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Abstract 23 

Magnetic fabrics are powerful tools in structural geology and tectonic studies, because they 24 

provide a fast and efficient measurement of mineral alignment, which helps interpret a rock’s 25 

(de)formation history. The magnetic fabric of remanence-carrying minerals provides useful 26 

information when these grains record different deformation stages than the bulk minerals in a 27 

rock. When rocks contain several sub-populations of remanence-carrying minerals, each of 28 

these potentially displays a distinct fabric. This can lead to complex remanence anisotropies, 29 

being a superposition of all sub-populations’ individual anisotropies. Characterization of 30 

partial remanence anisotropies has been used to investigate changes in fabric with grain size. 31 

However, most studies still report one bulk remanence anisotropy tensor per sample, and it 32 

remains to be determined how commonly different populations of remanence-carrying grains 33 

reflect different subfabrics. Based on a large sample collection including 93 specimens from 34 

different lithologies, we have investigated the coercivity dependence of anisotropy of (partial) 35 

anhysteretic remanent magnetization (A(p)ARM). We find that the principal directions, 36 

degree and shape of A(p)ARM are generally dependent on the coercivity window used to 37 

impart the ARMs. Depending on the carrier minerals and their fabrics, ARM anisotropy can 38 

either increase or decrease when the ARMs are applied over larger coercivity windows. 39 

Additionally, the coercivity fraction that dominates the AARM anisotropy is not always the 40 

coercivity fraction that acquires the strongest mean ARM. This illustrates the complexity of 41 

characterizing remanence anisotropy, and highlights the importance of carefully choosing 42 

experimental parameters in A(p)ARM determination for both magnetic fabric and anisotropy 43 

correction studies.  44 

1 Introduction 45 

Magnetic fabrics are a direct consequence of the crystallographic and shape preferred 46 

orientation of minerals in rocks, and thus reflect rock textures. Magnetic fabric measurements 47 

are more efficient and cost-effective than other non-magnetic texture methods, and thus are 48 

powerful tools in tectonic and geodynamic studies. The information they provide is 49 

particularly useful, when magnetic methods are able to distinguish between the fabrics of 50 

different mineral sub-populations within a rock, which may record different stages of 51 

deformation. While anisotropy of magnetic susceptibility (AMS) describes the preferred 52 

orientation of all minerals in an integrated way, anisotropy of remanence captures the fabrics 53 

of remanence-carrying ferromagnetic (sensu lato) grains only [Borradaile and Jackson, 2010; 54 

Jackson and Tauxe, 1991]. Remanence anisotropy can be described e.g. by anisotropy of 55 

anhysteretic remanent magnetization (AARM) [McCabe et al., 1985], anisotropy of 56 

isothermal remanent magnetization (AIRM) [Stephenson et al., 1986], or anisotropy of 57 

thermal remanent magnetization (ATRM) [Cogné, 1987]. This study will focus on AARM 58 

and its coercivity dependence. AARM is frequently used to describe magnetite fabrics, and to 59 

determine whether magnetite influences the AMS, and is considered the best room-60 

temperature equivalent of the anisotropy of a natural thermomagnetic remanence [Potter, 61 

2004].  62 

 63 

1.1 Previous work on AARMs 64 

The minerals contributing to or dominating the AMS or AARM are often different 65 

[Borradaile and Lagroix, 2000; 2001; Borradaile et al., 1998; Borradaile et al., 1999a; 66 

Borradaile et al., 2010; Chadima et al., 2006; Hirt et al., 2014; Issachar et al., 2015; Lagroix 67 

and Borradaile, 2000a; Li and Kodama, 2005; Oliva-Urcia et al., 2009; Pignotta and Benn, 68 

1999; Sagnotti et al., 1998; Viegas et al., 2013]. McCabe et al. [1985] suggested the use of 69 
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AARM as a complementary technique to AMS, because the former enhances the contribution 70 

of stable single-domain (SD) and pseudo-single-domain (PSD) magnetite grains, whereas 71 

paramagnetic minerals and soft ferrimagnets like MD magnetite play a larger role for AMS. 72 

Borradaile et al. [1993] describe magnetic fabrics in a high-strain shear zone in the Canadian 73 

Shield, whose AMS is carried by chlorite, biotite, and amphibole, and the AARM by 74 

magnetite and pyrrhotite. Similarly, the AMS in Archean metasediments of the Quetico Belt 75 

is carried by mica, but the AARM by pyrrhotite [Werner and Borradaile, 1996]. Even in 76 

magnetite-rich samples with high mean susceptibility, the AMS can be dominated by 77 

paramagnetic minerals, if the magnetite has weak anisotropy [Borradaile, 1987; Borradaile 78 

et al., 1985/86; Borradaile and Gauthier, 2003; Hirt et al., 1995; Hounslow, 1985; Rochette, 79 

1987; Rochette and Vialon, 1984; Rochette et al., 1992]. In contrast, remanence anisotropy 80 

can be stronger than the AMS when both are carried by the same mineral. However, a nearly 81 

isotropic paramagnetic AMS masks the anisotropic remanence contribution to the AMS. This 82 

effect is particularly important for low-field AMS studies, in which remanence anisotropy is 83 

not measured [Cogné 1987; Fuller, 1963; Hrouda, 2002; Stephenson et al. 1986]. In this 84 

case, large corrections on paleomagnetic directions and paleointensities may be needed even 85 

when the AMS is weak [Selkin et al., 2000]. A comparison of AMS and AARM principal 86 

directions, degree and/or shape of the anisotropy allows for a first estimate as to which 87 

minerals carry the AMS, and of whether paramagnetic or ferromagnetic minerals are more 88 

anisotropic [Evans et al., 2003; Gaudreau et al., 2017; Johns et al., 1992; Lycka, 2017]. 89 

Lagroix and Borradaile [2000b] used AARM measurements to confirm that AMS in mafic 90 

silicate single crystals is disturbed by the effects of magnetite inclusions. Borradaile et al., 91 

[1999b] even attempted to isolate the paramagnetic/diamagnetic AMS fabric by subtracting 92 

proportions of the AARM tensors from the measured AMS, but later conceded that ‘… 93 

because of the different physical response of the same mineral to remanent and induced 94 

magnetism […] we cannot simply subtract the accessory-AARM contribution from a 95 

sample’s AMS to isolate the matrix AMS …’ [Borradaile, 2001], in agreement with Hrouda 96 

[2000]. Hence, characterizing magnetic fabrics using both AARM and AMS has several 97 

advantages: (1) AARM targets the anisotropy of remanence-carrying minerals specifically, 98 

and is more appropriate for correcting paleomagnetic data than AMS, which instead can be 99 

dominated by grains not contributing to remanence, such as dia/paramagnetic minerals or 100 

multi-domain (MD) magnetite. (2) The potential number of contributing minerals is more 101 

limited for AARMs than for AMS, which may facilitate structural interpretation. (3) 102 

