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ABSTRACT

Nepheline syenites from the ~1.2 Ga Ilimaussaq Complex of southern Greenland are examined to assess the utility of anisotropy
of magnetic susceptibility (AMS) fabrics as proxies for silicate petrofabrics. Mineral lamination is a relatively common structural
feature in cumulate rocks, including in the Ilimaussaq intrusion, but there is little consensus on the process (or processes) responsible
for its formation. The Ilimaussaq AMS data are combined with rock magnetic experiments and electron backscatter diffraction
(EBSD) measurements to characterize the magnetic mineralogy and compare the magnetic fabrics obtained to the silicate petrofa-
bric. The data show that Na-amphibole (arfvedsonite) is most likely the dominant control on the AMS fabrics in the coarse-grained
nepheline syenites (referred to as kakortokites), and that the AMS fabric is inverse relative to the observed silicate fabric. The
EBSD data for a kakortokite sample suggests that the petrofabric is defined by arfvedsonite and is wholly planar, with evidence of
only weak cross-lineation of ¢ axes. The fine-grained nepheline syenites (lujavrites), two of which have a well-developed lamina-
tion carried by Na-pyroxene (aegirine), appear to have composite AMS fabrics that are considered to be a consequence of a mixed
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aegirine (normal) and arfvedsonite (inverse) response. The combined datasets shed light on the mechanisms of fabric acquisition in
both lithologies. In the kakortokites, the AMS fabrics and silicate crystallographic preferred orientations, as well as the lack of
observed microstructural evidence for subsolidus intra-crystal deformation, support models invoking gravitationally controlled
crystal mats in the development of the macro-rhythmic layering of these rocks. In the lujavrites, the strong planar fabrics
revealed by both the AMS and EBSD datasets, with some evidence of subsolidus deformation, point to fabric formation and
perhaps even aegirine crystallization at the postcumulus stage. The combination of EBSD and AMS fabric datasets is a powerful
means of deciphering the processes responsible for mineral alignment in igneous cumulates.

Keywords: mineral lamination, lujavrite, kakortokite, anisotropy of magnetic susceptibility, arfvedsonite, Ilimaussaq

Complex.

INTRODUCTION

Mineral-preferred orientation is a common textural
feature of cumulate rocks in layered mafic-ultramafic
and nepheline-syenite intrusions. In particular, foliation
defined by the arrangement of tabular or platy cumulus
minerals oriented parallel or subparallel to layering, i.e.,
the ‘igneous lamination’ of Wager & Brown (1968), is
observed in numerous layered intrusions. The origin
of these fabrics, henceforth referred to here as ‘mineral
lamination’, is not always straightforward to discern but
may play an important part in elucidating processes oper-
ating in the magmatic systems that solidify to produce
layered intrusions. Flow and/or syn-magmatic shearing
of the crystal mush might be expected to result in the for-
mation of a lineation in addition to foliation, but mineral
lamination commonly occurs without an associated visi-
ble lineation or asymmetry. In the absence of a lineation,
mineral lamination in layered intrusion cumulates has
been attributed to a wide range of primary and secondary
magma chamber processes, including in situ crystallization,
crystal settling, and compaction (e.g., Wager & Brown
1968, McBimey & Noyes 1979, Larsen & Serensen
1987, McBirney & Nicolas 1997, Irvine et al. 1998,
Meurer & Boudreau 1998a, b, O’Driscoll ef al. 2008,
Bons et al. 2015, Lindhuber et al. 2015).

Magmatic sedimentation processes capable of produc-
ing a mineral lamination include crystal settling and
deposition of cumulate from crystal laden density currents.
Distinguishing between these two scenarios should not be
complicated. Fabrics formed via crystal settling should not
be associated with a mineral lineation, whereas those asso-
ciated with high-energy density currents might produce a
preferred orientation of crystal long axes on lamination
planes (e.g., lineation of plagioclase in the Upper Zone
Skaergaard trough bands; Wager & Deer 1939, Holness
2017a). Important fabric-forming processes are also envis-
aged to occur at the postcumulus stage, i.e., operating on
the crystal mush, although determining the proportion of
interstitial melt present (and hence rheology) in such
situations is not straightforward (Petford 2009). For
example, compaction, producing dominantly planar
fabrics, has been considered an important process in

fabric development (Irvine et al. 1998, Meurer &
Boudreau 1998a, b). However, compaction should also
leave evidence of intra-crystal solid-state (viscous) defor-
mation in the cumulate microstructural record (Holness
et al. 2017b). Deformation of the partly solidified crystal
mush as a result of collapse or syn-magmatic faulting
might result in a simple shear component, leaving behind
asymmetric small-scale structures in the layered rocks, as
well as the possibility of mineral lineations (McBirney &
Nicolas 1997, O’Driscoll et al. 2007, 2008). The possi-
bility that relatively early-stage crystal settling or den-
sity current-related mineral alignments might be
modified or masked by postcumulus processes is also
worth considering (e.g., Koopmans ez al. 2022).

