, we argue that small changes occur in magnetization that
seem likely to be time-dependent effects but remain to be fully
analysed.

3.2 AIRMs and ApIRMs

Nine tensors each were measured on 16 specimens. The full direc-
tional IRMs in one specimen, ODP735.042, were so strong that they
could not be measured reliably, so that for this specimen, only the
five ApIRM tensors are reported. The mean (p)IRMs of specimens
that could be measured vary over several orders of magnitude, from
3.47 x 1077 to 2.50 x 107> Am?>kg~! (Supporting Information
Table B). A total of 140 A(p)IRM tensors have been characterized,
and 28 of these do not possess statistically significant anisotropy.
It is mainly the low-coercivity AIRMs and ApIRMs of the Mauch
Chunk red bed samples, and the high-coercivity ApIRMs of the
Thomson Slate and ocean floor gabbro that are not significant. A
likely explanation for this is that only weak (p)IRMs are acquired
by these sample groups in the respective coercivity windows, thus
leading to a higher influence of noise on the anisotropy tensor cal-
culation. The lack of IRM acquisition in low fields or low-field
IRM anisotropy in some red bed samples is related to negligible
amounts of magnetite, or no magnetite anisotropy, respectively. In
contrast, the Thomson Slate and ocean floor gabbro specimens con-
tain predominantly low-coercivity minerals such as magnetite and
titanomagnetite, so that the mean high-field pIRMs are weak.

For those specimens that do have significant anisotropy, P varies
between 1.06 and 4.79. The highest P-values are observed for low-
coercivity AIRMs of those Mauch Chunk red bed specimens that
seem to display significant anisotropy. It has been shown previously
that noise on a weak susceptibility signal can lead to unrealisti-
cally high P-values as well as a large spread in shape parameters
for AMS measurements (Hrouda 1986; Hrouda 2004; Biedermann
et al. 2013). A similar effect may explain the seemingly high P-
values of the AIRMy_;99, AIRM 130 and ApIRM;go_150 in these
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Figure 2. Left-hand column: IRM acquisition and backfield curves for selected specimens. The magnetization was applied parallel to +z (acquisition) and
—z (backfield); right-hand column: coercivity distribution and unmixing of magnetic components. The contribution of each component as well as their total
coercivity spectra is shown as median distributions with 95 per cent confidence limits.

red beds. The parameter M’ varies between 7.62 x 1073 and 1.16 x
1073 Am? kg~!, which corresponds to 2.3-53 per cent of the mean
(p)IRM obtained by the respective specimens in the respective win-
dows. The anisotropy shape U covers the range from —0.79 to 0.84.

Principal directions, degree and shape of the anisotropy can be
similar or vary between different ApIRMs and AIRMs in the same

specimen. The principal directions in the Bushveld specimens can
have similar orientations, or show two or three distinct sets of di-
rections. In the latter case, the main difference is often between
the AIRMs and the ApIRMSs, where different coercivity subpopula-
tions may be associated with subsets of exsolved oxide inclusions in
silicate minerals such as plagioclase and pyroxene. The Bjerkreim
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Figure 3. Principal directions of the AIRM and ApIRM tensors for a selection of representative specimens. The squares, the triangles and the circles represent
the maximum, intermediate and minimum magnetization directions, respectively, and colours refer to the windows over which the (p)IRMs were imposed. The
open symbols are the corresponding AARM, ApARM and AMS fabrics reported by Biedermann ez al. (2019b).

Sokndal specimen has similar orientations for all A(p)IRM tensors.
The one ODP735 gabbro for which all tensors could be measured,
exhibits a switch of maximum and minimum principal directions
between AIRM and ApIRM tensors. Two Thomson Slate speci-
mens show similar orientations of all A(p)IRMs, and the third one
has different principal directions in the ApIRM;gg_gapp, Windows as
opposed to the AIRM and the ApIRM ¢g_gapp Where significant. For
the Mauch Chunk red beds, four specimens display similar orienta-
tion for all A(p)IRMs that are significant, and one specimen shows
a similar orientation of the minimum axis, and a girdle distribution
of the other two axes (Fig. 3).

For most specimens, M is highest for the AIRMs followed by
the ApIRM g9_gapp and ApIRM g9 gapp. The one exception to this
general trend is the Mauch Chunk red bed sample suite, where the
tensors incorporating the highest coercivities, that is, AIRMy_10¢0,
ApIRM 09_1000 and ApIRM,go_1000, have the strongest anisotropies.