Interpretation of AMS is sometimes complicated by the presence of inverse fabrics carried by 103 

single-domain (SD) magnetite, which is not an issue for remanence anisotropy [Stephenson et 104 

al., 1986]. The latter likely explains why AMS and AARM tensors reported to be carried by 105 

magnetite sometimes are coaxial [Raposo and Gastal, 2009; Raposo et al., 2007; Raposo et 106 

al., 2012], or sometimes display interchanged axes [Calvin et al., 2017; Kon et al., 2017; 107 

Raposo and D'Agrella-Filho, 2000; Raposo et al., 2014; Soriano et al., 2016]. 108 

 109 

One useful consequence of different carriers for AMS and AARM is that they can 110 

often record different stages of deformation. In the Sassamansville diabase, Pennsylvania, 111 

USA, primary low-coercivity magnetite dominates the AMS developed during emplacement, 112 

while high-coercivity magnetite grown during a subsequent hydrothermal event holds the 113 

AARM [Kodama and Mowery, 1994]. Similarly, the AARM of the Borrowdale slaty tuff, 114 

United Kingdom, is believed to record a different episode of deformation than the AMS 115 

[Nakamura and Borradaile, 2001]. In the Thomson Formation, MN, USA, AARM has been 116 

interpreted to reflect a primary depositional fabric, whereas the AMS, primarily due to 117 

chlorite, was overprinted by a later tectonic deformation [Sun et al., 1995]. Similarly, the 118 

AMS in Devonian black shales of Appalachian Plateau relates to vertical compaction whereas 119 
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the AARM does not [Hirt et al., 1995]. In the Dukla Nappe, Outer Western Carpathians, 120 

Poland, the AARM is less sensitive to tectonic overprints than the AMS, indicating that the 121 

magnetite grains were less affected by this deformation than the rock-forming paramagnetic 122 

minerals [Kiss et al., 2016]. If AMS and AARM fabrics are coaxial, they can either both be 123 

carried by the same mineral, e.g. magnetite [Kissel et al., 1998], or by different minerals that 124 

record the same deformation [Biedermann et al., 2016; Yokoyama et al., 2012]. 125 

 126 

AARMs have been successfully measured on apparently undeformed to weakly 127 

deformed limestones with weak magnetizations [Jackson et al., 1989b; Raposo et al., 2006], 128 

speleothems [Ponte et al., 2017], and coccolith calcite rocks [Issachar et al., 2018]. The 129 

degree of AARM can record gradual changes in finite strain, even when the AMS does not 130 

[Housen and van der Pluijm, 1991]. Furthermore, AARM has been shown to correlate with 131 

stress during experimental deformation of synthetic magnetite-bearing calcite sandstones 132 

[Jackson et al., 1993], and with strain in syntectonically deformed granites [Mamtani et al., 133 

2011], similar to empirical relationships between AMS degree and strain [Cogné and 134 

Perroud, 1988; Hirt et al., 1993; Kligfield et al., 1977; Kligfield et al., 1981]. 135 

 136 

Correlations have been found between AARM and the direction of natural remanent 137 

magnetization (NRM), leading to the recommendation to use AARM measurements to 138 

identify and correct for inclination shallowing [Biedermann et al., 2017; Collombat et al., 139 

1993; Gattacceca and Rochette, 2002; Hodych and Bijaksana, 1993; Kodama, 2009; Werner 140 

and Borradaile, 1996]. Kodama [1997] states that an AARM based inclination correction 141 

technique should be routinely applied to sedimentary paleomagnetic data. AARM-based 142 

anisotropy corrections have also been used in archaeomagnetic studies [Kapper et al., 2017; 143 

Stillinger et al., 2015], and a paleointensity study on laboratory-deposited sediments [Molinek 144 

and Bilardello, 2018]. While AMS-derived anisotropy corrections can be successful if the 145 

AMS and AARM fabrics are sufficiently similar [Bijaksana and Hodych, 1997; Hodych et 146 

al., 1999], AMS is generally an inadequate proxy for remanence anisotropy or anisotropy-147 

induced changes in the magnetization vector. Selkin et al. [2000] found a strong directional 148 

dependence of paleointensity estimates in anorthosites from the Archean Stillwater Complex, 149 

with intensity estimates ranging from 17 µT to 55 µT, for a magnetizing field of 25 µT. 150 

AARM-based anisotropy corrections yielded correct estimates, but the very weak AMS could 151 

not account for this large variation. Being weaker than AARM, AMS has also been 152 

considered inadequate to detect paleofield deflections in archeomagnetism [Borradaile et al., 153 

2001; Tema, 2009], or extraterrestrial magnetism [Gattacceca et al., 2003]. Even for 154 

remanence anisotropy, it is difficult to obtain a reliable inclination correction in the presence 155 

of composite fabrics [Biedermann et al., 2019b; Bilardello and Kodama, 2009; Borradaile 156 

and Almqvist, 2008; Kodama and Dekkers, 2004].  157 

1.2 Standard approaches to measuring AARM 158 

AARM fabrics are determined by applying a set of directional anhysteretic 159 

remanences (ARMs), measuring the remanences in each direction and calculating the tensor 160 

that best describes the relationship �⃑⃑� 𝑟𝑒𝑚 = 𝒌𝒓𝒆𝒎�⃑⃑� , where �⃑⃑� 𝑟𝑒𝑚 is the measured ARM, �⃑⃑�  161 

the applied DC field, and 𝒌𝒓𝒆𝒎 the remanence tensor. This tensor can be computed by using 162 

the scalar intensity of �⃑⃑� 𝑟𝑒𝑚 along the direction of the applied field in at least 6 orientations 163 

(parallel components 𝑀// = �⃑⃑� ∙ �⃑⃑� /|�⃑⃑� |), or based on the full vector �⃑⃑� 𝑟𝑒𝑚 in at least 3 164 

orientations. The latter requires less measurement time, however, the former is a more 165 

reliable representation of 𝒌𝒓𝒆𝒎, e.g. due to gyroremanence [Bilardello and Jackson, 2014; 166 

Potter, 2004]. Commonly, 𝒌𝒓𝒆𝒎 is computed from imparting ARMs along 9 orientations, but 167 
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other measurement schemes using 2 to 39 DC field directions have been used (Figure 1a). 168 

Some studies report a minimum AARM estimate based on measurements parallel to at least 169 

two of the three principal AMS axes [de Wall and Worm, 1993; Nowaczyk, 2003]. For each 170 

direction, ARMs are imparted by subjecting the sample to a weak DC bias field superposed 171 

on an alternating field (AF) that decays to zero from a large initial value. The DC field can be 172 

turned on throughout the AF decay (ARM), or only for a part of the AF decay (partial ARM, 173 

or pARM). Often, DC bias fields are 0.1 mT, or 0.05 mT, where the latter corresponds to the 174 

approximate strength of the Earth’s magnetic field (Figure 1b). Other bias fields between 175 

0.01 mT to 1 mT have been used, and sometimes the strength of the DC field is not reported. 176 