In this study, we applied the anisotropy of magnetic
susceptibility (AMS) technique to a suite of variably well-
laminated rocks from the Ilimaussaq Complex, southern
Greenland (Fig. 1a). The application of the AMS method
has proven potential in elucidating the nature and origin
of mineral lamination in layered intrusions (e.g., Cruden
& Launeau 1994, Launeau & Cruden 1998, O’Driscoll
et al. 2007, 2008, Selkin et al. 2014, O’Driscoll et al.
2015, Cheadle & Gee 2017), as it offers a rapid, repeat-
able, and precise means of measuring the petrofabric of
rock samples. The rocks selected for study include kakor-
tokites and lujavrites, which comprise most of the floor
and intermediate series of the Ilimaussaq intrusion. The
principal aim of this study is to assess the utility of
AMS as a petrofabric tool in these mineralogically
unusual layered cumulates by comparing the characteris-
tics of the magnetic fabrics to the silicate petrofabric using
electron backscatter diffraction (EBSD). Mineral lami-
nation formation in these rocks, particularly in the
kakortokites, has been interpreted in the context of a
number of different models and little consensus exists
as to the magmatic processes responsible (see reviews
by Upton et al. 1996 and Marks & Markl 2015). Our
combination of petrographic observations, rock mag-
netic experiments, and EBSD permit our AMS data to
be used to provide new insights into the mechanisms of
fabric development in the Ilimaussaq cumulates.

There is considerable value in furthering our under-
standing of mineral lamination development in layered
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FiG. 1. (a) Simplified geological map of the Ilimaussaq Complex, southeast Greenland (adapted from Marks & Markl 2015, in
turn modified from Ferguson 1964, and Serensen 2001). (b) Generalized stratigraphy of the Ilimaussaq intrusion in its
southern part, showing the relationships between the major kakortokite and lujavrite units that are the focus of the present

study (modified after Marks & Markl 2015).

intrusions such as the Ilimaussaq intrusion. In addition
to shedding light on the rheological behavior of the
crystal mush and processes operating in magmatic systems
more generally, there are also implications for the compo-
sitional evolution of the interstitial melt during mush
solidification (¢f. Holness et al. 2012, 2017b). Layered
intrusions are also associated with some of the most sig-
nificant magmatic ore (base and precious metal) depos-
its in the world, and microscale studies on textural and
mineral chemical variations in cumulates have revealed
useful insights into mineralization processes (e.g.,
Boudreau 1999, Hanley et al. 2008, Hepworth et al.
2020). The Ilimaussaq layered intrusion hosts some of
the largest deposits of REE and U on Earth (Parsons
2012, Marks & Markl 2015), so there may be intrinsic
socioeconomic, as well as petrological, insights to be
gained in enhancing our understanding of the relative
importance of pre- versus postcumulus processes in the
microstructural evolution of the Ilimaussaq intrusion
crystal mush during solidification.

GEOLOGICAL SETTING OF THE ILiMAUSSAQ COMPLEX

The Ilimaussaq Complex is a 1160 = 5 Ma (Krumrei
et al. 20006) layered intrusion in the Gardar igneous prov-
ince (southern Greenland; Fig. 1a). It is a composite body,
comprising predominantly syenitic-foid rocks, emplaced
into the volcano-sedimentary Mesoproterozoic Eriksfjord
Formation and the Paleoproterozoic calc-alkaline (granit-
oid) Julianehab batholith. Tlimaussaq is the type locality

for agpaitic rocks, which are peralkaline (molar [Na+KJ/
Al > 1) rocks that contain Na-Ca-(Ti, Zr)-silicates (e.g.,
cudialyte; Serensen 1997, Marks er al. 2011, Marks &
Markl 2017) and are highly enriched in alkalis (Li, Na,
Rb, Cs), high field strength elements (HFSE; Zr, Hf, Nb,
Ta, REE, U, and Th), and halogens (F, Cl, Br, I) (e.g,
Bailey ez al. 2001). The Ilimaussaq cumulates are believed
to be the final products of protracted differentiation of
alkali basaltic parental magmas, derived by melt extraction
from a lithospheric mantle source (Larsen & Serensen
1987, Marks et al. 2004, Marks & Markl 2015). Several
intrusive phases are recognized: (i) metaluminous augite
syenite, (ii) peralkaline granite and quartz syenite, and
(iif) volumetrically dominant agpaitic nepheline syenites
(Larsen & Serensen 1987). The latter are broadly subdi-
vided into coarse-grained roof series (mostly naujaites)
and floor series (kakortokites) cumulates and mostly
fine-grained melanocratic rocks (lujavrites) with strong
mineral alignments. The kakortokites and lujavrites are
the focus of this study. The roof series is envisaged as
having been constructed by downward crystallization
from the top of the magma chamber and the floor series
from the base by accumulation (Marks & Markl 2015).
The lujavrites intrude the roof series rocks, but not the
floor series cumulates (Fig. 1b).

Medium- to coarse-grained kakortokites comprise
the stratigraphically lowest rocks exposed in the floor
series (Fig. 1a, b) and are divided into three sub-units
(Bohse & Andersen 1981): the lower layered kakortokites
(~210 m thick sequence), slightly layered kakortokites
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(~35 m thick), and transitional layered kakortokites
(~40 m thick). The thick, lower layered kakortokites
comprise 29 exposed macro-rhythmic units, with an
unknown continuation at depth. The exposed macro-
rhythmic units are numbered —11 to 417 and are on
average ~8 m thick, though there is significant vari-
ability (Bohse ef al. 1971). Overall, these units dip
gently toward the center of the intrusion at 10-20°,
steepening toward the outer margin to give a bowl-like
geometry. Most of the units show modally graded layer-
ing at the macroscale as follows: (i) a basal ~1 m thick
layer dominated by black sodic amphibole [mostly arf-
vedsonite; NaNay(Fe? ' Fe*™)Sig04,(OH),], typically
characterized by a strong planar mineral lamination,
grading upward into (ii) a red eudialyte-rich layer of
similar thickness and exhibiting a massive texture, grading
in turn into (iii) a topmost weakly laminated alkali feld-
spar- and nepheline-rich layer ~6 m thick. The transition
between the three layers within each macro-rhythmic unit
are gradational, typically over several tens of centimeters,
whereas the contacts between the 29 exposed units are
relatively sharp. This sequence is overlain by so-called
slightly layered kakortokites. Relatively steeply dipping
(45-75° toward NW) transitional layered kakortokites
eventually grade upwards into typically fine-grained
and melanocratic agpaitic nepheline syenites (lujavrites;
Fig. 1b), most of which possess a well-developed mineral
lamination (Ferguson 1964, Bohse & Andersen 1981,
Andersen et al. 1981, Pfaff et al. 2008, Ratschbacher
et al. 2015). The lujavrites are the most evolved rock
type in the Ilimaussaq Complex and have been subdivided
into aegirine and arfvedsonite lujavrites, depending on the
modal abundances of pyroxene (aegirine) and amphibole
(arfvedsonite) present (Ferguson 1964, Andersen et al.
1981). In the southern portion of the Ilimaussaq intrusion,
the lower half of the lujavrite sequence mostly comprises
aegirine lujavrite, while the upper half is dominated by
arfvedsonite lujavrite (Fig. 1a, b).

