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Abstract 18 

Magnetic anisotropy can provide important information about mineral fabrics, and thus magmatic 19 

processes, particularly when it is known how multiple mineral species contribute to the anisotropy. It 20 

may also affect the direction of induced or remanent magnetization, with important consequences 21 

for paleomagnetic studies or the interpretation of magnetic anomalies. Here, we aim at describing 22 

the magnetic fabrics in the Bjerkreim Sokndal Layered Intrusion and identifying their carriers. 23 

Anisotropies of magnetic susceptibility and remanence were measured on samples covering different 24 

geographic locations and stratigraphic units within the Bjerkreim Sokndal Layered Intrusion. The 25 

intrusion is characterized by magmatic layering and has a synform structure, with strong foliation on 26 

the limbs. Detailed comparison between magnetic and mineral fabric shows that they are not 27 

necessarily coaxial, but the minimum susceptibility, and minimum anhysteretic remanence are 28 

generally normal to the foliation or the magmatic layering. The minimum susceptibility and 29 

anhysteretic remanence are associated with pyroxene (100) axes, and the maximum susceptibility 30 

and anhysteretic remanence are sub-parallel to the pyroxene [001] axes in layers MCU IVc and MCU 31 

IVe for which electron backscatter data are available. However, the paramagnetic anisotropy of 32 

pyroxene is too weak to explain the observed anisotropy. We propose that the magnetic anisotropy 33 

of magnetite-free specimens is carried by hemo-ilmenite exsolutions within pyroxene, in addition to 34 

pyroxene itself. When present, multi-domain magnetite dominates both the anisotropy of magnetic 35 

susceptibility and anhysteretic remanence, due to shape-preferred orientation and distribution 36 

anisotropy. The orientation of the magnetic fabric appears independent of carrier, due to their 37 

common deformation history, but the degree of anisotropy is stronger for magnetite-bearing 38 

specimens. The results of this study will facilitate future structural interpretations and may be used 39 

to correct for magnetization deflection.  40 

Highlights 41 

- Plagioclase & (hemo-)ilmenite in all samples, additional pyroxene & magnetite in some 42 

- Syncline with strong magnetic fabric (AMS, AARM, ±ApIRM) reflecting mineral fabric 43 

- minimum principal axes normal to foliation/pyroxene (100), maximum // pyroxene [001] 44 

- AMS carrier: large multi-domain magnetite, hemo-ilmenite in pyroxene and pyroxene 45 

- Magnetic fabric orientation independent of mineralogy, but higher k’ if magnetite  46 

Keywords: magnetic fabric, AMS, anisotropy of remanence, Bjerkreim Sokndal, layered intrusion, 47 

CPO 48 
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1. Introduction 49 

Magnetic anisotropy is a powerful tool to investigate mineral fabrics in a wide range of 50 

tectonic applications (Borradaile and Henry, 1997; Borradaile and Jackson, 2010; Hrouda, 1982; 51 

Martín-Hernández et al., 2004; Stacey, 1960; Tarling and Hrouda, 1993; Uyeda et al., 1963). Balsley 52 

and Buddington (1960) found that magnetic and mineral fabrics are parallel in granitic samples 53 

whose fabrics arise from magmatic flow or deformation. More recently, magnetic anisotropy has 54 

been found to reflect the preferred mineral orientation as defined by X-ray and neutron diffraction in 55 

phyllosilicate-bearing rocks (Chadima et al., 2004; Hirt et al., 1995; Lüneburg et al., 1999; Siegesmund 56 

et al., 1995). Compared to other texture-determining techniques, electron backscatter diffraction 57 

(EBSD) has the advantage that the preferred orientation of various minerals and grain sizes can be 58 

determined in a polyphase aggregate (Prior et al., 1999). EBSD has therefore been used in recent 59 

magnetic fabric studies to determine which minerals carry the magnetic anisotropy (Bascou et al., 60 

2002; Boiron et al., 2013). Biedermann et al. (2015) successfully modelled the paramagnetic 61 

anisotropy in mafic rocks based on EBSD data and single crystal properties.  62 

In igneous rocks, magnetic anisotropy has been used as a proxy for lava flow dynamics, and 63 

to obtain information on emplacement processes (Archanjo et al., 1994; Archanjo and Bouchez, 64 

1997; Brown et al., 1964; de Oliveira et al., 2010; Ellwood, 1978; Ferré et al., 2002; Halvorsen, 1974; 65 

Herrero-Bervera et al., 2001; Maes et al., 2007). However, conflicting results on whether the 66 

intermediate (Khan, 1962) or maximum (Wing-Fatt and Stacey, 1966) susceptibility axis is parallel to 67 

flow direction illustrates that it is important to understand which minerals carry the magnetic 68 

anisotropy, whether the carrier mineral(s) possess magnetocrystalline, shape or distribution 69 

anisotropy, and how minerals were aligned prior to interpreting AMS in terms of geological 70 

processes.  71 

Mafic layered intrusions are of economic interest, as they can contain platinum group 72 

elements, chrome and nickel deposits (e.g. Charlier et al., 2015). Nevertheless, magnetic fabric 73 

studies in mafic – ultramafic intrusions are relatively rare (O'Driscoll et al., 2015). A possible reason 74 

for this is that interpreting magnetic fabrics in mafic rocks can be complicated by the presence of 75 

oriented ferromagnetic inclusions in mafic silicates (Lagroix and Borradaile, 2000). For example, Ferré 76 

et al. (2002) investigated magnetic fabrics in the mafic layered Insizwa sill, South Africa, and found 77 

that, whereas the magnetic lineation is parallel to mineral lineation, the magnetic and mineral 78 

foliations are generally perpendicular to each other. In contrast, Maes et al. (2008) observed that the 79 

magnetic fabric is parallel to magmatic layering in parts of the Insizwa sill, but does not show any 80 

systematic correlation in other parts. The mineralogy, and thus the magnetic properties, change 81 

within different units of the sill, which can also explain the seemingly inconsistent relationships 82 
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between mineral and magnetic fabrics: magnetic anisotropy is either dominated by paramagnetic 83 

minerals or by magnetite (Maes et al., 2008). A variation in magnetic properties with petrographic 84 

layering has also been observed in other mafic layered intrusions (Ferré et al., 2009; Ferré et al., 85 

2012). Thus, magnetic fabrics in these rocks can only be interpreted reliably after their origin is 86 

understood.       87 

Both magnetic anomalies and paleomagnetic data can be affected by magnetic anisotropy, 88 

either directly (Clark, 1997; Clark and Schmidt, 1994), or because magnetic anisotropy causes NRM 89 

deflection, which has been observed in artificially deposited sediments (Anson and Kodama, 1987; 90 

King, 1955), Welsh slates (Fuller, 1960, 1963), hemo-ilmenite ore deposits at Allard Lake, Canada, 91 

whose AMS is dominated by hemo-ilmenite and NRM lies in or near the easy planes of hematite 92 

(Hargraves, 1959), and other synthetic and natural rock types (Bressler and Elston, 1980; Cogné, 93 

1987; Huang et al., 2015; Lovlie and Torsvik, 1984; Tan and Kodama, 2002; Tarduno, 1990; Tauxe and 94 

Kent, 1984). In layered intrusions of the Duluth Complex, USA, NRM deflections of ca. 8.5⁰ have been 95 

observed (Beck Jr. and Lindsley, 1969). Also paleointensity estimates can be affected by magnetic 96 

anisotropy (Aitken et al., 1981; Rogers et al., 1979; Selkin et al., 2000b). 97 

The present study will focus on the Bjerkreim Sokndal layered intrusion (BKS) in Rogaland, 98 

Southern Norway. This intrusion is characterized by strong petrographic layering (Wilson et al., 99 

1996), and forms a syncline (Paludan et al., 1994). It is thus well suited to study magnetic fabrics in a 100 

layered mafic intrusion. The only previous study on magnetic fabrics in the BKS (Bolle et al., 2000), 101 

though extensive, focused on the uppermost part of the intrusion; ca. 80 % of their 148 sites were in 102 

(quartz) mangerite or charnockite rocks. The possible implications that magnetic anisotropy has for 103 

the shape and intensity of magnetic anomalies and for paleomagnetic data, as well as the fact that 104 

magnetic anisotropy is a good proxy for mineral fabric, call for a more complete assessment of the 105 

magnetic fabrics in the BKS intrusion, particularly because the mangerite and charnockite rocks were 106 

formed later than the underlying cumulate series. Thus, characterizing and understanding the 107 

magnetic anisotropy in the cumulate series is important both for structural, paleomagnetic as well as 108 

magnetic anomaly studies. 109 

The aim of this study is to (1) characterize the anisotropy of magnetic susceptibility (AMS) 110 

and anisotropy of remanence in the BKS, including their variations with location and mineralogy; (2) 111 

determine how the magnetic anisotropy relates to rock texture; and (3) identify how the various 112 

minerals contribute to the magnetic anisotropy. The results of this work can then be applied to 113 

future structural, paleomagnetic or magnetic anomaly studies in the BKS and similar layered 114 

intrusions.  115 
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2. Theory 116 