The choice of DC field may have important consequences, because the degree of AARM 177 

depends on the DC field [Bilardello and Jackson, 2014]. Other experimental variables that 178 

may affect AARM fabrics include whether samples are demagnetized between the 179 

magnetization steps in different orientations, and what frequencies and decay rates are used 180 

for the AF. Possible effects of residual remanences have also been discussed [Trindade et al., 181 

2001]. Yu and Dunlop [2003] investigated decay-rate dependence of ARM in magnetite and 182 

report that for SD and PSD grains the ARM intensity is higher for slower decay rates, 183 

whereas for MD grains it is higher for faster decay rates. Since this may also affect AARM 184 

fabrics, it is advisable to report decay rates in future AARM studies. Sadly, decay rates have 185 

only been reported in one of the 82 AARM studies cited in this paper. The AF range over 186 

which the DC field is applied determines which subpopulations of grains, defined by their 187 

coercivities, are given an ARM. Most commonly, the bias field is applied over an AF range 188 

of 0-100 mT, followed in popularity by 0-60 mT, but a number of other windows have been 189 

used, and in some studies they are not reported at all (Figure 1c-d). Note that these 190 

parameters are not necessarily constrained by the instrumentation available, as shown by a 191 

survey on laboratory instrumentation currently available in magnetic laboratories around the 192 

world, as well as possible and typically used experimental parameters (Figure 1 e-h). The 193 

survey was distributed via the gpmag, emrp, and latinmag e-mail lists in January and 194 

February 2018. One interesting outcome of the survey is that even though most published 195 

AARM results were obtained using a DC field of 0.1 mT, the majority of laboratories that 196 

answered our survey report using 0.05 mT DC fields.  197 

 198 

Several studies have measured ApARMs over multiple AF windows, to capture the 199 

preferred orientations of distinct subpopulations of magnetite grains, defined by their grain 200 

size and shape [Aubourg and Robion, 2002; Biedermann et al., 2019b; Bilardello and 201 

Jackson, 2014; Cioppa and Kodama, 2003; Jackson et al., 1988; Nakamura and Borradaile, 202 

2001; Raposo and Berquo, 2008; Raposo et al., 2004; Salazar et al., 2016;  Sun and Kodama, 203 

1992; Trindade et al., 1999; Trindade et al., 2001]. Using ApARMs, Jackson et al. [1989a] 204 

have shown that the degree of magnetic foliation in black shales from Kansas decreases with 205 

increasing coercivity, thus leading to the interpretation that coarser magnetite grains in these 206 

shales possess a stronger foliation than smaller grains. Trindade et al. [2001] report that both 207 

the AMS and low-coercivity AARM in their granitic and noritic samples describe the primary 208 

fabrics of large magnetite grains, whereas the high-coercivity AARMs are related to 209 

secondary processes like hydrothermal alteration. In sandstones from the western Makran 210 

accretionary prism (Iran) low- and high-coercivity ApARMs indicate different orientations of 211 

the magnetic foliation, related to different preferred orientations of coarse and fine grains 212 

[Aubourg and Robion, 2002]. Therefore, AARM is not only able to provide additional 213 

information because it records a different fabric than the AMS, but different ApARMs may 214 

be able to further distinguish between deformation stages or tectonic events on a finer scale 215 

(Figure 2). However, unless there is a specific interest in isolating sub-fabrics or to correct a 216 

specific remanence component, most studies measure only one set of AARMs. Thus, as a 217 
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community, we are missing an opportunity to identify distinct magnetic sub-fabrics on our 218 

samples, because ApARMs are so rarely measured. Hence, we were interested to determine 219 

whether multiple sub-fabrics are a common feature across a range of lithologies. 220 

 221 

 222 
Figure 1: (a-d) Overview of number of remanences imposed, DC fields strength, and AF ranges over which the 223 

DC fields are applied in published studies including AARM measurements. (e-h) AF and DC ranges that are 224 

possible and typically used in rock and paleomagnetic laboratories, according to a survey distributed via the 225 

gpmag, emrp, and latinmag e-mail lists in early 2018.  226 

 227 



7 

 

 228 
Figure 2: Schematic overview of AARM and ApARM measurements on a rock which contains multiple grain 229 

sub-population due to its tectonic and geologic history. Mineral populations (left column), corresponding 230 

coercivity spectra present in the rock and targeted by measurement (middle column), and contribution of 231 

magnetic sub-fabrics to measurements (right column). AARM targets all remanence-carrying grains, whereas 232 

ApARMs specifically capture the sub-fabrics of grain sub-populations within specific coercivity windows. 233 

Hence, ApARMs have the potential to further subdivide contributions to magnetic fabrics than is possible with 234 

comparing AMS (all grains) to AARM (remanence-carrying grains). Note that ApARMs do not provide 235 

information on the timing of events, but they allow us to characterize different events.  236 
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 237 

This study characterizes the variation of AARM and ApARM principal directions, 238 

degree and shape of the anisotropy with the coercivity window over which the (p)ARMs are 239 

imparted. Additionally, we describe the consequences of using smaller or larger coercivity 240 

windows. Measurements shown here were performed on a suite of rocks from various 241 

locations and with different mineralogies: Samples originate from layered intrusions, lava 242 

flows, ocean floor gabbros, sedimentary red beds, metamorphic rocks, and high-fired 243 

ceramics. The results presented here will help our understanding of the link between 244 

mineralogy, texture and remanence anisotropy, and demonstrate that coercivity-dependent 245 

remanence anisotropy is actually a common feature in a wide variety of rocks. Note that a 246 

detailed geologic interpretation of the fabrics in our rocks is beyond the scope of this study. 247 

2 Materials and Methods 248 

2.1 Samples 249 

The samples used in this study cover a range of rock types, including igneous, metamorphic 250 

and sedimentary rocks, as well as archeological material (high-fired ceramics). The rationale 251 

for characterizing a variety of rock types and ceramics is to determine how frequently 252 

coercivity-dependent variations in remanence anisotropy are observed. A full sample 253 

description including the coercivity distribution of the rock types investigated is provided in 254 

Biedermann et al. [in review].  255 

For the purpose of this study, we were mainly interested in the preferred orientation, 256 

geometry and chemical composition (Fe/Ti ratio) of iron oxides. The samples contain several 257 

oxides, including compositions in the hematite-ilmenite and magnetite-ulvöspinel solid 258 

solutions. Additional sulfides are present in some samples. Image analysis of thin section 259 

photographs and backscattered electron (BSE) images obtained on a JEOL JXA-8900R 260 

electron microprobe at the Department of Earth Sciences, University of Minnesota, indicate 261 

several oxide populations, distinct in their grain orientations, sizes, and geometries. The 262 

microprobe was operated at accelerating voltage of 10 keV, with a beam current of 12 nA and 263 

a focused beam. Additionally, elemental maps were obtained with a beam current of 30 nA, 264 

and 20 ms dwell time. These show different preferred orientations for inclusions of different 265 

sizes and compositions, suggesting that different populations of inclusions may correspond to 266 

different coercivity windows of A(p)ARMs (Figure 3). Awareness of such mineralogical 267 

complexity is important in interpreting magnetic fabric results.  268 

 269 
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 270 
Figure 3: BSE images, image analysis of Fe oxide grains, and Fe, Ti, and V elemental maps, as well as 271 