The anisotropy parameters M, P and U vary with the field in which
the (p)IRM was acquired, and these variations appear consistent
between different specimens from the same locality (Fig. 4).

3.3 Additivity

The calculated mean IRM, obtained by summing the appropriate
(p)IRM tensors, is generally lower than the corresponding mea-
sured mean IRM. For calculations involving the tensors 0—100-B,,
and 0-100-180-B,p, (AIRM_i59,c, AIRMg_s00,c1, AIRMg_500,c3,
AIRMy_1000.c1, AIRMy_1000,c3), the ratio of calculated to mea-
sured mean IRM can be as low as 0.9. Calculations 0—180-B,,
(AIRMg_s00,c2, AIRMg_1000,c2) are slightly more accurate, with the
calculated mean being >0.95 times the measured mean. The cal-
culated M’ ranges from ca. 0.5 to ca. 1.5 times the measured M.
Similar to the mean IRM, the variation appears smaller for the
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Figure 4. Anisotropy parameters of A(p)IRMs as a function of coercivity window for representative sample groups.

0-180-B,p, calculations than those based on 0-100-B,,, and 0—
100-180-Bypp. The variations in shape parameters are about £0.5
(Fig. 5). Differences can be observed between the behaviours for
each sample group. However, the number of specimens per group
was small, so that this observation may be biased by the statistics
of small numbers. Hence, they will not be interpreted further.

The angular deviations between the measured and calculated
maximum and minimum principal directions are generally smaller
than the 95 per cent confidence angles of the measurements for the
Mauch Chunk, Thomson slate and ODP735 ocean floor gabbro
specimens. The angle between measured and calculated maximum
principal directions was compared to the e}, confidence angle, and

that between the minimum principal directions to e,; of the mea-
sured AIRMs. Because the deviation between measured and cal-
culated directions is smaller than the confidence angles, the calcu-
lated and measured principal directions cannot be statistically dis-
tinguished on the 95 per cent confidence level. For most Bushveld
specimens and the Bjerkreim Sokndal specimen, however, the angle
between calculation and measurement is larger than the confidence
angle for at least one of these axes, meaning that the principal
directions calculated by tensor addition are significantly different
from those measured. In accordance with the other parameters, the
difference between measured and calculated principal directions is
smallest for the 0-180-B,y,, calculations.
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4 DISCUSSION

4.1 Variation of A(p)IRM with DC field

Similar to the coercivity dependence of ARM anisotropy (Jackson
et al. 1988; Jackson et al. 1989; Biedermann et al. 2019a,b), IRM
anisotropy varies with the strength of the DC field in which the
remanence was acquired. The degree and shape of anisotropy are
generally different within each field window. In samples from the
Bushveld Complex, the shape parameter U varies between —0.8
and +0.8, and the degree of anisotropy, M, covers the range from
0to 1.2 x 107> Am?kg™!, or 0—15 per cent of the mean (p)IRM.
Different A(p)IRM subfabrics in the Bjerkreim Sokndal specimen
cover shape values between 0.1 and 0.4, and M’ between 0 and
5.1 x 107* Am>kg~!, up to 12 per cent of the mean (p)IRM. The
anisotropy tensors for the ODP735 specimens that could be mea-
sured possess U in the range of —0.6 to 0.3, and M in the range
of 0to 1.1 x 107> Am? kg™, up to 8 per cent of the mean (p)IRM.
Thomson slate specimens display U from —0.6 to +0.8, M’ from 0
to 2.1 x 107 Am? kg™!, up to 24 per cent of the mean remanence,
and red bed specimens from the Mauch Chunk Formation have Ube-
tween —0.2 and +0.8, and M’ between 0 and 3.6 x 10~ Am? kg™!
or up to 53 per cent of the mean (p)IRM in the respective windows.
Although some uncertainty is associated with each measurement,
measurement errors cannot explain the entire variation amongst
tensors measured in different fields.