Magnetic susceptibility (k) is an intrinsic property of all materials and relates the 117 

magnetization (M) induced by an applied field (H) to the strength of that field, �⃗⃗� = 𝒌�⃗⃗�  , where k is a 118 

second-order symmetric tensor. In single crystals, and consequently also in rocks with shape-119 

preferred orientations (SPO) and/or crystallographic preferred orientations (CPO) of the minerals, 120 

magnetic susceptibility is generally anisotropic. AMS is described by the principal susceptibilities and 121 

their directions, i.e. the eigenvalues 𝑘1 ≥ 𝑘2 ≥ 𝑘3, and eigenvectors of the tensor, which define the 122 

shape and orientation of the corresponding magnitude ellipsoid. Various parameters are used to 123 

describe the AMS degree and shape (e.g. Hrouda, 1982; Jelinek, 1981, 1984). In this study, the degree 124 

of anisotropy is described by the mean deviatoric susceptibility 125 

𝑘′ = √[(𝑘1 − 𝑘𝑚𝑒𝑎𝑛)
2 + (𝑘2 − 𝑘𝑚𝑒𝑎𝑛)

2 + (𝑘3 − 𝑘𝑚𝑒𝑎𝑛)
2]/3, where 𝑘𝑚𝑒𝑎𝑛 = (𝑘1 + 𝑘2 + 𝑘3)/3 is 126 

the mean magnetic susceptibility, and by the anisotropy ratio 𝑃 = 𝑘1/𝑘3,  127 

and the shape of the ellipsoid is described by 128 

𝑈 = (2𝑘2 − 𝑘1 − 𝑘3)/(𝑘1 − 𝑘3). 129 

Note that k’ quantifies the absolute deviation of the ellipsoid from sphericity; it depends directly on 130 

concentration of magnetic phases as well as on the strength of CPO/SPO, and is thus particularly 131 

suitable for anomaly modeling, as well as for understanding superposition of anisotropies from 132 

different mineral sources.  P and U are dimensionless and not directly dependent on concentration, 133 

but are nevertheless influenced by mineralogical composition.   134 

Minerals are classified as diamagnetic (e.g. pure plagioclase), paramagnetic (e.g. 135 

orthopyroxene and clinopyroxene) or ferromagnetic (s.l.) based on their magnetic properties. 136 

Ferromagnetic (s.l.) minerals are further subdivided into ferromagnetic (s.s., e.g. metallic iron), 137 

ferrimagnetic (e.g. magnetite, low-coercivity) and antiferromagnetic (e.g. hematite, high-coercivity) 138 

species. In the remainder of this paper we will use “ferromagnetic” in the broader generic sense. All 139 

minerals in a rock, ferromagnetic, paramagnetic or diamagnetic, when aligned, contribute to the 140 

AMS, whereas only ferromagnetic grains can contribute to anisotropy of remanence. In order to gain 141 

information about the mineral fabric it is useful to separate the components due to each mineral 142 

group.  143 

A number of separation techniques have been developed, including (1) statistical methods 144 

(Henry, 1983; Henry and Daly, 1983); (2) field- or temperature-dependence to either enhance or 145 

isolate specific components of the AMS (Ferré et al., 2004; Kelso et al., 2002; Martín-Hernández and 146 
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Ferré, 2007; Martín-Hernández and Hirt, 2001, 2004; Pares and van der Pluijm, 2002; Rochette and 147 

Fillion, 1988; Rochette et al., 1983; Schmidt et al., 2007); and (3) thermal enhancement (Borradaile 148 

and Lagroix, 2000). A different approach is to measure the anisotropy of magnetic remanence 149 

(Borradaile and Jackson, 2010; Daly and Zinsser, 1973; Jackson and Tauxe, 1991; Jackson, 1991; 150 

Potter, 2004). Unlike magnetic susceptibility which can be dominated by the paramagnetic fraction, 151 

or large ferromagnetic grains that carry relatively little remanent magnetization, magnetic 152 

remanence is effectively carried by ferromagnetic grains of a certain size range. Various types of 153 

remanence anisotropies, e.g. the anisotropy of anhysteretic remanence (AARM; McCabe et al., 154 

1985), anisotropy of isothermal remanence (AIRM; Daly and Zinsser, 1973; Stephenson et al., 1986) 155 

or anisotropy of thermal remanent magnetization (ATRM; Cogné, 1987, 1988) can be measured to 156 

assess the components of anisotropy carried by different minerals, e.g. magnetite or hematite. A 157 

major limitation for anisotropy of remanence methods is that antiferromagnetic minerals like 158 

hematite will not reach saturation in standard laboratory fields (Kodama and Dekkers, 2004). Weak-159 

field magnetic remanence, e.g. AARM or ATRM can be described by a second-order tensor similar to 160 

AMS (Stacey and Banerjee, 1974). Strong-field magnetic remanence, i.e. AIRM imparted in high 161 

fields, however, is a nonlinear function of the applied field. Anisotropy of remanence is measured by 162 

either determining the intensity of the remanence parallel to the applied field in a set of orientations 163 

(Cox and Doell, 1967; McCabe et al., 1985) or by measuring the diagonal and off-diagonal elements 164 

of the tensor (parallel and transverse components of remanence) directly (Stephenson et al., 1986).  165 

The rocks in this study contain two ferromagnetic minerals, magnetite and hemo-ilmenite, in 166 

addition to paramagnetic (pyroxenes) and diamagnetic (plagioclase) minerals. The magnetization 167 

behavior of these minerals is very different: magnetite has a lower coercivity and reaches saturation 168 

in low applied fields (a few hundred mT), whereas hemo-ilmenite has a higher coercivity, which 169 

depends on whether hematite or ilmenite act as host, and on how many generations of lamellae 170 

have developed during cooling (Robinson et al., 2004). The contribution of magnetite will be assessed 171 

by AARM measurements, and that of hemo-ilmenite by partially demagnetized AIRM. 172 

3. Geological Setting 173 

The Bjerkreim Sokndal intrusion (BKS) is a 230 km2 layered igneous intrusion, which was 174 

emplaced ca. 930 Ma ago. It consists of three lobes, and the present study will focus on the Bjerkreim 175 

lobe which contains a cumulate series with 6 megacyclic units (MCU0, MCUIa, MCUIb, MCUII, MCUIII, 176 

and MCUIV), overlain by acidic rocks (i.e. mangerite and quartz mangerite). Each MCU represents an 177 

individual magma influx followed by fractional crystallization, and is subdivided into several layers a-178 

f, based on mineralogy (Wilson et al., 1996). The petrography and geochemistry of the BKS is well 179 
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documented (Charlier et al., 2005; Duchesne, 2001; Duchesne and Charlier, 2005; McEnroe et al., 180 

2000; Michot, 1960b, 1965; Robinson et al., 2001; Wilson et al., 1996), and an overview of the 181 

mineralogy for each layer is given in Figure 1. In addition to the classification based on cumulate 182 

minerals, McEnroe et al. (2009a) defined a specific layer within MCU IVe, MCU IVe’, based on 183 

magnetic properties.  184 

 185 

 186 

The major structure observed in the Bjerkreim lobe of the BKS is an isoclinal syncline, whose 187 

fold axis trends ca. 125⁰ and plunges ca. 35⁰ to the SE. Tectonic linear and planar fabrics overprint 188 

the igneous layering, and are defined by shape-preferred orientation of pyroxene and plagioclase, 189 

and of elongate aggregates of mafic minerals. Tectonic and igneous foliations are parallel in each 190 

limb of the syncline, but differ in the hinge zone, where the tectonic foliation parallels the axial plane 191 

of the fold. The fabric in the hinge zone has been described as dominantly linear. The lineation is 192 

weak in the structurally lower parts of the hinge zone, and becomes more intense in the higher parts 193 

of the cumulate series. A strong sub-vertical foliation has been described in both limbs of the fold, 194 
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which is locally overturned at the north-eastern contact (Michot, 1960a; Paludan et al., 1994; Wilson 195 

et al., 1996). The depth to the floor of the intrusion and syncline has been estimated to 4 km – 9 km 196 

based on gravity modelling, structural considerations, and a seismic profile (Deemer and Hurich, 197 

1997; Paludan et al., 1994; Smithson and Ramberg, 1979).  198 

Paludan et al. (1994) suggested that the formation of the syncline is related to gravitational 199 

instability, possibly accompanied by regional-scale folding, and also by shear along the limbs of the 200 

structure, an observation supported by new anisotropy data presented in this study. Bolle et al. 201 

(2000; 2002), instead relate the deformation exclusively to gravitational instability, either resulting 202 

from passive subsidence of the dense intrusive rocks, or diapiric emplacement of neighboring 203 

anorthosites. The same authors postulate a syn- to post-magmatic deformation temperature of 204 