SAMPLE DESCRIPTIONS AND PETROGRAPHY

Kakortokites

The kakortokite samples analyzed in this study span
the upper (white) part of layer +6 to black layer 48 (see
Table 1). The kakortokites are mesocumulates to ortho-
cumulates and their mineralogy and texture are described
in detail in Lindhuber ez al. (2015). Information relevant
to this study is summarized here, and our sample numbers
are the same as in that study. All kakortokites contain
the principal cumulus phases arfvedsonite, eudialyte, and
alkali feldspar (Fig. 2a, b), as well as a range of other
minor and alteration phases (see Figure 3 of Lindhuber
et al. 2015). Amphibole in the black kakortokites is
euhedral, and typically partly (or less commonly fully)

THE CANADIAN JOURNAL OF MINERALOGY AND PETROLOGY

replaced by aegirine (Fig. 2¢). It has a bimodal grain size
in the black kakortokites, with large (elongate) euhedral
prisms (3—5 mm) and relatively small anhedral crystals
and a unimodal anhedral nature in the white and red
kakortokites. Alkali feldspar has a range of grain sizes,
forming large (>5 mm cm long) euhedral plate-like
crystals in the white kakortokites. Alkali feldspar in all
lithologies exhibits ubiquitous patchy perthitic exsolution
and localized alteration to zeolite and analcime (Fig. 2d),
though this is less extreme in the white kakortokites.

Mineral lamination is generally well-developed in
the black kakortokites and comparatively less well so
in the white kakortokites (e.g., Fig. 2a, b). In the former,
the lamination is carried by prisms of arfvedsonite and
plates of alkali feldspar; both appear to be randomly ori-
ented within the lamination plane. In the white kakorto-
kites, what mineral lamination that is present is carried
by alkali feldspar. The alteration of both arfvedsonite and
alkali feldspar crystals in the samples studied means that
intracrystalline features, including possible twinning, are
heavily obscured. Lindhuber et al. (2015) reported that
solid-state deformation of arfvedsonite and alkali feldspar
crystals is relatively rare. Our observations are in broad
agreement with this, though intra-crystal fractures oriented
at a high angle to the long axes of arfvedsonite and alkali
feldspar are not uncommon (Fig. 2e), as is bending or
curvature of relatively elongate crystals of both phases.
No visible oxide minerals (e.g., magnetite) occur in any
of the kakortokite samples, though trace amounts of sul-
fides (pyrrhotite, galena, sphalerite) are present in some
of the samples.