Fe/(Fe+Ti) and Ti/(Fe+Ti) ratios for Duluth Complex sample NLMD_NxG_01_01_04_01. Blue lines on the 272 

element maps indicate preferred orientations of particles high in specific elements. Polar plots show long-axis 273 

orientation distributions for each BSE image. Note that there are several distinct preferred orientations of 274 

oxides, and that they tend to vary with grain size. 275 

 276 

2. 2 Susceptibility and anisotropy of susceptibility 277 

Magnetic susceptibility and its anisotropy were measured on an AGICO MFK1-FA 278 

susceptibility bridge, operated at the instrument’s standard settings of 200 A/m field and 976 279 

Hz frequency. Full susceptibility tensors were calculated from measurements in three 280 

mutually perpendicular planes, or measuring directional susceptibility in 15 orientations 281 

[Jelinek, 1977; 1996]. Susceptibility is described by a second-order symmetric tensor with 282 

eigenvalues 𝑘1 ≥ 𝑘2 ≥ 𝑘3, whose eigenvectors represent the principal susceptibility 283 

directions. The degree of anisotropy will be described here by 𝑃 =  𝑘1/𝑘3, and by the mean 284 

deviatoric susceptibility 𝑘′ = √((𝑘1 − 𝑘𝑚𝑒𝑎𝑛)2 + (𝑘2 − 𝑘𝑚𝑒𝑎𝑛)2 + (𝑘3 − 𝑘𝑚𝑒𝑎𝑛)2)/3, 285 

where 𝑘𝑚𝑒𝑎𝑛 = (𝑘1 + 𝑘2 + 𝑘3)/3 is the mean susceptibility, and its shape by 𝑈 =286 

(2 ∗ 𝑘2 − 𝑘1 − 𝑘3)/(𝑘1 − 𝑘3) [Jelinek, 1981; 1984]. Whereas P is more commonly used to 287 

describe anisotropy degree, k’ is better suited to compare the contributions of different sub-288 

fabrics. All results will be shown in a sample coordinate system. Hext [1963]’s statistics were 289 

used to determine whether or not anisotropy is significant. When anisotropy was not 290 

significant (e13 > 26°), 𝑘 is represented by an isotropic tensor with all diagonal elements 291 

equal to 𝑘𝑚𝑒𝑎𝑛. 292 
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2. 3 Anisotropy of (partial) anhysteretic remanent magnetization (A(p)ARM) 293 

The remanence anisotropy tensors measured for this study are the same as for 294 

Biedermann et al. [in review], and a full description of the method is provided there. We 295 

repeat here one note on terminology: we use ApARM to denote the anisotropy of pARM 296 

acquired in a window (AF1, AF2), where AF1 > AF2 and AF2 > 0; AARM indicates 297 

anisotropy of remanence where AF2 = 0, whether or not AF1 is the maximum available field. 298 

The coercivity windows (0-20 mT, 20-50 mT, 50-100 mT, and 100-180 mT) were chosen 299 

based on a combination of the coercivity spectra across the sample collection, instrumental 300 

limitations, and practical considerations, e.g. that coercivity windows need to be large enough 301 

to obtain statistically significant data. 302 

 303 

3 Results 304 

3.1 Susceptibility and anisotropy of susceptibility 305 

Mean susceptibilities cover the range from 5.9*10-8 m3/kg to 4.0*10-5 m3/kg over the 306 

entire sample collection (Figure 4). The degree of anisotropy varies from P = 1.01 to 1.59, 307 

and the mean deviatoric susceptibility k’ varies over several orders of magnitude, between 308 

9.3*10-10 m3/kg and 5.2*10-6 m3/kg. The AMS ellipsoids display a wide range of shapes, 309 

from U = -0.865 to U = 0.941. An overview of AMS data and summary of the typical ranges 310 

of these parameters, as well as the normalized principal susceptibilities, are reported in Table 311 

S1 (Supporting Information).  312 

 313 

 314 

 315 
Figure 4: Summary of AMS results for each sample group. 316 

 317 
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 318 

3.2 A(p)ARM  319 

3.2.1 Variation of A(p)ARM with coercivity 320 

An overview of all remanence anisotropy tensors for all samples is provided in 321 

Biedermann et al. [in review], and in Table S2 (Supporting Information). Here, we focus on 322 

how ApARMs and AARMs depend on the coercivity window over which the remanence was 323 

imparted. Principal directions, degree and shape of the A(p)ARM tensors may vary as a 324 

function of the coercivity window (Figures 5-7). ARM anisotropy is not significant in all 325 

windows for all specimens. Some specimens display significant anisotropy in discrete 326 

windows, but not in others. The overall AARM can be dominated by the anisotropy 327 

associated with a single window, or may be a superposition of the ApARMs of several 328 

windows. When the ApARMs in all windows are coaxial, they interfere positively to form a 329 

strong overall AARM. Conversely, when the principal directions of individual ApARMs 330 

have different orientations, they partly cancel each other, forming a weaker total AARM. 331 

This range of observations highlights the suitability of our sample collection to investigate 332 

numerous possible interactions between different ApARM sub-fabrics in defining the overall 333 

AARM. Below we discuss for each sample group how A(p)ARMs vary across different 334 

coercivity windows, and how they superpose to form the overall AARM. For paleomagnetic 335 

applications, it is important to view the different magnetic tensors within the context of a 336 

sample’s NRM demagnetization behavior. 337 

 338 

3.2.1.1 Duluth Complex 339 

Troctolites and gabbros from the Duluth Complex lose between 40 and 80% of their 340 

NRM at AF steps below 20 mT, followed by slower decay in higher AF fields. For three 341 

samples (NLMD_NTl_02_01_02_01, NLMD_NxG_01_01_03_01, _01_01_04_01), the 342 

NRM demagnetization behavior is directly reflected by the mean ARM acquired in each 343 

coercivity window. In a second group of samples (NLMD_NTl_01_01_02_01, 344 

_01_01_03_01, _01_01_03_02, NLMD_NxG_02_01_01_01, _02_01_02_01), the strongest 345 

mean ARM is acquired in the 20-50 mT coercivity range, even though this coercivity range is 346 

only responsible for 10-30% NRM loss. 347 

 348 

In the first group AARM0-20 shows a higher k’ than any of the ApARMs (Figure 5a). 349 

Principal directions are different for the AARM0-20 tensor than the ApARM tensors; these 350 

may correspond to the two oxide populations observed in thin section. All ApARMs are 351 

similar, but do not coincide. The minimum and intermediate axes of AARM0-20 are rotated up 352 

to about 70° with respect to the corresponding axes of ApARM20-50. AARM0-50, AARM0-100, 353 

and AARM0-180, all spanning larger coercivity windows, are composite fabrics incorporating 354 