900C. Lineations and foliations within the syncline indicate a convergent flow pattern that is 205 

interpreted to result from a single event of solid-state deformation (Paludan et al., 1994; Bolle et al., 206 

2000).  207 

Lineations and foliations within the syncline show a convergent flow pattern, interpreted to 208 

result from a single event of solid state deformation. This deformation was caused by gravitational 209 

instability, leading to passive subsidence of the dense intrusive rocks, or diapiric emplacement of 210 

neighboring anorthosites (Bolle et al., 2000; Bolle et al., 2002; Paludan et al., 1994). Paludan et al. 211 

(1994) report a contemporaneous shear deformation along the limbs of the syncline in addition to 212 

the subsidence, and state that regional-scale folding may have contributed to the formation of the 213 

syncline.  214 

The BKS attracted interest in the magnetic community as it generates a series of positive and 215 

negative magnetic anomalies (McEnroe et al., 1996; McEnroe et al., 2001; Rønning, 1995). The 216 

anomalies are related to varying amounts of the Fe-Ti oxides (hemo-)ilmenite and magnetite, whose 217 

relative abundance and composition change for different layers; hemo-ilmenite dominates in the 218 

primitive parts of the intrusion, whereas magnetite with various exsolution features becomes 219 

increasingly important in the more evolved parts (Brown and McEnroe, 2015; Duchesne, 1972; 220 

McEnroe et al., 2004a; McEnroe et al., 2001). Large changes in magnetic properties are observed 221 

across contacts, when the dominant magnetic mineral changes from hemo-ilmenite to magnetite or 222 

vice versa (McEnroe et al., 2009a). Both magnetite and hemo-ilmenite occur as large discrete grains, 223 

up to 0.5 – 1mm size, or as exsolutions in pyroxenes. Magnetic force microscopy shows that large 224 

magnetite grains are multi-domain (MD), and magnetite exsolutions in clinopyroxenes are pseudo-225 

single-domain (PSD) and MD grains, up to 30 µm long and a few µm wide (Frandsen et al., 2004). 226 

Magnetite contents have been estimated to 0.4 – 5.2 % throughout the intrusion (McEnroe et al., 227 
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2009a), and 0.2 – 6.1 % for samples of the MCU IV unit close to Heskestad (McEnroe et al., 2004a), 228 

based on measurements of magnetic susceptibility. Magnetic susceptibility values reported by Brown 229 

and McEnroe (2015) translate to 0.04 – 4.6 % magnetite for the cumulate series of the BKS. 230 

Korneliussen et al. (2000) reports up to 20 % ilmenite and up to 20 % V-bearing Ti-magnetite in parts 231 

of the intrusion. 232 

Parts of MCU IVe’ are associated with a strong negative anomaly of -13,000 nT at a height of 233 

45 m above ground (McEnroe et al., 2004a; McEnroe et al., 2004b). This anomaly is caused by a 234 

stable and strong natural remanent magnetization (NRM) with an orientation roughly opposite to 235 

that of today’s geomagnetic field, carried by lamellar magnetism of hemo-ilmenite (McEnroe et al., 236 

2009a; McEnroe et al., 2001; Robinson et al., 2002, 2004). The NRM due to lamellar magnetism is 237 

characterized by (1) moderate to strong intensity, (2) large coercivity particularly for hematite-hosted 238 

lamellae, and (3) high thermal stability, and the rocks still carry the signature they acquired in the 239 

Proterozoic (Brown and McEnroe, 2015). The intensity of the lamellar magnetism NRM depends on 240 

the volume-concentration of the lamellae (McCammon et al., 2009; McEnroe et al., 2009a), and on 241 

the orientation of the lamellae with respect to the magnetizing field (Robinson et al., 2013).  242 

4. Methods 243 

4.1 Sample description 244 

Oriented specimens were collected during fieldwork or available from previous studies (e.g. 245 

Brown and McEnroe, 2015), and were selected so as to cover different units of the intrusion and 246 

various locations with respect to the fold (Table 1, cf. Figure 1). The new sample collection includes 247 

258 specimens, with 95 drill cores from 29 sites, and 3 oriented blocks. From the existing collection, 248 

104 specimens from 54 cores drilled at 20 sites and 9 oriented blocks were used. A special focus was 249 

put on the MCU IVe’ layer, which generates the most prominent negative anomaly in the area. 250 

Because this anomaly disturbs the total magnetic field, compass readings for each drill core or block 251 

were double-checked by measuring the direction to the sun, or the known direction to another far-252 

away point, when weather conditions did not allow sun corrections. Based on this, 61 orientations 253 

were corrected.  254 

Initial sample characterization included determining density and mineralogy. Density was 255 

measured on a Mettler Toledo New Classic scale using Archimedes’ principle. Polished 30 µm thin 256 

sections were analyzed with both transmitted and reflected light microscopy, on an Olympus BX51 257 

microscope. Pictures were taken with a ProgRes SpeedXTcore5 camera. Image analysis on scans of 258 

entire thin sections was used to estimate the percentage of opaque grains, i.e. magnetite, hemo-259 
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ilmenite and sulphides, using ImageJ. Image analysis was performed on 28 thin sections from 28 260 

sites, mainly from the MCU IVe and MCU IVc units.    261 

4.2 Mineral fabrics 262 

CPOs of silicate and oxide minerals were measured with electron backscatter diffraction (EBSD) in a 263 

scanning electron microscope (SEM) at the Bayerisches Geoinstitut, University Bayreuth. The SEM 264 

was a Zeiss Gemini 1530 equipped with a Schottky emitter and an EBSD detection system from 265 

Oxford Instruments. Beam conditions were set to 25 keV accelerating voltage and a beam current of 266 

about 2.3 nA resulting in a measuring time of 0.18 seconds per data point. Highly polished sections of 267 

the cylinders previously used for the magnetic measurements were analyzed by measuring large 268 

areas (roughly 1 cm2) with a step size of 20 microns. In addition, smaller areas were measured with a 269 

step size of 0.55 to 0.8 microns on one specimen to investigate iron oxide exsolutions within 270 

pyroxene, and the orientation relationships of the exsolutions and the pyroxene. Phases chosen to 271 

index were magnetite, hemo-ilmenite, orthopyroxene (enstatite), clinopyroxene (diopside) and 272 

plagioclase (andesine) covering the major phases of the rocks. Concurrent chemical mapping with 273 

EDS was used to corroborate the correct indexing of the different phases and in addition revealed 274 

that in some specimens there were also significant amounts of apatite present. Analysis of CPO was 275 

partly hindered by the relative large grain size, especially for plagioclase, such that strong peaks from 276 

single grains dominate the pole figure (see below). For the main phases of interest (orthopyroxene, 277 

clinopyroxene, hemo-ilmenite and magnetite) the statistics of measurements were generally 278 

sufficient for a representative CPO. Data was processed in MTex 3.5 (Hielscher and Schaeben, 2008). 279 

4.3 Magnetic analyses 280 

4.3.1 Rock magnetic properties 281 

A series of rock magnetic experiments was conducted on one or two specimens of selected 282 

sites (total 33 sites) to characterize the magnetic mineralogy: room-temperature hysteresis loops (12 283 

specimens), alternating field (AF) demagnetization (37 specimens), acquisition of isothermal 284 

remanent magnetization (IRM; 2 specimens), high-temperature magnetic susceptibility (13 285 

specimens) and low-temperature magnetic properties (6 specimens). Hysteresis loops were 286 

measured on a Princeton Measurements vibrating sample magnetometer (VSM) in fields up to 1.4 T. 287 

AF demagnetization was conducted on an Agico (Brno, Czech Republic) LDA5 demagnetizer or a 288 

DTech D-2000 Precision Instruments AF demagnetizer, and the remaining remanence was measured 289 

with an Agico JR6 spinner magnetometer or a 2G Enterprises (Mtn. View, CA, USA) RF SQUID 290 

superconducting rock magnetometer (SRM). Acquisition of IRM was determined using an ASC-291 

Scientific (Carlsbad, CA, USA) IM-10-30 pulse magnetizer with a custom coil able to reach fields of 9 T, 292 

and a 2G SRM. High-temperature magnetic susceptibility curves were measured on an Agico MFK1-A 293 
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magnetic susceptibility bridge in a field of 200 A/m, frequency of 976 Hz, and up to 700° C. Low-294 

temperature magnetic properties were measured with a QuantumDesign (San Diego, CA, USA) 295 

magnetic property measurement system (MPMS). Strong-field magnetization was measured whilst 296 

cooling in a 2.5 T field, after which the field was turned off and the field-cooled (FC) remanence was 297 

measured during warming in zero field. Samples were then cooled in zero field (ZFC) and given a 298 

magnetization in 2.5 T isothermally at 20 K (LTSIRM), and the ZFC remanence curve was measured 299 

during warming in zero field. For low-temperature cycling of a room temperature IRM, remanence 300 

was measured from room temperature to 20 K and back to room temperature in zero field.   301 