White layer 46 is ~5 m thick, weakly laminated, and
consists of ~50 modal percent (mod.%) euhedral alkali
feldspar (sample ML-40). Black layer +7 is ~1 m thick,
contains ~60 mod.% amphibole (ML-35), and exhibits
a gradational contact against the underlying white layer.
It contains a well-developed mineral lamination, but no
evidence of a mineral lineation is visible on lamination
planes in this or any other kakortokite sample studied
(Fig. 2f, g). Black layer +7 is unusual in that it contains
two relatively felsic layers (upper and lower, 3 cm and
15 cm thick, respectively) that have similar mineralogi-
cal compositions to the main white layers normally
found at the tops of macro-rhythmic units. Samples
ML-36 (upper) and ML-37 (lower) are kakortokites col-
lected across the contact zone between white layer +6
and black layer +7, where the two aforementioned thin
felsic layers occur and exhibit localized decimeter-scale
folding of the layering (Fig. 2h; and see Figure 4 in
Lindhuber et al. 2015). Sample ML-36 is a black kakor-
tokite (Fig. 2f), whereas ML-37 samples the contact
with black and white kakortokite on either side. White
layer +7 (ML-54) comprises ~40 mod.% alkali feldspar.
The overlying black layer (+8; ML-58) has a sharp basal
contact against white layer +7, is relatively eudialyte-rich,
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F16. 2. Mineralogy and microstructures of the kakortokites. (a) Whole thin section scan of black kakortokite ML-35, with mineral
lamination (mainly discernible in the alkali feldspar orientation) aligned approximately east-west. (b) Whole thin section scan
of white kakortokite ML-54 with weak mineral lamination visible oriented approximately east-west. (¢) Plane-polarized light
image of arfvedsonite crystal (image center) with smaller aegirine crystals attached to its margins in ML-35 (see red arrows for
examples). (d) Cross-polarized light image of patchy perthitic exsolution and alteration in alkali feldspar tablet in sample ML-35.
The yellowish colored areas (red arrows) are zeolite (likely natrolite), whereas analcime occurs mainly around the margins of the
crystal, which are ragged and irregular. (e) Cross-polarized light image of high angle (to crystal long axis) fractures that appear to
offset twin planes in alkali feldspar in sample ML-37 (see red arrows for examples). (f) Thin section scan of sample ML-36, cut
perpendicular to mineral lamination plane. The lamination can be observed mainly in the orientation of the euhedral alkali feldspar
crystals. (g) Thin section scan of sample (drill core) ML-36, cut parallel to mineral lamination planes. (h) Field sketch, reproduced
from Lindhuber et al. (2015), of the fold structure from kakortokite layers +6 and +7, from which samples ML-36 and ML-37
of this study come. See text for further discussion. Abbreviations used in some panels are as follows: Af, arfvedsonite;
Ae, aegirine; Fs, alkali feldspar.
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FiG. 3. Mineralogy and microstructures of the lujavrites. (a) Thin section scan, cut perpendicular to mineral lamination planes,
of sample BR-1. Mineral lamination is oriented approximately east—west and is carried principally by bunches of aegirine
(bottle green color) and alkali feldspar. (b) Thin section scan of sample BR-1, cut parallel to mineral lamination plane. (c)
Plane-polarized light image of aegirine-rich laminated zones in sample BR-1, with aegirine wrapping euhedral eudialyte
phenocrysts (two examples arrowed). (d) Plane-polarized light photomicrograph of euhedral eudialyte crystal in BR-1,
with fine-grained aegirine crystals crosscutting the upper margin of the eudialyte (arrowed). Note also the ‘pressure
shadow’-like texture (circled) formed by the aegirine lamination adjacent to the eudialyte. (¢) Thin section scan, cut per-
pendicular to mineral lamination planes, of sample BR-9. The mineral lamination, carried principally by aegirine, and
which is more weakly developed than that in BR-1, is oriented approximately east-west. Arfvedsonite (anhedral brown-
ish-colored crystals) is distributed irregularly throughout the sample. (f) Plane-polarized light photomicrograph of BR-9,
showing aegirine mineral lamination in this sample oriented northeast—southwest. One elongate eudialyte crystal is aligned
within the lamination, too. (g) Thin section scan of BR-22. Note the lack of an obvious mineral lamination. Abbreviations
used in some panels are as follows: Af, arfvedsonite; Ae, aegirine; Eu, eudialyte; Fs, alkali feldspar.
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contains ~45 mod.% amphibole, and has a well-developed
mineral lamination.

Lujavrites

We studied three samples that exhibit varying strengths
of mineral lamination development (Table 1) and are from
the lower half of the lujavrite sequence. The character and
provenance of these samples are described in more detail
in Ratschbacher ez al. (2015); our sample numbers are the
same as used by those authors. No visible oxide phases
are present in any of the lujavrites studied here. From
well-laminated, to moderately laminated to relatively
massive-textured, these samples are BR-1, BR-9, and
BR-22, respectively.

Sample BR-1 is a greenish aegirine lujavrite from the
aegirine lujavrite I stratigraphic unit (Fig. 1b). It exhibits
a strong planar mineral lamination that is unlike the mineral
lamination preserved in the kakortokites. The lamination
is controlled by the preferred distribution of the ¢ axes of
highly prismatic (acicular) aegirine crystals, which are
consistently oriented parallel or subparallel to the plane
of foliation (Fig. 3a, b, c, d), though appear randomly
oriented within that plane (Fig. 3b, d). In planes per-
pendicular to the lamination, bunches of aegirine crys-
tals anastomose through the sample. Close to eudialyte
crystals and arfvedsonite oikocrysts, individual aegirine
crystals appear to have shorter and more variable ¢ axis
orientations (in the plane of the thin section). Aegirine
crystals are commonly observed to wrap around eudialyte
crystals and arfvedsonite oikocrysts (Fig. 3c), although
aegirine needles do crosscut the outer edges of eudialyte
phenocrysts (Fig. 3d). Elongate plates of alkali feldspar
also conform to the lamination, but as is also observed
for aegirine, show no evidence of lineation within the
plane of lamination. The 2-3 cm diameter poikilitic
arfvedsonite grains in BR-1 contain alkali feldspar
chadacrysts defining their own lamination at a moderate-
to-high angle to the lamination outside the arfvedsonite
oikocrysts (Fig. 3a).

Sample BR-9 is an aegirine lujavrite sampled from
the aegirine lujavrite 1A stratigraphic unit. Compared to
BR-1, BR-9 has a finer grain size and a smaller proportion
of arfvedsonite to aegirine; large oikocrysts like those in
BR-1 are not observed. BR-9 exhibits a visible foliation,
but this is much weaker than that observed in BR-1
(Fig. 3f, g). No lineation is observed. Sample BR-22 is
an arfvedsonite lujavrite from the arfvedsonite lujavrite
A unit. This sample has a massive texture, i.e., no min-
eral alignment is observed in any plane, and a relatively
high proportion of fine-grained arfvedsonite is distributed
throughout the rock (Fig. 3h; Table 1). No opaque mineral
phases were observed during petrographic examination
of the lujavrite samples, except for trace (<1 vol.%)
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amounts of pyrrhotite, pyrite, galena, sphalerite, and
161lingite (FeAs;).