For lithologies where more than three specimens were measured,
there are smaller variations between anisotropy parameters mea-
sured in each field window on all specimens from the site com-
pared to those seen in the same specimen but for different windows
(Fig. 6). Therefore, differences between anisotropy parameters mea-
sured in specific field windows can be interpreted as discrete sub-
populations of grains—defined by their mineralogy, composition,
grain size and shape—having distinct fabrics. Bilardello (2015) had

investigated changes of anisotropy degree and shape with coercivity
during a stepwise demagnetization of IRMs acquiredin 1 and 5.5 T
fields on Mauch Chunk samples from the same location as those
studied here. That study attributed changes in anisotropy parameters
to (1) non-saturation of hematite in 1 T fields, and (2) differences
in coercivity of specular versus pigmentary hematite and additional
accessory magnetite. This study shows further examples of rocks
whose IRM anisotropy varies with DC field, also when magnetite
or iron sulfides dominate the anisotropy. Whether these results are
directly relevant to other magnetic fabric investigations depends on
the main focus of those studies, the mineral populations present and
the fields needed to saturate their remanence. In any case, the results
presented here lay a solid foundation for future work on the field
dependence of IRM anisotropy.

Analogous to AMS and A(p)ARM, the highest anisotropy is not
necessarily carried by the same grain fraction as the highest mean
(p)IRM. The same specimen can display significant anisotropy in
some coercivity windows, but not in others, and the ApIRMs car-
ried by different subpopulations can add up or cancel each other
out. Therefore, care needs to be taken when interpreting AIRMs
in fabric studies because, similar to AMS or AARM, they can re-
flect composite fabrics. For the same reason, the field in which
A(p)IRMs are measured needs to be chosen carefully when these
tensors are used in paleomagnetic and paleointensity studies to cor-
rect for anisotropic remanence acquisition in high-coercivity grains.
Isolating an appropriate anisotropy tensor prior to anisotropy cor-
rections is crucial, as these corrections can have major implications
for apparent polar wander paths (Bilardello and Kodama 2010).
When the remanence is carried by a combination of subpopulations,
paleomagnetic results are further affected by the differences in re-
manence anisotropy between carriers, which needs to be taken into
account during anisotropy corrections (Biedermann et al. 2019a).
Breaking down the full AIRM to individual ApIRMs can help de-
termine how remanence anisotropy changes for each subpopulation
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Figure 6. Anisotropy degree and shape of the Bushveld and Mauch Chunk samples. Variations with DC field compared to variations between different
specimens and sites. White indicates fields and specimens whose anisotropy was not statistically significant. Perceptually uniform colour-maps are used to

prevent visual distortion of the data (Crameri 2018).

in the specimen, and provides a solid basis for the reliable inter-
pretation of both fabric and paleomagnetic data. A solid indication
that a specimen possesses a composite IRM anisotropy is when the
magnetization direction changes during an IRM acquisition or IRM
demagnetization experiment. Note that the absence of changes in
magnetization direction is not a reliable indicator for the absence of
multiple contributors to AIRM, as the fabrics could be aligned but
have different anisotropy degrees.

4.2 ApIRM additivity

Mean IRMs are underestimated when calculated from tensor addi-
tion of ApIRMs, especially when the added tensors contain the terms
AIRMy_190 + ApIRMgg.app- In this study, errors can be as high as
10 per cent of the measured mean IRM. Smaller errors, <5 per cent,
are observed when adding AIRM_;g9 + ApIRM sgo.gapp- The latter
error limit is of similar magnitude to that for mean ARM additivity
(Yu et al. 2002; Biedermann et al. 2019¢c). One possible reason

for the variation of error with field is that the IRM varies strongly
with field before specimens reach saturation at around 200-300 mT,
but little variation of IRM with DC field is observed for higher
fields, when the low-coercivity grains are saturated. Therefore, a
small variability in DC field, when imparting the IRM, will have a
larger effect on the acquired remanence at 100 mT than at higher
fields. Analogously, if the AF demagnetizing field slightly deviates
from the set field during a partial AF demagnetization, the effect
will be larger at 100 than 180 mT. Because the calculated AIRMs
are lower than those measured, the initially applied field may have
been slightly too low, or the demagnetizing field too high, both at-
tributable to instrumental precision. This hypothesis can be further
investigated and resolved once instrumentation has been developed
that produces reliable and repeatable IRM fields. More reliable and
reproducible IRM fields would also be beneficial for double-IRM
acquisition experiments (Tauxe et al. 1990), and would prevent re-
searchers from having to use several pulses to impart IRMs (Roberts
2006). A second possibility is that slight misalignment of the sam-
ples when imparting directional pIRMs would lead to a smaller
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Figure 7. Deviations of measured and calculated AIRM parameters as a function of tensor misfit.

added directional IRM, and eventually a weaker added mean IRM
compared to that measured. Although samples were carefully ori-
ented in a specially designed holder for these measurements, small
errors cannot be excluded completely. Another possible explana-
tion for better additivity in the 0—180-B,,, calculations, compared
to 0—100-By,, and 0-100-180-B,yy, is that the pIRMs may not be
fully independent: if this is the case, the effect on magnetization
is larger at low fields where grains are not saturated than at high
fields where they approach saturation or have saturated already. Fur-
ther work needs to be conducted to investigate whether pIRMs are
independent.