4.3.2 Susceptibility and AMS 302 

Low-field magnetic susceptibility and its anisotropy were measured for all 361 specimens on 303 

an Agico MFK1-A magnetic susceptibility bridge, on standard-sized cores in a field of 200 A/m and a 304 

frequency of 976 Hz. Low-field AMS was determined either by measuring directional magnetic 305 

susceptibility in 15 orientations, or by rotating in 3 orthogonal planes (Jelinek, 1977, 1996). The 306 

results obtained with these two methods are indistinguishable for the 20 specimens on which both 307 

have been measured. To test whether the NRM has an effect on the low-field AMS, the AMS principal 308 

directions and anisotropy parameters of the same sample before and after AF demagnetization to 309 

100 mT and 200 mT were compared for 8 samples, and were found to be the same within the error 310 

of the measurement. All low-field magnetic susceptibility data was corrected for effect of self-311 

demagnetization, which becomes important in specimens with magnetic susceptibility larger than 312 

~0.1 (SI; e.g. Clark, 2014). High field AMS was determined by measuring hysteresis loops in 36 313 

different orientations in three orthogonal planes (Ferré et al., 2004; Kelso et al., 2002). Cubes with 1 314 

cm or 5 mm side length were used in order to minimize artefacts due to shape, and two cubes were 315 

measured for each specimen to assess reproducibility.  316 

4.3.3 Anisotropy of remanence  317 

A total of 97 remanence anisotropy experiments were conducted, with the aim to 318 

characterize the anisotropy of different ferromagnetic minerals. Anisotropy of anhysteretic 319 

remanence (AARM, 57 specimens) and partial anhysteretic remanence (ApARM, 10 specimens) were 320 

measured by applying a DC bias field during AF decay. DC bias fields of 0.1 mT were applied over the 321 

AF ranges of 100 mT – 0 mT, and 190 mT – 120 mT for AARM and ApARM, respectively. A 9-position 322 

measurement scheme was used initially, and later replaced by a 3-position measurement scheme, 323 

because the full-vector calculation based on 3 positions yielded results that were indistinguishable 324 

from those of the parallel-component calculation using 9 measurements.  325 

Anisotropy of partially demagnetized IRM (ApIRM, 22 specimens) was determined by 326 

magnetizing the specimens in 9 directions using a 2G pulse magnetizer in a field of 1 T and then 327 
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removing the low-coercivity component by AF demagnetization at 150 mT. Each directional 328 

magnetization was measured on a 2G SRM. Because the specimens are so strongly magnetic, we did 329 

not attempt to measure the full AIRM, which was expected to be higher than the upper 330 

measurement limit of the 2G.  331 

 Anisotropy of thermal remanence (ATRM) and partially demagnetized thermal remanence 332 

(ApTRM) was measured on a set of 8 specimens. They were heated to 625°C, i.e. above the ordering 333 

temperature of hemo-ilmenite (up to ~600 ⁰C, depending on composition) as shown by McEnroe et 334 

al. (2002) and McEnroe et al. (2009a), and subjected to a 50 µT field during cooling. Full TRM and 335 

‘hard TRM’ (thermal remanence demagnetized in an AF field of 150 mT) were imprinted along three 336 

perpendicular directions and measured on a 2G SRM. Data was processed with the software package 337 

available at the Institute for Rock Magnetism, University of Minnesota.  338 

5. Results 339 

5.1 Optical microscopy 340 

The rocks consist of various amounts of plagioclase, orthopyroxene, clinopyroxene, hemo-341 

ilmenite, magnetite, sulfides and apatite (Figure 2). In particular the pyroxenes are strongly 342 

deformed, but also the exsolution lamellae in plagioclase indicate deformation. Orthopyroxene and 343 

clinopyroxene contain exsolutions of hemo-ilmenite with two distinct orientations, but elongated 344 

primarily along the pyroxenes’ [001] axes. Clinopyroxene contains additional exsolutions of 345 

magnetite. The amount of opaque grains, including magnetite, hemo-ilmenite and sulphides, as 346 

determined by image analysis varies from 2 to around 20 %, and are commonly around 10 % (cf. 347 

Table A). Note that specimens with high magnetic susceptibility and NRM were chosen to produce 348 

thin sections. Because image analysis was performed on one cross-section, whereas opaque grains 349 

are heterogeneously distributed in the sample, these values should be taken as an approximate 350 

estimate rather than the true amount of opaques in the specimen.  351 
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5.2 Mineral fabrics 353 

The rock texture is characterized by layering of mafic and felsic minerals, as well as CPO of the 354 

different mineral phases. EBSD of 8 specimens from the MCU IVc and MCU IVe’ layers shows strong 355 

preferential alignment of orthopyroxene and clinopyroxene, whose (100) axes are approximately 356 

normal to the layering, which is sub-vertical in the east of the Bjerkreim lobe (Paludan et al., 1994; 357 

Figure 3). Orthopyroxene fabrics are stronger and better defined than clinopyroxene fabrics. The 358 

presence of several high maxima in the pyroxene orientation density function in some specimens 359 

indicates that only a small number of grains had been measured. The plagioclase fabric is weaker 360 

than the pyroxene fabric, except for two specimens, for which only a small number of large grains 361 

had been measured. The ferromagnetic minerals magnetite and hemo-ilmenite show rather uniform 362 

orientation density functions, except in site BK2015_26, where the hemo-ilmenite (0001) plane is 363 

parallel to foliation (Figure A, Supplementary Material).   364 

 365 

 366 
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 Detailed investigation of the exsolutions within pyroxenes of specimen BK2015_4_1b, as 367 

determined by EBSD, shows that orthopyroxene contains hemo-ilmenite lamellae, mainly with hemo-368 

ilmenite (0001) axes parallel to the orthopyroxene (100) axes (i.e. (0001)//(100)) and a minor fraction 369 

having (11-20)//(010). Clinopyroxenes contain enstatite and hemo-ilmenite (100)//(0001) and 370 

magnetite exsolutions extended in the (010) plane of diopside/(110) of magnetite. The orientation 371 

relationships are: Cpx(100) // Opx(100) // Hem-Ilm(0001) // Mag(111), and Cpx(010) // Opx(010) // 372 

Hem-Ilm(10-10) // Mag(110), and Cpx[001] // Opx(001) // Hem-Ilm(11-20).  373 

5.3 Rock magnetism and magnetic anisotropy 374 

5.3.1 Rock magnetic properties 375 

Mean magnetic susceptibilities vary over several orders of magnitude, from 5*10-4 (SI) to 0.23 (SI). 376 

Hysteresis loops of the new samples are similar to what has been described previously (McEnroe et 377 

al., 2009a). AF demagnetization reveals three distinct groups of specimens (Figure 4): (1) Most 378 

specimens (n = 33) show a large decrease of magnetization in alternating fields up to 20 mT, 379 

generally followed by a slower decay. In particular, specimens with strong initial magnetization (20-380 

40 A/m) lose 90 % of their remanence below 60 mT. A magnetization of up to 1 A/m remains after 381 

the maximum AF demagnetization step of 200 mT. This behavior is typical for specimens from layers 382 

d, e, and f, which contain magnetite in addition to (hemo-)ilmenite. Remanence decay in low field is 383 

however also observed in some specimens from layers a and c, e.g. BK106. (2) The second group of 384 

specimens (n = 10) reacts little to AF demagnetization below 50 mT, followed by a drop in 385 

magnetization between 50 and 120 mT, and ca. 5 % of the magnetization remains after the maximum 386 

demagnetization step. These specimens belong to the c layers of different MCUs; and (3) specimens 387 

from sites BK31, BK110 and BK111 (a layers) do not demagnetize below ca. 100 mT, and up to 70% of 388 

the magnetization remains at 200 mT. This behavior is similar to that reported by Brown and 389 

McEnroe (2015). 390 

Additional experiments were performed to further investigate Group (1), particularly to 391 

identify the high-coercivity component, which remains after AF demagnetization to 200 mT. In IRM 392 

acquisition experiments, the remanence appears to saturate at ca. 300 mT and remains stable up to 393 

9 T (Figure 5). Magnetic susceptibility vs high-temperature curves show a number of different 394 

behaviors, but all have (dis)ordering (Curie) temperatures of 579 ⁰C ± 4 ⁰C during heating, and 581 ± 395 

3 ⁰C upon cooling. The behavior at lower temperatures is not always reversible (Figure 6).  396 



16 
 

 397 

 398 



17 
 

 399 

Measurement of synthetic magnetite and hematite standards in an Argon atmosphere 400 

consistently resulted in Curie and Néel temperatures of 590 ⁰C and ~700 ⁰C, respectively (N.S. 401 

Church, pers. comm.), indicating that the temperature calibration is ~10 ⁰C too high when compared 402 

to the known stoichiometric magnetite Curie temperature of 580 ⁰C and a stoichiometric hematite 403 