ANALYTICAL TECHNIQUES

Anisotropy of magnetic susceptibility

Details of the AMS technique as applied to layered
intrusion cumulates are described in reviews by O’Driscoll
et al. (2008, 2015, and references therein), and the reader is
referred to those articles for more details than are provided
here. The AMS of a rock is controlled mainly by the pre-
ferred orientation of magnetic grains, principally the ferri-
magnetic (e.g., magnetite and/or maghemite, if present) and
paramagnetic mineral phases (e.g., pyroxene, amphibole).
In this study, block samples were drilled in the laboratory
and a number of right-cylinder sub-specimens (typically
2-3) of ~11 ecm® were extracted from each core; a total
of 5-8 sub-specimens were used from each block sample
(see Owens 1994). Drilling was carried out perpendicular
to the plane of the mineral lamination, as deduced from
careful examination of the block samples. The samples
were then measured on an AGICO KLY-3S Kappabridge
(an induction bridge operating at 300 A/m with a fre-
quency of 875 Hz) at the University of Birmingham
(UK). Magnetic susceptibility differences were measured
in three orthogonal planes and combined with a measure-
ment of one axial susceptibility to define the second rank
AMS tensor.

Assuming that the sub-specimens from each block
sample represent a homogeneous multi-normal popula-
tion, results are reported for block averages of specimen
AMS tensors, each normalized by the specimen mean sus-
ceptibility. Within-block scatter is characterized through
the calculation of 95% confidence limits on directional
data and magnitude parameters using a tensor-averaging
process (Jelinek 1978, Dunlop & Ozdemir 1997, Owens
2000). The magnetic susceptibility tensor, which may be
pictured as an ellipsoid, comprises the three principal
susceptibility magnitudes (K; = K, = K3), and a corre-
sponding set of three orthogonal principal axis directions.
The bulk magnetic susceptibility (K, can) 1s the arithmetic
mean of the three principal susceptibility axes intensities.
The AMS magnitude parameters adopted in this study
are those of Khan (1962) and Jelinek (1981):

P = expy/(2[(1 —M)* + (M2 =) + (M3 — )]

T = (2n2-nl—-n3)/(nl —n3);

where N1 = InK;, n2 = InK,, n3 = InKj3, and
n = ln(Kl + K5 +K3)]/3.

The P; parameter characterizes the strength of the
magnetic fabric, such that a value of P; = 1 describes
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a perfectly isotropic fabric. The shape of the ellipsoid
is described by T, which ranges from +1 where purely
oblate to —1 where purely prolate and is near zero where
triaxial. A plot of T (ellipsoid shape) versus P; (magnetic
fabric strength) provides a graphical representation of the
shape and strength of the ellipsoid (see Fig. 4c).

Rock magnetic experiments

To characterize the magnetic mineralogy, we conducted
a suite of rock magnetic experiments with the principal
goal of identifying the mineral(s) that carry the overall
remanence, susceptibility, the AMS fabric, and also the
quantity, composition, and grain size of the magnetic
phase(s) present. Rock magnetic experiments included (1)
analysis of low-field susceptibility versus temperature,
(2) room temperature susceptibility in variable fields, (3)
room temperature hysteresis measurements, (4) magnetic
property measurement system (MPMS) analyses, and
(5) repeat heating/cooling low-field susceptibility versus
temperature experiments. All susceptibility and MPMS
experiments were conducted at the New Mexico High-
lands University (USA) Paleomagnetic-Rock Magnetic
laboratory using an AGICO MFK1-A kappabridge suscep-
tibility meter operating at 200 A/m at 976 Hz and a
Quantum Design 7 Tesla MPMS. Hysteresis measurements
were conducted with a Princeton Measurements Vibrating
Sample Magnetometer (VSM) at the University of Texas at
Dallas (USA) paleomagnetism laboratory.

Continuous low-field susceptibility versus temperature
measurements were carried out in a stepwise heating/cool-
ing fashion from 25 to 700 to 40 °C in an argon atmo-
sphere using a CS4 furnace attachment for the MFK1-A.
These experiments allow for an evaluation of the mag-
netic mineral composition based on Curie point estimates
and assist with revealing mixtures of magnetic phases in a
sample (Tauxe 1998). Curie point estimates are typically
determined either by the Hopkinson Peak (Hopkinson
1890) or inflection point methods (Tauxe 1998). To
investigate potential modification of the magnetic mineral
assemblage at high temperature, stepwise reheating low-
field susceptibility versus temperature experiments were
carried out on ML-58 (modified after Hrouda 2003,
Petronis et al. 2011). In an argon atmosphere, variation of
magnetic susceptibility with temperature was first mea-
sured from 40 to 540 to 40 °C. The same mass of the
powdered sub-specimen was then heated from room
temperature to 560 °C and back to 40 °C. Successive
runs progressively increased by 20 °C until a maximum
of 640 °C was reached, following the same heating and
cooling procedure. A final step from 40 to 700 °C was
added. Variation in susceptibility with increasing tem-
perature was then evaluated. The room temperature sus-
ceptibility experiments in variable fields provide data to
evaluate the susceptibility dependence on direct current
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(DC) applied fields from 2 A/m to 700 A/m using
the MFK1-A.

Hysteresis experiments involved vibrating the sample
within a 3.0 T applied field at 83 Hz next to a set of
pick-up coils. The vibrating sample creates a time varying
magnetic flux in the coils, generating a current that is pro-
portional to the sample’s magnetization.

The MPMS experiments are used primarily for mag-
netic mineral identification based on low-temperature crys-
tallographic transitions (e.g., the Verwey transition; Verwey
1939), and for characterizing particle domain size distribu-
tions. Two experimental set-ups were used: (1) field
cooled (FC) and zero-field cooled (ZFC) and (2) room
temperature saturation isothermal remanent magneti-
zation SIRM (RTSIRM) and low-temperature SIRM
(LTSIRM). The FC and ZFC measurements were per-
formed by measuring the remanence on warming from
10 K to 300 K. The FC remanence was measured on
warming after cooling to 10 K in a 3.0 T field while the
ZFC remanence was measured on warming after cooling
to 10 K in a zero field. For the RTSIRM, the sample was
magnetized at room temperature in a 3.0 T applied field
and then the measurement was taken after the field was
turned off. The RTSIRM remanence was then measured
on cooling from 300 to 10 K. For the LTSIRM, a SIRM
was imparted by applying a 3.0 T field at 10 K and then
the field was turned off. The LTSIRM remanence was
then measured on warming from 10 to 300 K.