The main difference between AARM and AIRM measurements
is that ARMs are usually weak enough to behave linearly with the
field, whereas strong-field IRMs begin to approach saturation and
thus are not linear with the applied field. Fitting a linear tensor
equation to this nonlinear data may introduce errors, similar to and
larger than those described for low-field AMS in field-dependent
materials (Hrouda 2002a). It is possible that the larger uncertainty

in AIRM additivity stems from the nonlinearity of the directional
IRMs with applied field. This would result in a correlation between
tensor misfit (of either the ApIRM tensors used in the calculation, or
the AIRM tensor the calculation is compared to) and the deviation
of the calculated tensor from the measured tensor. The grouping
of our data makes it hard to draw a general conclusion whether
the uncertainty is related to tensor misfit. However, there appear to
be larger deviations between calculated and measured mean IRMs
when the tensor misfit is larger, and there is also more scatter for
larger tensor misfits (Fig. 7). Similarly, larger scatter and larger
deviations may be observed for other anisotropy parameters with
increasing tensor misfit, but more data would be needed to make a
general statement about the exact nature of such a correlation.

The error limits for principal directions and anisotropy parame-
ters for A(p)IRM additivity are generally larger than the correspond-
ing error limits determined for A(p)ARM on the same specimens
(Biedermann et al. 2019c). Nevertheless, similar to A(p)ARM ad-
ditivity, principal directions match best between measurement and
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calculation, followed by degree of anisotropy and anisotropy shape.
Therefore, when A(p)IRMs are to be used for anisotropy correc-
tions, where all anisotropy parameters influence the final results
and are thus important, we suggest that all necessary AIRMs and
ApIRMs be measured directly, by imparting a set of directional
IRMs followed by partial AF or thermal demagnetization, rather
than derived from tensor addition and subtraction. In fabric studies
with a main focus on the orientation of principal directions, rather
than the exact values of P, M’ and U, tensor calculations may be
sufficient for a structural interpretation.

5 CONCLUSIONS

A total of 140 A(p)IRM tensors have been measured on 16 spec-
imens from five geological settings. The samples were chosen to
cover a range of remanence carriers and coercivity spectra. The
results shown here illustrate that principal directions, degree and
shape of AIRM and ApIRM depend on the coercivity window over
which the remanence was imparted. This indicates that various sub-
populations of grains together carry the remanence, and each of
them possesses a distinct magnetic fabric. Hence, characterizing
ApIRMs in addition to full AIRMs allows for more detailed tec-
tonic and structural interpretations, and forms the basis for more
advanced and accurate corrections of paleomagnetic data.

Tensor additions of A(p)IRMs generally underestimate the mean
IRM compared to a direct AIRM measurement. The level of under-
estimation depends on whether individual ApIRM windows were
chosen at low fields, before the specimen starts to approach sat-
uration, or higher fields close to or above saturation. Error limits
are larger in the former case. This may be related to small variabil-
ity in the field generated to impart IRMs, which underscores the
importance of developing more advanced instrumentation that can
produce exact and repeatable fields. Another possibility that needs
further work, is that pIRMs may not be fully independent. A third
explanation, which will also need to be investigated further, is that
the differences between measured and calculated parameters are
related to the nonlinearity of isothermal magnetization with field.
This nonlinearity means that second-order tensors are strictly not
correct representations of the anisotropy, which results in misfits
when calculating the tensor from the directional data.

For most specimens, calculated principal directions for summed
pIRM tensors are within the 95 per cent confidence ellipses for the
measured total AIRM. Error limits for anisotropy degree and shape
can be as large as £50 per cent and +0.5, respectively. Therefore,
calculated AIRMs or ApIRMs may be suitable for fabric interpre-
tations; however, we recommend measuring each tensor directly for
paleomagnetic corrections.
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