Néel temperature of 685 ⁰C. Whereas more work is needed to adjust the temperature calibration for 404 

rock magnetic studies, for the purpose of this investigation, it can be assumed that the true Curie 405 

temperatures are likely 10 ⁰C lower than measured, i.e. around 570 ⁰C. The observed Curie 406 

temperatures are indicative of magnetite with very minor Ti-substitution. Hematite with about 12 % 407 

Ti substitution would have a similar Néel temperature (e.g. Hunt et al., 1995), however, its 408 

contribution to magnetic susceptibility is negligible compared to that of magnetite.  409 
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 At low temperature, a Néel transition can be observed at ~55 K (Figure 7) in the strong-field 410 

magnetization curve. It is seen in all specimens measured, but most prominently in BK2015_17 and 411 

BK2015_26. The ZFC and FC remanence curves show two transitions (defined by their steepest 412 

slopes) at 28 K and between 97 and 103 K. Three transitions are generally observed during low-413 

temperature cycling of a room temperature remanence: a minor change at 50±3 K, and much larger 414 

ones at 95±3K and 123±3K (Figure 7). Specimen BK2015_17_1b appears to have an additional 415 

transition at ca. 104 K. The transitions at 95 K and 123 K are interpreted as Verwey transitions due to 416 

magnetite (Muxworthy and McClelland, 2000; Verwey, 1939). A Verwey transition temperature 417 

around 123 K indicates pure stoichiometric magnetite. The transition temperature can be lowered 418 

due to e.g. maghemitization (i.e. oxidation) or substitution (Dunlop and Özdemir, 1997). The lowest 419 

transition, near 50 K, may be associated with the ilmenite host of the hemo-ilmenite (Ishikawa and 420 

Akimoto, 1958; Ishikawa, 1962; Stickler et al., 1967), or with MD magnetite (Hirt et al., 2006; 421 

Moskowitz et al., 1998; Muxworthy, 1999). The Néel temperature of ilmenite in hemo-ilmenite has 422 

been observed between 57 K and 60 K (Ishikawa, 1962; McEnroe et al., 2009b; McEnroe et al., 2002), 423 

so the transition observed in the strong-field magnetization curve at 55 K is almost certainly due to 424 

ilmenite.  425 

 426 
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5.3.2 AMS 427 

Low-field magnetic anisotropy is strongly significant in all 361 specimens (F-value over 100; 3.48 428 

significance threshold; Table A, Supplementary Material). The anisotropy degree P ranges from 1.06 429 

to 3.59, with the largest P-values in the magnetite-rich sites BK44, BK47 (d-layer), and some high P-430 

values in the IVe’ layer (BK2015_2, BK2015_17, BK2015_14). The mean deviatoric susceptibility, k’, 431 

varies between 3.4*10-5 (SI) and 0.10 (SI), or between 2.3% and 50.2% of the mean magnetic 432 

susceptibility. The highest values for k’ are observed in the same sites that display large P-values. 433 

Anisotropy parameters of specimens with high mean susceptibility have to be taken with caution due 434 

to the large effect of self-demagnetization. The shape of the AMS ellipsoid varies between highly 435 

prolate (U = -0.92) to highly oblate (U = 0.84), but most specimens, especially those with high mean 436 

magnetic susceptibilities, have prolate AMS ellipsoids.  437 

 The directions of the principal magnetic susceptibility axes are generally well grouped for 438 

specimens of the same site and sites located closely (Figure 8), particularly in the eastern part of the 439 

layered intrusion. More spread within sites and between adjacent sites is observed in the hinge zone, 440 

where anisotropy is weaker, and towards the west of the intrusion. Principal magnetic susceptibility 441 

directions vary with geographic location, but seem independent of stratigraphic height, and 442 

mineralogy.  443 

High-field anisotropy measured on the VSM yielded inconsistent results for different 444 

specimens from the same site. This suggests that the small cubes measured are not representative of 445 

the rocks. Larger cubes could not be used as the samples were strongly magnetic. 446 

5.3.3 Anisotropy of remanence 447 

Anisotropy of anhysteretic remanence describes the isolated anisotropy due to remanence-448 

carrying magnetite with coercivity up to 100 mT. AARM was measured on 57 specimens and is 449 

significant for all but nine of these (Table B, Supplementary Material). Particularly, AARM is 450 

significant in 41 out of 43 measured specimens showing a remanence decay in low AF fields (Group 451 

(1)). This includes specimens from layers d-f, but also some from layers a or c that contain only small 452 

amounts of magnetite. Seven out of 11 specimens from Group (2) have a significant AARM. It is not 453 

significant for specimens of Group (3). Mean anhysteretic remanence varies from 1.3*10-6 to 7.3*10-5 454 

Am2/kg (3.6*10-3 to 0.24 A/m). The degree of anisotropy ranges from P = 1.15 to 3.62, or k’ = 9.7*10-8 455 

Am2/kg to 2.9*10-5 Am2/kg (2.7*10-4 to 2.9*10-2 A/m), corresponding to 5.8 to 53.7 % of the mean 456 

anhysteretic remanence. The shape of the AARM ellipsoid is dominantly prolate, with only three 457 

specimens displaying an oblate shape; U varies between -0.91 and 0.30. The AARM has a similar 458 

orientation as the low-field AMS in the majority of specimens. An exception is BK45, in which the 459 

minimum AARM is parallel to the maximum susceptibility. ApARM is not significant in any of the 460 
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specimens on which it was measured. Thus, no anisotropy is carried by grains with coercivities 461 

between 120 mT and 190 mT.  462 

The ApIRM describes the anisotropy of the remanence-carrying minerals in the 150-1000 mT 463 

coercivity range. It was measured on 22 specimens and is significant in 12 of these, however, not as 464 

well defined as the AMS or AARM, as the confidence ellipses are larger. ApIRM is significant in 8 of 15 465 

measurements for Group (1), 4 of 5 measurements for Group (2). In Group (3), 2 specimens had been 466 

measured, and none displays a significant ApIRM. The mean partial IRM ranges from 1.1*10-9 Am2/kg 467 

to 1.1*10-8 Am2/kg (3.6*10-6 A/m – 3.5*10-5 A/m), and is orders of magnitude weaker than the mean 468 

anhysteretic remanence, thus explaining the lower confidence. The ratio between maximum and 469 

minimum partial IRM is around 1.1 – 1.2 in the majority of specimens, but in specimen BK2015_2_1c, 470 

it is as high as 4.7. The minimum and maximum partial IRMs appear switched with respect to the 471 

minimum and maximum principal susceptibilities or AARMs in most specimens of Group (1) 472 

(BK2015_2, _5, _14, _18, _20), but can be coaxial in others (BK2015_4, _17). In Group (2), ApIRM can 473 

be, but is not necessarily coaxial to the AMS and AARM. In site BK45, the ApIRM principal axes are 474 

close to those of the AARM, with the minimum pIRM sub-parallel to the maximum susceptibility. This 475 

may indicate an inverted AMS fabric.  476 

The ATRM should be dominated by magnetite, and is significant in all but two of eight 477 

measured specimens. The anisotropy left after partial AF demagnetization should be carried by 478 

hemo-ilmenite, and is significant in three specimens. The mean TRM varies from 1.2*10-4 Am2/kg to 479 

2.7*10-4 Am2/kg (1.5*10-2 A/m – 2.2*10-2 A/m) and the mean pTRM from 4.7*10-6 Am2/kg to 7.2*10-6 480 

Am2/kg (3.9*10-1 A/m – 8.4*10-1 A/m). The degree of anisotropy is stronger for the ATRM (P = 2.31 – 481 

3.26; k’ = 3.9*10-5 Am2/kg – 1.2*10-4 Am2/kg or 31.6 – 49.6 % of the mean TRM) than the ApTRM (P = 482 

1.47 – 1.94; k’ = 1.2*10-6 Am2/kg – 1.4*10-6 Am2/kg or 16.1 to 28.8 % of the mean pTRM). As both 483 

AARM and ATRM characterize anisotropy of magnetite, it is expected that they are coaxial. This is the 484 

case for some sites, but the intermediate and maximum axes are switched in other sites, even 485 

though the remanence ellipsoids do not have oblate shapes. Similarly, if ApIRM reflects hemo-486 

ilmenite anisotropy as does the ApTRM, their principal axes should be parallel, which is not observed 487 

in the two specimens where both anisotropies are significant. It remains an open question whether 488 

laboratory remanence (ApTRM or ApIRM) adequately reflects the remanence carried by lamellar 489 

magnetism, as the latter is a chemical remanence, formed during exsolution of the lamellae 490 

(Robinson et al., 2004), and not a TRM. Additionally, thermal remanence results have to be 491 

interpreted with caution as alteration during heating cannot be excluded. They will thus not be 492 

discussed further.493 
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6. Discussion 495 

The main goal of the following discussion is to determine which mineral(s) contribute to or dominate 496 

the magnetic fabrics in each layer of the BKS intrusion. To achieve this, we will first discuss the 497 

magnetic mineralogy, i.e. determine which ferromagnetic minerals have been identified in 498 

microscopy and rock magnetic analyses. This will be followed by a comparison of macroscopic fabric, 499 