AARM0-20 and the ApARMs observed in the higher coercivity windows. The orientations of 355 

the principal axes gradually rotate away from the AARM0-20 principal directions and towards 356 

the ApARM20-50, ApARM50-100 and ApARM100-180 principal axes as the coercivity window 357 

increases to incorporate higher fields.  358 

 359 

In the second group, k’ is also higher for AARM0-20 than the ApARMs in all samples 360 

but one for which ApARM20-50 is higher (Figure 5b). Principal directions appear more similar 361 

for AARM0-20 and ApARM20-50 than for the first group, and the principal directions of the 362 

AARMs spanning several coercivity windows plot in-between those two. The AARMs, 363 

AARM0-50, AARM0-100, AARM0-180, all have similar k’, which is higher than any k’ of the 364 

individual coercivity contributions, indicating positive interference of all grain sizes.  365 
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 366 

3.2.1.2 Bushveld Complex 367 

Small losses in NRM are observed below 20 mT AF in specimens from the Bushveld 368 

Complex, but the largest part of the NRM is lost in fields > 40 mT AF. These specimens had 369 

been demagnetized to 120 mT or 140 mT, and 25%-50% of the initial NRM remained after 370 

the end of the demagnetization experiment. Remanence in these samples is not held by 371 

hematite or goethite, and therefore, this residual magnetization is thought to be held by grains 372 

of high-coercivity magnetite and titanomagnetite [Feinberg et al., 2005]. This behavior is 373 

also reflected in the ARM results, i.e. the highest mean ARM is either carried by the 50-100 374 

coercivity fraction (all BG1.xx samples), or the 100-180 mT coercivity fraction (all BG2.xx 375 

samples) (Figure 5c). The mean deviatoric susceptibility k’ is highest for the 50-100 fraction 376 

(BG1.17A, BG1.23A, BG2.04A, BG2.07A, BG2.09A), or the 100-180 fraction (BG1.02, 377 

BG1.16A, BG2.05A). Both mean ARM and k’ are minor or insignificant for AARM0-20. For 378 

most samples, principal directions show one set of directions for AARM0-20, a second set for 379 

ApARM20-50 and ApARM50-100, and a third for ApARM100-180. An exception is BG2.07A, for 380 

which the AARM0-20 and ApARM20-50 directions are similar. The directions of the combined 381 

AARMs (AARM0-50, AARM0-100, and AARM0-180) are mostly dominated by the ApARM20-50 382 

and ApARM50-100 contributions.   383 

 384 

The anisotropy is strongest for the full-spectrum AARM0-180, followed by the 385 

contributing fractions AARM0-100, ApARM50-100, and ApARM100-180. k’ for ApARM20-50 and 386 

AARM0-50 are similar, each amounting to only 10%-20% of the k’ for AARM0-180.  387 

 388 

3.2.1.3 Bjerkreim Sokndal Layered Intrusion 389 

The igneous samples from Bjerkreim Sokndal can be divided into three groups based 390 

on their AF demagnetization and AARM behavior, which is related to differences in 391 

dominating ferromagnetic (sensu lato) mineralogy.  392 

 393 

Samples in the first group (sites BK2015_24, _25, _28 and _49) are characterized by a 394 

strong NRM decay below 20 mT, followed by a weaker decay between 20-50 mT, often a 395 

second stronger decay between 50-100 mT, and a slower decay above 100 mT. Mean ARM 396 

as well as k’ are strongest in the 0-20 mT window (Figure 5d), which also largely dominated 397 

the AARM0-50, AARM0-100 and AARM0-180. For most of these samples, both the principal 398 

directions as well as the k’ of the latter are very similar to that of AARM0-20. ApARM20-50, 399 

ApARM50-100 and ApARM100-180 show either similar, slightly rotated or entirely different 400 

orientation of principal axes as compared to AARM0-20, but their contributions to the overall 401 

ARM anisotropy are small.  402 

 403 

Samples of the second group (sites BK2015_27 and _31) show little change in NRM 404 

during AF demagnetization up to 50 mT, followed by stronger decreases in fields larger than 405 

50 mT or larger than 100 mT. 10% to 25% of the NRM remains after the maximum 406 

demagnetizing field of 200 mT. The mean ARM acquired in each individual window 407 

increases for higher windows for all samples except one (Figure 5e). The mean deviatoric 408 

susceptibility either increases for progressive individual windows, or is similar in each 409 

window. All individual AARMs contribute to the combined AARMs, and the principal 410 

directions of AARM0-50, AARM0-100, and AARM0-180 progressively move away from those of 411 

AARM0-20 and towards those of AARM0-180.  412 

 413 

Samples from the remaining sites (BK2015_29, _30, and _40) either show an 414 

intermediate behavior between that of Group 1 and Group 2, or a large variation in behaviors 415 
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between samples from the same site, some being more similar to Group 1, and others to 416 

Group 2.  417 

 418 

3.2.1.4 Fogo Basalts 419 

The basalt samples from Fogo lose most of their NRM at AFs <20 mT. This 420 

coercivity fraction can also acquire the largest mean ARM, but its anisotropy is only 421 

significant in 2 of 4 samples (Figure 6a). k’ is similar for all coercivity fractions with 422 

significant anisotropy. In general, principal AARM directions are similar for all coercivity 423 

windows, individual and combined, but the observed AARM0-50 has a distinct orientation in 3 424 

out of 4 samples. The anisotropy of the measured AARM0-100 and AARM0-180 are not 425 

significant in any of the samples, but should be highest according to tensor addition of the 426 

A(p)ARMs in the individual windows. The strong remanences acquired by the Fogo basalts 427 

were at the upper limit of the instrument, and many measurements had to be discarded 428 

because of flux jumps. It is possible that the noise introduced by measuring at the 429 

instruments’ limit masked the anisotropy of these samples. The strongest measurable 430 

anisotropy is observed for AARM0-50. 431 

 432 

3.2.1.5 Ocean floor gabbro 433 

Ocean floor gabbros from the ODP735B drill core show a pronounced loss of NRM 434 

below 20 mT AF, or a steady decay up to 120 mT AF, the maximum field to which they were 435 

demagnetized. Up to 20% of initial NRM remains at 120 mT AF.  436 

 437 

ApARM tensors and the degree of anisotropy for specific coercivity windows vary 438 

widely between samples. Mean ARM is largest in the 0-20 mT window in three samples 439 

(ODP735.042, ODP735.097, ODP735.159), and AARM0-20 also displays the strongest k’ for 440 

these samples (Figure 6b). Principal directions can be different for each A(p)ARM, and 441 

AARMs appear to be largely dominated by the orientation of AARM0-20, with additional 442 

contributions from ApARM20-50.  443 

 444 

Mean ARM can also be highest for intermediate coercivity windows, i.e. either for 445 