Electron backscatter diffraction analysis and mapping

We carried out electron backscatter diffraction (EBSD)
analysis in a scanning electron microscope (SEM) on
relatively well-laminated samples of both a kakortokite
(ML-36) and an aegirine lujavrite (BR-1) in order to quan-
tify any crystallographic preferred orientation (CPO) in
the silicate assemblage of these rocks, as well as to aid in
the interpretation of the magnetic fabric data. The samples
were prepared following the methods of Prior ez al. (2009)
and Mariani et al. (2009). Chemo-mechanical polishing
using colloidal silica was carried out to remove the surface
layer damage and to achieve the high-quality surface pol-
ishing necessary for EBSD analysis. A thin carbon coat
was applied to the samples to avoid any electron charging.
All measurements were collected in the Liverpool Earth
Science EBSD-SEM laboratory, now part of Liverpool’s
SEM Shared Research Facility (SRF), using a CamScan
X500CrystalProbe field-emission (FE) SEM. Electron
backscatter diffraction patterns (EBSP) were obtained
using a 20 kV acceleration voltage, 35 nA beam current,
and 25 mm working distance. These were automatically
indexed using the software package AZtec and then ana-
lyzed using AZtec Crystal. Grid spacings between 2 and
25 pum were chosen to map areas between 1500 X 500 pm
(small areas) and 20,000 X 10,000 pm (whole thin section),
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respectively. The microstructure of each of the main
phases we studied (aegirine, arfvedsonite, and alkali
feldspar) was reconstructed by calculating the orien-
tation difference (disorientation or misorientation)
between neighboring data points. The error on orienta-
tion measurements is +0.5°.

Band contrast (BC), all Euler (AE), inverse pole figure
(IPF), and phase (Ph) EBSD maps were generated during
data analysis to highlight the results obtained. A BC map
is a grayscale image of the Kikuchi diffraction pattern
(EBSP) quality factor, where dark BC indicates no or poor
EBSP quality, whereas bright BC corresponds to good
EBSP quality. This map gives a realistic representation
of the rock texture analyzed (Prior et al. 2009, Mariani
et al. 2009). AE maps visualize crystallographic orienta-
tions using a Euler angle-based color scale. Euler angles
are determined relative to the SEM reference coordinate
system. AE maps display microstructures quantitatively,
using color schemes in which similar colors indicate similar
crystallographic orientations. IPF orientation maps (X, Y,
and Z) use an RGB coloring scheme obtained from inverse
pole figure plots and display preferred crystallographic
orientations parallel to a selected significant sample direc-
tion, such as for example a lineation or stress direction if
known. EBSD phase maps show the spatial distribution
and relationships of the phases measured.

In this study we used equal area, upper hemisphere
stereographic projections (pole figures — PF) to display
the CPO of aegirine, arfvedsonite, and feldspar alongside
any topotactic relationships between these two minerals.
A low multiple of uniform density (MUD) value, illustrated
alongside the relevant PF, generally indicates a weak or
randomized fabric.

REsuLTS

Anisotropy of magnetic susceptibility fabrics

The AMS data for the Ilimaussaq samples are summa-
rized in Figures 4, 5, and 6 and Table 1. The kakortokites
have Kipean values of 1.05-1.95 X 107> SI (black kakorto-
kites) and 0.38-0.47 X 10> SI (white kakortokites). A
well-developed positive correlation is observed between
the bulk magnetic susceptibility and the modal proportion
of arfvedsonite across both of these lithologies (Fig. 4a,
Table 1). The three lujavrite samples have similar magnetic
susceptibilities, with K .., ranging between 0.54 and
0.77 X 107 SI (Fig. 4b). The corrected degree of
anisotropy (P;) ranges between 1.004 (for the massive
lujavrite, BR-22) and 1.030 (for the strongly laminated
lujavrite, BR-1). The range of P; for the black and white
kakortokites falls between these two extreme values
(1.007-1.025). Values of T indicate that the AMS ellip-
soids are prolate in all of the kakortokites (—0.014 to
—0.725), but the laminated (aegirine-bearing) lujavrites
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F1G. 5. Lower hemisphere equal area projections of AMS data for the black and white kakortokites. Mean directions of K, K5,
and K; are shown, with associated 95% confidence ellipses. N signifies the top of the projection and has no geographic
significance. The numbers of sub-specimens analyzed for each sample are indicated. Each block was drilled perpendicular to
the plane of visible mineral lamination, oriented approximately horizontal, and which is thus represented by the outer limit of
the projection.
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FiG. 6. Lower hemisphere equal area projections of AMS
data for the lujavrites. Mean directions of K, K,, and
K3 are shown, with associated 95% confidence ellip-
ses. N signifies the top of the projection and has no
geographic significance. The numbers of sub-speci-
mens analyzed for each sample are indicated. Each
block was drilled perpendicular to the plane of visible
mineral lamination, oriented approximately horizon-
tal, and which is thus represented by the outer limit of
the projection. Note that an insufficient number of
sub-specimens were obtained from BR-22 to calculate
confidence ellipses.
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BR-9 and BR-1 have moderately to strongly oblate
ellipsoids (T values of 0.360 and 0.701, respectively;
Fig. 4c). Sample BR-22 reveals a prolate AMS ellipsoid
(T = —0.469).