CPO, SPO and magnetic fabric orientation, before it will be possible eventually to identify the carriers 500 

of the magnetic fabric.    501 

6.1 Magnetic mineralogy 502 

Two types of oxides, magnetite and hemo-ilmenite, have been observed in different amounts 503 

in thin sections and from rock magnetic analyses, in accordance with results from previous studies on 504 

the BKS (Brown and McEnroe, 2015; Duchesne, 1972; McEnroe et al., 1996; McEnroe et al., 2004a; 505 

McEnroe et al., 2001). Low- and high-temperature magnetic properties, as well as AF 506 

demagnetization curves confirm the presence of two oxides, magnetite and hemo-ilmenite, and the 507 

two Verwey transitions are attributed to two types of magnetite. Magnetite dominates the bulk 508 

magnetic properties in layers d, e, and f. According to the mineralogical classification, layers a and c 509 

contain only hemo-ilmenite as oxide mineral, however, rock magnetic experiments reveal that small 510 

amounts of magnetite are present in some sites, as has also been described by McEnroe et al. 511 

(2009a). Mean magnetic susceptibility increases with density, following one of two distinct trends 512 

(Figure 9a), reflecting magnetic properties dominated by magnetite or hemo-ilmenite, respectively. 513 

Additional variation is associated with the amount of pyroxene present in each specimen. Also AMS 514 

parameters vary depending on which oxide dominates; both P and k’ are higher for magnetite-515 

bearing samples, and lower if hemo-ilmenite is the only oxide present. The AMS shape U is more 516 

prolate in samples dominated by magnetite (Figure 9b-f). 517 

 When present, magnetite with its strong magnetization completely dominates the bulk 518 

magnetic susceptibility. Therefore, the magnetite concentration can be estimated from the mean 519 

magnetic susceptibility or anhysteretic remanence. Clark (1997) provides the following formula to 520 

estimate the volume fraction of magnetite: 521 

 𝑥 (𝑣𝑜𝑙.%) =  𝑘𝑚𝑒𝑎𝑛/0.0347, 522 
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for magnetite fractions of a few percent, based on average empirical relationships (Puranen, 1989). 525 

According to this linear relationship, the specimens presented here contain between 0.02 % and 6.5 526 

% magnetite. Slightly higher values are obtained when using Thompson and Oldfield (1986)’s typical 527 

magnetic susceptibility values for MD (2.8 SI) and single-domain (SD; 2.4 SI) magnetite; 0.02 % - 8.1 528 

%, and 0.02 % - 9.4 %, respectively. However, significant deviations from this linear relationship were 529 

observed for > 10 vol.% magnetite, and the intrinsic magnetic susceptibility of pure magnetite ore 530 

can vary between 13 SI for fine-grained magnetite, and up to 130 SI for very coarse, well-crystallized 531 

magnetite (Clark, 1997). Thus, values higher than a few % have to be interpreted with caution. Earlier 532 

studies report susceptibilities between 0.07 to 0.12 (McEnroe et al., 1996) or 7*10-3 to 0.17 (McEnroe 533 

et al., 2004a) in the Heskestad area, which corresponds to a maximum of 6.1 % magnetite; up to 1 534 

(SI; McEnroe et al., 2001) in ore bodies associated with the intrusion and between 1*10-4 and 0.2 (SI) 535 

throughout the intrusion (McEnroe et al., 2009a), which leads to similar estimates. Brown and 536 

McEnroe (2015) show susceptibilities between 2.0*10-3 and 7.6*10-2 in the a layers, 1.6*10-3 to 537 

2.5*10-2 in the b layers, 1.4*10-3 – 1.6 *10-2 in c layers, 2.5*10-2 to 0.16 in layer d, 1.7*10-2 to 8.3*10-2 538 

in e (including e’), and 7.4*10-2 to 0.12 in layer f. This corresponds to 0.06 – 2 %, 0.04 – 0.7 %, 0.04 – 539 

0.5 %, 0.7 – 4.6 % 0.5 – 3.8 % and 2.1 – 3.4 % magnetite in layers a, b, c, d, e and f, respectively.  540 

More definitive concentration calculations based on saturation magnetization (Ms), which is 541 

independent of domain state, yield estimates consistent with the range of magnetic susceptibility-542 

based estimates, for the sites where hysteresis data is available: Ms ranges from 0.5 to 5 Am2/kg, 543 

corresponding to 0.6% to 6% magnetite by mass. However, variation is observed between different 544 

subsamples of the same specimen. Image analysis indicates typically around 10 % opaque grains, 545 

which can be taken as an upper limit of the amount of magnetite. This is consistent with estimates 546 

based on magnetic properties, and lies within the range given by Korneliussen et al. (2000). 547 

The remanence-carrying magnetite fraction can be estimated by using representative values 548 

for ARM susceptibility of 100 µm3/kg (MD magnetite) and 800 µm3/kg (SD magnetite), respectively 549 

(Thompson and Oldfield, 1986). This yields a maximum of 1 wt.% magnetite, which is much lower 550 

than the magnetite fraction calculated from magnetic susceptibility or saturation magnetization. This 551 

can be explained by (1) the magnetite grains in the BKS samples are less efficient in acquiring 552 

remanence than the reference material used by Thompson and Oldfield (1986), or (2) only a small 553 

part of the magnetite present in the samples carries remanence, while the majority of magnetite is 554 

MD and contributes only to magnetic susceptibility. The latter is in agreement with Frandsen et al. 555 

(2004), who describe two magnetite fractions; large MD grains on a 100 µm scale, and elongated PSD 556 

grains on the order of 30 µm long and < 5 µm wide. Thus, three magnetic carriers can be identified: 557 

MD magnetite, PSD magnetite and hemo-ilmenite.  558 



25 
 

6.2 Macroscopic fabric, CPO and magnetic anisotropy 559 

The macroscopic foliation and lineation are defined by (1) igneous layering, i.e. mafic and felsic 560 

layers, (2) SPO of aggregates of mafic minerals, and (3) preferred alignment of individual mineral 561 

phases (Bolle et al., 2000; Paludan et al., 1994). Felsic and mafic layers are observed on an outcrop 562 

and sample scale. Image analysis shows that opaque grains, and thus magnetite, display SPO and are 563 

concentrated in specific planes (Figure 10). The EBSD data presented here show CPOs in agreement 564 

with the macroscopic fabric. The CPOs are strongest for orthopyroxene, with (100) planes parallel to 565 

foliation. Clinopyroxene fabrics are weaker, but the grouping of (100) has a similar orientation to the 566 

orthopyroxene (100). Plagioclase shows a weak CPO, generally with (010) parallel to foliation. Similar 567 

preferred orientations of plagioclase with respect to macroscopic fabric have been reported in the 568 

Bushveld layered intrusion (Feinberg et al., 2006), the Stillwater Complex (Selkin et al., 2000a), and 569 

the Oklahoma anorthosite (Seront et al., 1993).  570 

 571 
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A comparison between AMS, AARM and CPO shows a striking similarity in the direction of the 572 

minimum susceptibility, minimum anhysteretic remanence and the grouping of orthopyroxene (100) 573 

axes. The minimum susceptibility is also associated with plagioclase (010) and clinopyroxene (100). 574 

Maximum susceptibility and remanence correlate best with the preferred orientation of 575 

orthopyroxene (001) axes, and to a lesser extent with clinopyroxene [001] axes and plagioclase (001) 576 

axes (Supplementary Material, Figure A). This is particularly true for samples from the IVe and IVc 577 

layers for which EBSD data are available. Because the orientation of the magnetic fabric appears to 578 

be independent of MCU layer, similar relationships can be assumed throughout the intrusion.  579 

Magnetic anisotropy, both AMS and AARM, loosely reflects the macroscopic foliation and 580 

lineation, with the minimum susceptibility being approximately normal to foliation (Figure 11). A 581 

detailed comparison shows, however, deviations from this general trend for some sites, especially in 582 

the northeast of the intrusion in terms of lineations. Possible reasons for this are (1) that the 583 

magnetic field is deviated due to the strong anomalies in the region, so that compass-based 584 

orientations from previous fabric studies may need to be corrected for, (2) specimens are affected by 585 

small-scale heterogeneities in texture, or (3) that the AMS fabric is not parallel to the texture. 586 

Charlier et al. (2005) reported a faster cooling rate in the Teksevatnet area, i.e. the northeastern part 587 

of the intrusion, and a more orthocumulate-like texture. To understand whether the magnetic 588 

lineation and foliation are expected parallel to mineral fabric, it is important to know which 589 

mineral(s) carry the AMS.  590 

6.3 Carriers of anisotropy 591 

Even though the bulk magnetic properties are clearly dominated by magnetite, or hemo-ilmenite in 592 

magnetite-free specimens, this is not necessarily the case for AMS. It has been shown repeatedly 593 

that paramagnetic minerals may be responsible for anisotropy in rocks whose bulk magnetic 594 

susceptibility is dominated by ferromagnetic minerals (Borradaile, 1987; Borradaile et al., 1985/86; 595 