ApARM20-50 or ApARM50-100. In these samples (e.g. sample ODP735.166, Figure 6c), k’ is 446 

highest for intermediate or high coercivities, and principal axes can have similar orientations 447 

independent of the coercivity window, or show a wide spread. In general, AARM0-180 and 448 

AARM0-100 display the strongest k’, followed by AARM0-50, and the ApARMs contribute 449 

varying amounts.  450 

 451 

3.2.1.6 Thomson Slate 452 

Those Thomson Slate samples that had not been demagnetized previously, show the 453 

strongest NRM decay at intermediate coercivities, i.e. in the 20-50, or the 50-100 mT 454 

windows. These are also the windows acquiring the strongest mean pARMs for all but one 455 

sample (TS4.7b has strongest mean pARM in 50-100 and 100-180 windows).  456 

 457 

Only three samples show significant ApARMs in all coercivity windows. For two of 458 

these (TS9.9a and TS12.5a, Figure 6d), k’ is highest for ApARM50-100, and for the other 459 

(TS12.9) it is largest for ApARM100-180. Principal susceptibility directions show a distinct 460 

orientation of AARM0-20 axes for all of these samples. A smaller variation between the 461 

principal axes orientations of ApARM20-50, ApARM50-100, and ApARM100-180 is observed for 462 

the two samples whose ApARM is strongest for intermediate coercivities. Each coercivity 463 

window seems to have distinct principal axes orientations for the sample with highest k’ for 464 
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ApARM100-180. The principal directions for the AARMs appear to be dominated by the 465 

principal axes orientations of the highest-coercivity ApARM that is contributing.  466 

 467 

Only small amounts of ferromagnetic material are present in these samples. Thus, it is 468 

difficult to establish whether the insignificant A(p)ARMs for certain coercivity windows in 469 

the other samples are related to the fact that no A(p)ARM is carried by these grain sizes, or 470 

whether the variation due to noise is higher than that related to anisotropy.  471 

 472 

3.2.1.7 Mauch Chunk Formation  473 

Mauch Chunk red bed samples show an initial NRM loss in AFs < 5 mT, followed by 474 

a slow decay up to 100 mT, and a slightly faster decay between 100-200 mT. More than 50% 475 

of the NRM remains after demagnetization to 200 mT, which is the maximum field our AF 476 

demagnetizer can reach. Even though the largest NRM loss is observed in the 100-180 mT 477 

window, mean ARMs in each window are approximately equal (Figure 6e). 478 

 479 

The mean deviatoric susceptibility k’ is by far highest in the high-coercivity window, 480 

i.e. ApARM100-180. Two samples exhibit no significant ApARM20-50 (MC17_4, MC17_5a), 481 

and one sample has no significant anisotropy either in the 0-20 nor the 20-50 mT window 482 

(MC17_5b). Principal directions show up to three distinct orientations, one for AARM0-20, a 483 

second for ApARM20-50, ApARM50-100, AARM0-50 and AARM0-100, and a third for 484 

ApARM100-180, and AARM0-180. Comparing the AARM degrees to the ApARMs reveals that 485 

k’ is largest for AARM0-180, which is very similar to k’100-180, and far higher than k’ for 486 

AARM0-100 and AARM0-50. 487 

 488 

3.2.1.8 High-fired ceramic material 489 

The ceramic samples lose most of their NRM below 60 mT, followed by a slower 490 

decay. The coercivity distributions vary between specimens. The samples acquire 491 

anhysteretic remanence mainly in the 20-50 mT window, followed by the 0-20 mT window 492 

(Figure 6f). For three out of the four samples, k’0-20 is highest, and for one sample 493 

(KS2378_D), the strongest anisotropy is observed in the same window that carries the highest 494 

mean pARM, i.e. 20-50 mT. Principal directions are similar for most AARMs and ApARMs. 495 

 496 

3.2.1.9 Summary 497 

A comparison of anisotropy parameters for all samples in each group shows that the 498 

coercivity fractions dominating remanence anisotropy are consistent within some but not all 499 

lithologies. Consistent localities include the Duluth Complex, Bushveld Complex, and Mauch 500 

Chunk Formation (Figure 7). Conversely, the ocean floor gabbro and rocks from the 501 

Bjerkreim Sokndal intrusion show comparatively larger variations between different 502 

specimens. Two observations common to all localities are that (1) the degree of AMS can be 503 

significantly higher or lower than the remanence anisotropy, and hence AMS is not a good 504 

proxy for remanence anisotropy, and (2) the degree of remanence anisotropy and its 505 

orientation can vary largely with coercivity in all samples investigated here.  506 

 507 
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 508 
Figure 5: Mean (p)ARM, anisotropy parameters and principal directions for selected samples from layered intrusions. Colored boxes indicate the mean (p)ARM 509 

and k’ in the respective windows. Dotted lines represent the parameters calculated by addition of ApARM tensors in the respective windows. For P-U plots, the 510 

circles indicate measured parameters, and stars represent parameters calculated by tensor addition from the ApARMs (see Biedermann et al. [in review] for a 511 

full discussion of ApARM additivity). For principal directions, solid squares, triangles, and circles are the measured maximum, intermediate and minimum 512 



16 

 

directions, and open symbols refer to the principal directions of corresponding calculated AARMs. Results are only plotted when anisotropy is significant at the 513 

95% level. All parameters, and principal directions can change depending on the coercivity window. Note that the coercivity fraction carrying the largest mean 514 

ARM is not necessarily the same as that carrying the highest anisotropy. 515 

 516 

 517 

 518 
Figure 6: Mean (p)ARM, anisotropy parameters and principal directions for selected basalt, gabbro, metamorphic, sedimentary and ceramic samples. Cf Figure 519 

5 for a full legend.  520 
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 521 
Figure 7: Overview of ApARM and AARM degree of anisotropy and shape as a function of coercivity window, 522 

in comparison to AMS parameters. Note how the overall AARM is dominated by different (combinations of) 523 

ApARMs in each rock type, and that there is generally more variability in U for rocks and coercivity windows 524 

with low k’ values. Circles represent measured data, and stars are parameters calculated from tensor addition. 525 
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4 Discussion 526 

4.1 Comparison between AMS and AARM tensors 527 

Comparing the principal directions and mean deviatoric susceptibility k’ for AMS and the 528 

different AARM tensors can help identify which minerals or grain size fractions contribute to the 529 

AMS, and thus may help in the structural interpretation of both the AMS and AARM tensors. 530 

 531 

For the Duluth Complex samples, the AMS principal directions most closely relate to, but 532 

do not coincide with, those of the AARM0-20. k’ of the AMS is smaller than k’ of any of the 533 

AARMs and ApARM20-50, but similar to ApARM50-100 and ApARM100-180. Similarly, the AMS 534 

principal directions for most samples from Bjerkreim Sokndal are near those of either their 535 

AARM0-20 or other AARMs. In these samples, the k’ of the AMS is lower than, or similar to, the 536 

k’ of the AARMs. These observations indicate that the low-coercivity grains responsible for 537 