The AMS data are plotted on lower hemisphere equal
area projections in Figures 5 and 6. Because the plane of
lamination has been oriented approximately horizontal
before drilling, it is delineated by the perimeter (primi-
tive) of these projections. The cumulative uncertainty in
lamination orientation resulting from cutting and drilling
of the block samples is estimated at <5°, based on visual
inspection of samples during the cutting process and
before drilling. The K; axis is generally perpendicular
to the kakortokite mineral lamination. Samples ML-36,
ML-37, ML-54, and ML-58 reveal K, that is more or
less perpendicular to the silicate foliation, whereas sam-
ples ML-35 and ML-40 have K, axes that plunge at an
angle of up to 30° away from the vertical. Tightly con-
strained sub-vertical K; axes combined with high negative
T values show that AMS ellipsoids from the kakortokites
are mainly prolate, despite the planar nature of the visible
petrofabric (Fig. 5). These observations may be inter-
preted to reflect inverse magnetic fabrics (Rochette
1988), i.e., where the visible petrofabric elements of the
rock, foliation, and lineation (if present) are represented
by the K»,—Kj; plane and K; axis, respectively.

In contrast to the kakortokites, the principal susceptibil-
ity axes for the lujavrites are less well defined. An insuffi-
cient number of sub-specimens (n = 3) were extracted
from BR-22 to calculate the 95% confidence ellipses. In
both samples BR-1 and BR-9, K is the most well defined
susceptibility axis and plunges moderately to shallowly
(Fig. 6). The magnetic foliation, defined by the K;—K,
girdle, in both BR-1 and BR-9 appears to be oriented at a
moderately high angle to the silicate petrofabric: 30-60°
inward from the primitive of the equal area projection.

Rock magnetic characteristics

Continuous low-field susceptibility versus temperature
results. The Curie point temperature of stoichiometric
magnetite has been shown to decrease with increasing
Ti-content (i.e., ulvospinel) (Readman & O’Reilly 1972,
Moskowitz 1981, Nishitani & Kono 1983). Magnetite
has a magnetic susceptibility several orders of magni-
tude greater than paramagnetic mineral phases (Tarling
& Hrouda 1993). Low-field susceptibility versus tempera-
ture experiments, therefore, provide a quantitative means
to estimate mineral composition based on the Curie point
estimate(s) for one or more magnetic phases present
within the sample. The bulk magnetic susceptibility of
all samples is low (<107 SI volume), which is consistent
with a lack of an Fe-Ti oxide phase in these samples and
suggests the overall susceptibility is governed by para-
magnetic phases (Table 1). All samples yield inferred
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Curie point estimates between 561 and 596 °C using
either the Hopkinson Peak (Hopkinson 1890) or inflec-
tion point methods (Tauxe 1998) (Fig. 7). These tem-
peratures are consistent with the presence of a Fe-Ti
oxide phase, although we argue below that this is not a
primary magnetic phase that exists in the rocks, but an
artifact of the heating experiment, wherein a ferrimag-
netic phase grew during heating, even though the tests
were conducted in an inert Ar atmosphere. Results of
repeat low-field susceptibility versus temperature experi-
ments on sample ML-58 reveal a net ~5% increase in mag-
netic susceptibility following heating to 500 °C (Fig. 8).
Subsequent stepwise heating experiments show that the
magnetic susceptibility systematically increases in each of
the heating experiments, up to the maximum temperature
of 700 °C. The data presented in Figure 8 suggest that the
Fe-Ti oxide (likely titanian magnetite) grew due to heating
and was not present in the natural sample. The conditions
of the susceptibility versus temperature experiment may
lead to changes in the magnetic phases due to the partially
oxidizing environment of the sample holder. Some oxida-
tion occurred due to the presence of O, on grain surfaces
and boundaries within the sample, despite the Ar atmo-
sphere within the sample chamber. Both curves follow sim-
ilar courses, but the cooling curve is progressively shifted
toward higher susceptibility in each step. This often reflects
the situation when a new magnetic phase is generated by
heating of a less magnetic phase (e.g., Fe-Mg silicate),
resulting in a shift in the cooling curve (Irving 1970,
Marshall & Cox 1972, Johnson & Atwater 1977, Hrouda
2003). All but one sample (ML-36) exhibit this behavior,
i.e., a slight increase in susceptibility on the cooling curve.

Room temperature susceptibility in variable fields. The
analysis of the susceptibility in variable fields (2-700
A/m) shows that the samples have no dependence on
applied field intensity (Fig. 9). The average bulk sus-
ceptibilities in field dependence experiments range
between 0.15 and 0.62 X 1072 SI, in good agreement
with the mean susceptibility data collected during AMS
analysis and in line with typical values for paramagnetic
mineral phases or low concentrations of ferrimagnetic
material (e.g., low-Ti titanian magnetite; Tarling & Hrouda
1993). However, even at very low concentrations (<<0.01
wt.%), titanian magnetite has a susceptibility that is an order
of magnitude greater than the susceptibilities observed in
these samples. From the measurement at 30 and 300 A/m,
the percentage of field dependence yHd% yields values
less than 1% in all cases (average —0.62%). The lack of
field dependence is consistent with petrographic observa-
tions showing the absence of visible ferrimagnetic (oxide)
minerals in these samples (De Wall 2000).

Room temperature hysteresis measurements. Hysteresis
experiments were conducted on eight selected samples
(Fig. 10). All show a linear increase in magnetization in
saturating fields of +£3.0 Tesla. The width and the degree
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of constriction of the hysteresis loops do not vary sys-
tematically with increasing applied field. There is no evi-
dence of the presence of a ferrimagnetic phase and these
data are interpreted to reflect the dominance of a para-
magnetic phase on the magnetic mineralogy of the Ili-
maussaq kakortokites and lujavrites.