Hirt et al., 1995; Hounslow, 1985; Rochette, 1987; Rochette et al., 1992; Rochette and Vialon, 1984). 596 

Specifically in a mafic layered intrusion, Maes et al. (2008) reported that the AMS is carried by 597 

paramagnetic minerals in some parts of the intrusion, and by magnetite in other parts. For a 598 

complete understanding of the magnetic fabrics, it is thus essential to carefully evaluate which 599 

mineral(s) is carries the anisotropy.  600 

Potential carriers need to comply with the following observations: 601 

- mineralogy as observed in thin sections, and magnetic mineralogy as determined from rock 602 

magnetic experiments, including which type of remanence anisotropy they carry 603 
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 - correlation between magnetic fabric and rock texture, and orientation of the magnetic fabric 605 

independent of MCU layer, but with smaller degree of anisotropy in magnetite-free samples. 606 

- similar orientation of AMS and AARM, i.e. both controlled by the same grains or by different grains 607 

that give rise to the same magnetic fabric 608 

In the following sections, the expected magnetic fabrics of all relevant minerals and their potential as 609 

AMS carriers will be discussed.  610 

6.3.1 Expected AMS and anisotropy of remanence of main minerals in the BKS 611 

Main minerals that may contribute to AMS in the BKS include plagioclase, pyroxene, and hemo-612 

ilmenite and MD magnetite discrete grains. The magnetic susceptibility and AMS of plagioclase is 613 

weak and can thus be neglected (Biedermann et al., 2016).   614 

In clinopyroxene crystals, the maximum and minimum susceptibilities lie within the (010) 615 

plane and are tilted ±45⁰ to the [001] axis. In single crystals of orthopyroxene, the maximum 616 

susceptibility is parallel to the (001) axis, and the minimum parallel to (010), and the AMS ellipsoid 617 

has a prolate shape (U varies from -0.2 to -0.7; Biedermann et al., 2015; cf. Figure 11). These single-618 

crystal properties can explain the correlation between maximum susceptibility and orthopyroxene 619 

(001) axes in the BKS specimens. Anisotropic physical properties of rocks can be modelled provided 620 

that they depend on the minerals’ bulk properties, when their orientation distribution function and 621 

single crystal properties are known (Mainprice et al., 2011; Mainprice and Humbert, 1994). Thus, the 622 

AMS contribution of orthopyroxene, clinopyroxene and the combination of both was modelled in 623 

MTex (Hielscher and Schaeben, 2008), based on EBSD data, and averaged augite and enstatite 624 

tensors from Biedermann et al. (2015). The modelled orthopyroxene AMS dominates over that of the 625 

clinopyroxene. A comparison of measured and modelled AMS directions for selected specimens is 626 

shown in Figure 12. The modelled k’ reaches a maximum of 1.0*10-5 (SI); orders of magnitude below 627 

the measured k’ in the respective specimens (Table 2), and a factor of 3 lower than the minimum 628 

measured k’ in the intrusion. Thus, whereas pyroxene clearly possesses an AMS, its contribution to 629 

the overall AMS is minor to negligible. As pyroxenes are paramagnetic, they will not contribute to any 630 

type of remanence anisotropy, unless they contain exsolutions of ferromagnetic minerals.  631 

The CPO of discrete hemo-ilmenite grains is weak and no consistent relationship between the 632 

hemo-ilmenite preferred orientation and AMS has been observed. Therefore, discrete hemo-ilmenite 633 

grains are unlikely to add a major contribution to the AMS. Depending on its coercivity, which is 634 

defined by the size of lamellae, hemo-ilmenite may add to the ApIRM.  635 
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 636 

 637 

MD magnetite possesses shape anisotropy owing to its internal demagnetizing field, so that 638 

AMS reflects grain shape (e.g. Borradaile and Jackson, 2010). Moreover, interaction between 639 

neighboring magnetite grains can lead to distribution anisotropy, which has been suggested as a 640 

source of AMS in igneous rocks (Hargraves et al., 1991). Thus, magnetite AMS is related to its SPO 641 

and arrangement of grains within the rock, i.e. the clustering into mafic bands and aggregates. The 642 

two sites with highest P-values, BK44 and BK47, possess well-defined layers of dark minerals at the 643 

sample scale. Distribution anisotropy of MD magnetite can explain why the minimum susceptibility is 644 

observed normal to magmatic layering or foliation. Where present, particularly in layers d, e, and f, 645 

magnetite is likely the main carrier of the AMS. Though it is an inefficient carrier of remanence, MD 646 

magnetite can contribute to the anhysteretic remanence, and due to its large abundance, it may well 647 

constitute the main carrier of AARM.  648 



30 
 

6.3.2 Expected AMS and anisotropy of remanence of ferromagnetic exsolutions in 649 

pyroxene 650 

Interestingly, the magnetic fabric appears to be linked to the CPO of orthopyroxene also in 651 

specimens whose k’ exceeds that of pyroxene by several orders of magnitude, and is so large that 652 

anisotropy is most likely caused by ferromagnetic minerals. Hemo-ilmenite lamellae with strong 653 

preferred orientation can be seen in both pyroxenes, and elongated, commonly oxy-exsolved, 654 

magnetite grains in clinopyroxene, by optical microscopy, and a more detailed EBSD map revealed 655 

distinct orientation relationships. Thus, pyroxene CPO results in preferred orientation of hemo-656 

ilmenite and magnetite within the pyroxenes. Hemo-ilmenite exhibits an oblate AMS, with the 657 

minimum susceptibility parallel to the (0001) direction (Robinson et al., 2013). The dominant 658 

orientation relationship of hemo-ilmenite in orthopyroxene, (0001)//(100), will cause an AMS carried 659 

by hemo-ilmenite with minimum susceptibility parallel to (100) of the orthopyroxene. The minor 660 

fraction, (11-20)//(010), will lead to a slightly larger magnetic susceptibility parallel to the 661 

orthopyroxene (001) axis, than parallel to its (010) axis, which is consistent with the relationship 662 

between CPO and AMS presented in 6.2. The same dominant orientation relationship has been 663 

reported by Brown and McEnroe (2004) in the Egersund-Ogna anorthosite. The contribution of 664 

hemo-ilmenite exsolutions to the AMS has been modelled for specimen BK2015_4_1b, for which 665 

detailed EBSD data was available. Single crystal properties were approximated by tensors as 666 

calculated from AMS measurements on hemo-ilmenite ores with planar fabric by Hargraves (1959), 667 

and by single crystal data from Robinson et al. (2006), assuming a rotationally oblate shape. This 668 

leads to k’ equal to 6.6*10-4, and 4.2*10-3, respectively, approximately an order of magnitude lower 669 

than k’ measured on the same specimen.  670 

 Magnetite exsolutions are extended within the (010) plane of clinopyroxene. This is 671 

consistent with results shown by Feinberg et al. (2004), who describe magnetite exsolutions either 672 

parallel to [100] or [001], together defining the (010) plane of clinopyroxene. Frandsen et al. (2004) 673 

describe elongated, blade- and rod-shaped, PSD and MD magnetite exsolutions within clinopyroxene. 674 

Due to shape anisotropy, the maximum susceptibility from magnetite exsolutions is expected to lie 675 

within the (010) plane, and the minimum normal to (010). Consistent with this, the ferromagnetic 676 

contribution to the AMS in clinopyroxene crystals shows a minimum susceptibility normal to the 677 

(010) plane, and a maximum between [100] and [001] (Biedermann et al., 2015). Thus, magnetite 678 

exsolutions in clinopyroxene cannot account for the observed directional correlation between AMS 679 

and clinopyroxene CPO, and they are not major contributors to the AMS, nor to the AARM.  680 
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6.3.3 AMS carriers in each layer of the BKS intrusion 681 

Layers a and c are nominally magnetite-free, however, magnetic data indicate that small 682 

amounts of magnetite are present in some of these sites, in agreement with McEnroe et al. (2009a). 683 

Only in specimens of Group (3), and BK2015_29 (Group (2)) do the rock magnetic results agree with 684 

petrographic studies, and indicate absence of magnetite. These specimens display significant AMS, 685 

with k’ up to 5*10-4, but no AARM or ApIRM. Based on these observations, and the AMS directions, 686 

orthopyroxene is the most likely candidate to carry the AMS. However, the observed k’ is higher than 687 

previously observed for pyroxene alone, and samples from the a layers do not contain significant 688 

amounts of pyroxene. Thus, we suggest that hemo-ilmenite also contributes to the AMS, even 689 

though it does not carry a significant ApIRM at 1 T magnetizing fields.  690 

In Group (2), k’ varies between 3.9*10-5 to 3.3*10-2, and is on the order of 10-4 for most 691 

specimens. The variation is likely related to the amount of magnetite present. AARM is significant in 692 

ca. 2/3 of the specimens, and ApIRM is significant in all measured specimens except one. Depending 693 

on whether AARM, ApIRM or both are significant, the AMS is most likely carried by magnetite, hemo-694 

ilmenite or a combination.  695 

Layers d – f (Group(1)) contain large amounts of oxy-exsolved magnetite. The degree of 696 

anisotropy varies over several orders of magnitude, and maximum values for k’ are on the order of 697 