AARM0-20 may contribute significantly to the AMS. When the AMS degree is lower than that of 538 

the AARM, this may be explained by a contribution of paramagnetic minerals, or MD magnetite 539 

with lower anisotropy. It is also possible that AMS and AARM are controlled by different carrier 540 

minerals, which have experienced the same deformation, giving rise to similar orientations of the 541 

anisotropy ellipsoids. The progressive rotation of minimum and intermediate axes of AMS, 542 

AARM0-20, AARM0-50, AARM0-100, AARM0-180 for e.g. NLMD_NxG_01_01_04_01 could be 543 

interpreted as a deformation affecting large paramagnetic grains as well as larger isometric 544 

ferromagnetic (i.e. low-coercivity) grains in a different way from the smaller or more elongated 545 

high-coercivity grains (cf. Figures 2, 3).   546 

 547 

Samples from the Bushveld Complex have an AMS k’ an order of magnitude lower than 548 

k’0-180, indicating a high ARM/susceptibility ratio and strong anisotropy. Four samples (BG1.xx) 549 

show AMSmin // AARMmax, which may be indicative of inverse fabrics as observed in SD 550 

magnetite [Ihmlé et al., 1989; Rochette, 1988; Rochette et al., 1999], or MD grains with a 551 

different fabric from the remanence-carrying grains. The relationship between AMS and AARM 552 

directions is less straightforward for the remaining four samples (BG2.xx), in which AMSmin 553 

appears at a ca. 20° - 50° angle to AARMmax. Assuming that SD magnetite partly contributes to 554 

the AMS and AARM of these samples, its effect on AMS is smaller than on the AARM. Possible 555 

reasons for this behavior are that susceptibility and remanence are fundamentally different 556 

properties, especially for SD grains whose AMS exhibits inverse fabrics, and therefore the SD 557 

contribution to the AMS will counteract that of the larger magnetite grains. Secondly, the AMS 558 

is diluted by the contribution of more isotropic paramagnetic minerals. However, the AMS and 559 

AARM tensors for BG2.xx are not coaxial and do not show the characteristics typical for inverse 560 

fabrics, ruling out SD grains as the major source of the AMS. Several minerals contribute to the 561 

AMS, resulting in complex fabrics.  562 

 563 

The principal AMS axes in the Fogo basalts appear unrelated to any set of principal 564 

A(p)ARM axes. Additionally, k’AMS is about an order of magnitude smaller than k’AARM. Because 565 

AMS is very weak, there are large confidence angles (errors) around the principal axes 566 

directions, so that differences in directions have to be interpreted with caution. AMS could also 567 

be influenced by the paramagnetic minerals, however, separation of fabrics based on high-field 568 
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measurements [Ferré et al., 2004; Kelso et al., 2002; Martín-Hernández and Hirt, 2001; 2004; 569 

Martín-Hernández and Ferré, 2007] would be necessary to assess this effect.  570 

 571 

For the ocean floor gabbros, the AMS principal axes can be related to either the 572 

orientation of AARM0-20, or ApARM50-100, or they are oblique to any of the A(p)ARM tensors. 573 

For all these samples, AMS is weaker than most of the AARMs. This indicates that although 574 

ferromagnetic grains may contribute to the AMS, it is largely influenced by paramagnetic grains 575 

with lower anisotropy than the ferromagnetic grains.  576 

 577 

Thomson Slate samples show a unique behavior in that their k’AMS is consistently higher 578 

than any AARM measured on the same sample. This confirms that the AMS is controlled mainly 579 

by paramagnetic minerals, as has been reported in previous studies [Johns et al., 1992; Sun et al., 580 

1995]. Principal directions of AMS and AARMs are sometimes sub-parallel, but can also be 581 

oblique. This is consistent with the findings of Sun et al [1995] that the AARM mainly reflects 582 

the primary bedding and compaction fabric of the magnetite particles, whereas the AMS is 583 

dominated by the paramagnetic chlorite that defines the cleavage produced by later 584 

metamorphism and tectonic deformation. The changes in principal-axis orientations across 585 

coercivity windows indicate variable overprinting of the primary fabric in different particle size 586 

fractions of magnetite.  587 

  588 

For the Mauch Chunk red bed samples, the k’AMS is again lower than any k’AARM. The 589 

principal directions of AMS and AARM0-20 or AARM0-50 are often sub-parallel, particularly for 590 

the minimum axes. AMS principal axes are oblique to the AARM0-180 or ApARM100-180, which 591 

are the A(p)ARMs with strongest k’. The low-coercivity AARMs and AMS are likely dominated 592 

by the small amounts of magnetite present in these samples, whereas the high-coercivity 593 

A(p)ARMs may record some of the hematite contribution. Hematite occurs in the Mauch Chunk 594 

Formation as both pigmentary and specular grains and therefore, while stronger isothermal 595 

remanent magnetizations are necessary to fully activate the higher coercivity detrital grains, 596 

AARMs may be sufficient to (partly) activate the pigment [Bilardello, 2015].  597 

 598 

In the ceramic specimens, the AMS and AARM tensors are sub-parallel, with the 599 

remanence anisotropy being stronger than the AMS. Hence, AMS is likely carried by 600 

ferromagnetic grains.  601 

 602 

4.2 Variation of remanence anisotropy tensors with coercivity 603 

 Numerous studies have shown differences in principal directions or anisotropy degree 604 

between AMS and remanence anisotropy, or between various types of remanence anisotropies, 605 

e.g. AARM, AIRM, and ATRM [Bilardello and Jackson, 2014; Borradaile and Jackson, 2010; 606 

Selkin et al., 2000]. Some initial studies on ApARMs have also shown that fabrics can be 607 

dramatically different for ApARMs imparted over different coercivity windows [Aubourg and 608 

Robion, 2002; Biedermann et al., 2019b; Jackson et al., 1989a; Trindade et al., 2001]. Here, 609 

AARMs in a range of coercivitiy windows have been systematically investigated for a selection 610 

of samples from different rock types and localities, in order to cover a broad spectrum of 611 

A(p)ARM behaviors. A(p)ARMs generally differ when they have been imposed over different 612 
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coercivity windows, and these differences can be expressed as changes in principal directions, 613 

anisotropy degree, or the shape of the AARM ellipsoid.  614 

 615 

Figure 8 shows a schematic overview of the observed characteristics of ApARMs and 616 

AARMs across our sample suite: 617 

 618 

(1) AARMs can be dominated by the contribution of minerals in one specific coercivity window, 619 

or by a combination of the individual AARMs in several windows. Additionally, if several grain 620 

size fractions/AARM tensors contribute, their individual anisotropies can interfere constructively 621 

or destructively. This is similar to results obtained from AMS studies, i.e. AMS can be 622 

predominantly carried by one mineral, or by a combination of several minerals. In the latter case, 623 

the individual contributions to AMS can add up or partially cancel each other out [Biedermann et 624 

al., 2015]. A more complete picture of the complex superposition is obtained by measurement of 625 

the anisotropies of different coercivity fractions. 626 

 627 

(2) The mean deviatoric susceptibility k’ of the AARM can increase, decrease or vary non-628 

monotonically when the coercivity window is increased. Because of this, P-values of AARMs 629 

can increase or decrease as the coercivity window becomes larger. When k’ increases with 630 

increasing window size, the contributions of the constituent sub-populations are likely sub-631 

parallel. Conversely, when it decreases, the tensors of each sub-population are likely to be 632 

oriented differently, or may even be mutually inverse. 633 

  634 

(3) The grain fraction acquiring the strongest mean ARM does not necessarily carry the highest 635 

anisotropy. This is analogous to a similar observation common to AMS studies, where magnetite 636 

often dominates the bulk susceptibility, but contributes little (or not at all) to the AMS 637 

[Borradaile, 1987; Borradaile et al., 1985/86; Hirt et al., 1995; Hounslow, 1985; Rochette, 638 

1987; Rochette and Vialon, 1984; Rochette et al., 1992]. Only by measuring ApARMs for a set 639 

of coercivity windows can we begin to identify the principal components of composite 640 

anisotropy. 641 

 642 

(4) By virtue of (1) and (3), the AARM as measured over the entire coercivity range in a sample 643 

may not be representative of the remanence anisotropy exhibited by the minerals that carry the 644 

(largest part of) the NRM. In some cases (e.g., the Mauch Chunk red beds), the main NRM 645 

carriers may reside in a coercivity range which is higher than what may be reached with AARM 646 

[Biedermann et al., 2019a]. However, even when the NRM is carried by magnetite, and the ARM 647 

coercivity spectrum matches that of NRM, the full-spectrum AARM may be a composite of 648 

subfabrics with different orientations and/or degrees of anisotropy, and not ideal for correcting 649 

the NRM for inclination shallowing or anisotropic NRM acquisition [Biedermann et al., 2109b]. 650 

This can only be evaluated by measuring ApARM over a set of coercivity windows. 651 

 652 

It has long been recognized that the low-field AMS, being a superposition of magnetic 653 

anisotropies of paramagnetic, diamagnetic and ferromagnetic (sensu lato) grains and their 654 

alignment, may be hard to interpret in the case of complex fabrics. Similarly, the present study 655 

shows that a bulk AARM, measured over the entire coercivity range of a specimen, may not be 656 

an adequate description of remanence anisotropy. Different sub-populations of grains may each 657 

possess a distinct fabric, and their anisotropies can interfere positively or negatively. Separating 658 
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the ApARM fabrics carried by sub-populations of grains, as defined by their coercivities, can 659 

provide additional information in fabric interpretation studies [Aubourg and Robion, 2002; 660 

Jackson et al., 1989a; Nakamura and Borradaile, 2001; Trindade et al., 1999; Trindade et al., 661 

2001], and forms the basis for more complete anisotropy corrections in paleomagnetic studies 662 

[Biedermann et al, 2019b]. 663 

 664 

In this study, sub-populations of grains are defined by their coercivities. Coercivity can 665 

be related to mineralogy (e.g. hematite generally has a higher coercivity than magnetite), grain 666 

size (small stable SD grains have higher coercivity than larger MD grains), grain shape 667 

(elongated grains have higher coercivity), and chemical composition (e.g. Ti content) of the 668 

remanence carriers. Initial microprobe and image analysis results suggest that different 669 

orientations of iron-titanium oxide inclusions exsolved within silicate minerals may show 670 

distinct Fe/Ti ratios. Such varying degrees of Ti-substitution are likely linked to different rates of 671 

diffusion along particular crystallographic axes in the host silicate, and may help explain the 672 

changes in ApARM directions associated with different coercivity windows (cf Figures 2, 3, and 673 

5-8). Detailed single-crystal work is still needed to fully discriminate between the different 674 

magnetic grain characteristics and their relationships to ApARM anisotropies in these samples. 675 

In any case, the results presented here indicate that the commonly measured AARM0-100, 676 

although it targets a smaller fraction of grains than low-field AMS, may still reflect a composite 677 

fabric that is hard to interpret in terms of structural or tectonic processes. Specifically targeting a 678 

subset of the remanence-carrying grains with ApARMs may reveal multiple fabric contributions, 679 

which can in turn be related to several tectonic events. Because coercivity-dependent fabrics 680 

have here been observed for a range of igneous, metamorphic and sedimentary rocks, we believe 681 

that partial remanence anisotropies have large potential in disentangling the strain and 682 

deformation fields in structural and tectonic studies.  683 

 684 
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 685 
 686 

Figure 8: Interplay between the partial remanence anisotropies carried by multiple sub-populations of grains with 687 

different orientation relationships. Note that the overall AARM, being a superposition of several sub-fabrics 688 

potentially related to different tectonic events, may not reflect the orientation, degree, nor shape of anisotropy 689 

corresponding to the specific event. Hence, strain ellipsoids or deformation patterns interpreted based on AARMs 690 

may be incorrect. This is especially the case for multiple contributions that interfere negatively. ApARMs, on the 691 

other hand, can resolve the anisotropies associated with each event, and hence allow a more robust tectonic 692 

interpretation.    693 

 694 
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5 Conclusions 695 

We have shown that for a large range of geologic settings and rock types, as well as 696 

archaeological material, remanence anisotropy tensors strongly depend on the coercivity window 697 

over which the remanence was applied. The orientation of principal axes, as well as the degree 698 

and shape of anisotropy vary widely for different ApARMs imposed on the same sample. 699 

Therefore, bulk AARMs also vary depending on the size of the AF window over which the DC 700 

field was applied. Similar to AMS being carried by a superposition of anisotropy contributions 701 

from different minerals, these coercivity-dependent variations in A(p)ARM can be related to the 702 

presence of several sub-populations of grains – defined by their grain size, shape or composition 703 

– having different fabrics. Therefore, the anisotropy degree P of the AARMs can increase or 704 

decrease when the DC bias field is applied over a larger AF range.  705 

 706 

Even though it has been shown that ApARMs are a powerful tool to investigate e.g. early 707 

versus late fabrics in structural and tectonic studies, most published results are simply AARM0-708 

100 tensors. Because of the variation of AARM parameters and principal direction with coercivity 709 

as reported here, we strongly encourage researchers to carefully choose their experimental 710 

parameters, measure ApARMs rather than one AARM, and report the experimental settings in 711 

future studies on fabrics of remanence-carrying grains, as well as when performing anisotropy 712 

corrections in paleomagnetic and archaeomagnetic studies. Most rocks have experienced 713 

multiple stages of deformation and alteration, and ApARMs measured over different coercivity 714 

windows are one of the only methods available for characterizing the fabrics associated with 715 

each of these stages. Thus, ApARMs are poised to play a central role in the reconstruction of 716 

deformation and alteration histories in future research. 717 

 718 
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