10-1. All but two specimens of Group (1) display a strong AARM, whereas the ApIRM may or may not 698 

be significant. Such high k’, and the strong AARM approximately coaxial to the AMS, indicates that 699 

magnetite is the dominant AMS carrier in these rocks. Magnetite exsolutions in clinopyroxenes 700 

cannot account for the observed orientations of AMS and AARM principal axes. Therefore, a SPO 701 

and/or distribution anisotropy of discrete MD magnetite grains is the most likely source of anisotropy 702 

in these rocks. Certain specimens in this group also possess ApIRM, indicating that hemo-ilmenite 703 

contributes to the anisotropy in these specimens.  704 

Preferentially oriented hemo-ilmenite exsolutions have been identified by optical microscopy 705 

in specimens from all groups. Thus the lack of an ApIRM fabric, especially in specimens from Group 706 

(1), could be explained by a low signal-to noise ratio in the remanence measurements, related to the 707 

relative abundances of hemo-ilmenite and magnetite, and/or our inability to fully saturate the hemo-708 

ilmenite in some of these specimens, owing to a larger coercivity. More work will be needed to 709 

determine the contribution of hemo-ilmenite to the AMS. Torque magnetometry has been used to 710 

separate AMS components due to paramagnetic minerals, magnetite, and high-coercivity hematite 711 

(Martín-Hernández and Hirt, 2004) and may be able to resolve the contributions from paramagnetic 712 

minerals, magnetite and hemo-ilmenite in the rocks from the BKS intrusion.  713 
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To summarize, our data shows that the AMS of certain specimens is dominated by MD 714 

magnetite, whereas in others it is carried by a combination of hemo-ilmenite and pyroxene. Thus, 715 

similar to e.g. the mafic layered Insizwa sill (Ferré et al., 2002; Maes et al., 2008), the dominant 716 

carrier of the AMS varies in accordance with petrographic layering. Also the AMS parameters change 717 

with mineralogy, i.e. both P and k’ are generally lower in a and c-layers than in d – f-layers. The 718 

orientation of the AMS principal axes, however, appears independent of the mineral carrier, or of 719 

whether the AMS is due to SPO and distribution anisotropy (MD magnetite) or magnetocrystalline 720 

anisotropy (hemo-ilmenite and pyroxene). A plausible explanation for this behavior is the common 721 

deformation experienced by each mineral phase, causing a SPO/distribution anisotropy of discrete 722 

magnetite parallel to the pyroxene CPO. 723 

6.4 Geological implications 724 

If the magnetic fabric is taken as a proxy for the macroscopic fabric, it confirms the syncline 725 

shape of the intrusion as described from structural, gravity and seismic investigations (Bolle et al., 726 

2002; Deemer and Hurich, 1997; Paludan et al., 1994; Smithson and Ramberg, 1979). In particular, 727 

the data presented here agree with Paludan et al. (1994)’s observation of an overturned limb in the 728 

northeast of the Bjerkreim lobe of the BKS intrusion: the orientation of the minimum susceptibility 729 

axes indicates a magnetic foliation dipping outward. Previous studies (Bolle et al., 2000; Paludan et 730 

al., 1994) describe foliation-dominated fabrics on the limbs and lineation-dominated fabrics in the 731 

hinge zone. In contrast, magnetic fabrics, both AMS and AARM, are mostly prolate throughout the 732 

intrusion. Especially, strongly magnetic sites in the E and NE display prolate magnetic fabrics. 733 

Magnetic fabrics are most consistent on the limbs of the fold, while some variation is observed in the 734 

early MCUs and the hinge zone, which agrees with observations by Paludan et al. (1994), who 735 

describe that the magmatic layering and foliation are strongest and parallel to one another on the 736 

limbs. In the hinge zone, layering is weaker and foliation is parallel to the axial plane of the fold, at an 737 

angle to the layering. It appears that magnetic fabrics may reflect either the layering or foliation 738 

depending on the site.  739 

Magnetic fabrics in the cumulate series generally agree with AMS in the acidic rocks as 740 

described by Bolle et al. (2000). However, detailed comparison shows that whereas the magnetic 741 

lineations of the acidic rocks (maximum susceptibility axes) consistently plunges towards the centre 742 

of the intrusion, the lineation of the cumulates differs in the NE and E, where it plunges towards the 743 

W and N, respectively, parallelling the structural contact of the intrusion (cf. Fig. 11). Thus, the 744 

present data do not confirm the purely convergent flow pattern as described for the acidic rocks by 745 

Bolle et al. (2000), but instead may support the interpretation of Paludan et al. (1994) of additional 746 
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shear components on the limbs of the syncline, also resulting in the locally overturned limb along the 747 

northeastern contact.   748 

7. Conclusions 749 

Magnetic fabrics have been measured on 361 specimens from the Bjerkreim lobe of the BKS 750 

layered intrusion. Two oxide minerals are identified as magnetic carriers: (1) hemo-ilmenite which 751 

occurs in layers a-e, and (2) magnetite, which dominates in layers d, e, and f, and may be present in 752 

small amounts in layers a and c. Because the magnetic susceptibility and saturation magnetization of 753 

magnetite are far higher than that of hemo-ilmenite, it can contribute a significant amount to the 754 

magnetic fabric in these layers. Anisotropy of magnetic susceptibility and remanence have been 755 

compared to macroscopic fabrics and CPO data as obtained from EBSD. The magnetic anisotropy 756 

appears to correlate with orthopyroxene, and to a lesser extent clinopyroxene, texture, i.e. the 757 

minimum susceptibility and anhysteretic remanence correlate with the (100) axes of ortho- and 758 

clinopyroxene, and the maximum susceptibility and anhysteretic remanence direction coincide with 759 

the orthopyroxene [001] axes. This strongly implies that the bulk-rock anisotropy is somehow due to 760 

the pyroxene orientations. However, the k’ displayed by most specimens is much higher than for 761 

single pyroxene crystals, and pyroxene cannot directly carry the anisotropy of remanence. Hemo-762 

ilmenite exsolutions in orthopyroxene and clinopyroxene have specific orientation relationships to 763 

their host, which can explain why the magnetic fabrics best relate to pyroxene CPOs. The magnetite 764 

SPO and distribution is likely coaxial to the pyroxene fabric because they underwent the same 765 

deformation history. More work will be needed to determine the contribution of hemo-ilmenite to 766 

anisotropy. The results presented here can be used for future structural interpretation of the BKS, 767 

paleomagnetic studies, and the interpretation of magnetic anomalies over the BKS layered intrusion.  768 
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Table Captions 1125 

Table 1: Sample list, summarizing stratigraphic unit and AF demagnetization groups. * indicates 1126 

samples from Brown and McEnroe (2015) 1127 

Table 2: Comparison of modelled and measured mean deviatoric susceptibility (k’) for specimens on 1128 

which EBSD data was available. Modelled k’ is given for orthopyroxene (Opx), clinopyroxene (Cpx), a 1129 

combination of both pyroxenes, and hemo-ilmenite. Two different single crystal tensors have been 1130 

used for the latter.  1131 

 1132 

Supplementary Material 1133 

Table A: Density, mean magnetic susceptibility, low-field AMS results, and magnetite contents 1134 

estimated from magnetic data and image analysis. k1, k2 and k3 are normalized principal magnetic 1135 

susceptibility values, D1, D2, D3 and I1, I2, I3 indicate the declinations and inclinations of the 1136 

corresponding eigenvectors. Directions are projected to the lower hemisphere and given in a 1137 

geographic coordinate system, where D=0, I=0 indicates North. * marks samples for which compass 1138 

readings have been corrected.  1139 

a Magnetite content from Ms values is reported as: mean [min; max], due to significant variations of 1140 

Ms for measurements on different sub-samples and in different orientations  1141 

 1142 

Table B: Anisotropy of remanent magnetization. Maximum, intermediate and minimum indicate the 1143 

principal values of remanence, k1, k2 and k3 are normalized by the mean remanence for a direct 1144 

comparison to low-field AMS data. 1145 

 1146 

Figure A: CPO of individual mineral phases, AMS (black symbol with thin white line) and AARM (thick 1147 

white line) principal directions. Lower hemisphere stereoplots in geographic coordinate system. 1148 

Same colorscale for orientation density functions on all plots. 1149 

Figure B: Lower hemisphere equal area stereoplots showing AMS, AARM and ApIRM principal axes 1150 

for each site. 1151 