MPMS results. The MPMS experiments were con-
ducted on representative samples of each lithological
type (ML-35, ML-54, ML-58, and BR-22; Fig. 11a, b, c,
d). Sample ML-54 shows no decrease or increase in rem-
anence on cooling, indicating that the magnetic moment
of the material does not show a dependence on tempera-
ture and that the zero field in the chamber is very low
(Fig. 11a). The large initial remanence on the warming
curve is the LTSIRM and does not reflect a paramagnetic
component. The sharp drop between 10 and 50 K may
be due to the pyrrhotite transition or to some other
unknown phase that disorders or unblocks below 50 K.
The (monoclinic) pyrrhotite transition is usually sharp at
35 K (Rochette et al. 1990, 2001), so the former possibil-
ity is considered more likely here, given the petrographic
observation of accessory pyrrhotite in kakortokites.

Two low-temperature experiments were conducted
on sample ML-58: (1) RTSIRM and LTSIRM on a stan-
dard sample and (2) a repeat experiment on a concentrate
of the magnetic fraction. Both experiments yield nearly
identical results (Fig. 11c). On cooling, the remanence
remains constant up to ~80 K and falls off rapidly from
80 to 30 K, as observed for ML-54. On warming, similar
behavior is also observed to that in sample ML-54. For
sample BR-22, we applied a 3.0 T field and cooled (FC)
the sample to 10 K and measured the remanence on
warming to 300 K (Fig. 11d). We observe a significant
loss in remanence from 10 K (1.12 X 10~' Am%kg) to
60 K (1.24 X 10~* Am*kg) followed by an approximately
linear decrease in magnetic moment from 70 K (9.86 X
107> Am*kg) to 300 K (3.83 X 10~° Am*kg). Similar to
ML-54, the sharp drop between 10 and 50 K could be due
to the pyrrhotite transition or to an unknown phase that
disorders or unblocks below 50 K.

A FC-ZFC experiment was conducted on sample
ML-35. Both curves yield identical behavior on warming
from 10 to 300 K: a sharp drop between 10 and 60 K and a
linear decrease in remanence from 60 to 300 K (Fig. 11b).

In summary, the low-temperature MPMS experiments
for the kakortokites show a range of behavior character-
ized by a loss in remanence over several temperature inter-
vals but little evidence of diagnostic crystallographic phase
transitions indicative of the presence of a unique ferrimag-
netic or ferromagnetic phase. The lack of low-temperature
phase transitions or disordering between 120 and 130 K
indicates that these samples do not contain a low
Ti-titanian magnetite phase. In addition, there is no
evidence of the Morin transition that would reflect the
presence of titanian hematite.
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FiG. 7. Continuous (normalized) low-field susceptibility versus temperature measurements from room temperature to 700 °C.
The red curves are for heating steps and the blue curves are for cooling steps. Curie points of ferromagnetic (senso lato)
materials are typically estimated using either the inflection point (Tauxe 1998) or Hopkinson Peak methods (Hopkinson
1890). All Ilimaussaq samples yield paramagnetic behavior where the magnetic susceptibility (X) exhibits hyperbolic
decay with increasing temperature following the paramagnetic Curie-Weiss law [X = C/(T — T,)], where C is a material-
specific Curie constant, T is absolute temperature, and T, is the Curie temperature, both in K). No evidence of primary fer-
romagnetic (s.l.) magnetic phases is observed, although for most samples, a ferromagnetic (s.l.) material did grow from
the Fe-Mg silicates in the samples during the heating experiment (see Figure 8 and text for discussion).
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F1G. 8. Stepwise reheating low-field susceptibility versus tem-
perature experiments on sample ML-58. The experiments
were carried out in an Ar atmosphere, initially from 40 to
540 to 40 °C, and then to progressively higher temperature
targets on the same mass of the powdered sub-specimen.

A subset (600, 630, 670, and 700 °C) of the sample runs
are shown here.

For the RTSIRM and LTSIRM experiments on sample
BR-1, the remanence on cooling from 300 to 10 K was
measured in a 3.0 T field, and the shape of the curve is
close to 1/T, indicative of a paramagnetic phase (Fig. 12a).
We model it as a Curie-Weiss paramagnet with M = kH
and k oc 1T — 0), where 0 is the ‘paramagnetic Curie
constant’. For these data, a straight line is fitted on a plot
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F1G. 9. Room temperature low-field susceptibility experiments in
variable fields. These experiments provide data to evaluate
the susceptibility dependence on direct current (DC) applied
fields from 2 to 700 A/m using the MFK1-A. The analysis
indicates that the samples have no dependence on applied
field intensity with the average bulk susceptibilities ranging
between 0.15 and 0.62 X 107> SL The black and white
symbols are for black and white kakortokites, respectively,
whereas the green symbols represent the lujavrites.
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FiG. 10. Hysteresis experiments from eight representative
Ilimaussaq samples. The experiment involved vibrating the
sample within a 3.0 T peak applied field at 83 Hz. All sam-
ples show a linear increase in magnetization to a maximum
field of +£3.0 Tesla. The width and the degree of constric-
tion of the hysteresis loops do not vary systematically with
increasing applied field. Note that the figure is clipped to
300 mT to clearly show the low-field behavior.

of M versus 1/(T — 0) when 0 is ~ —30 K (Fig. 12b).
The negative sign of 0 indicates that there is a weak anti-
ferromagnetic interaction, possibly reflecting the presence
of one of the trace Fe-bearing sulfides (e.g., 16llingite) or
an unidentified phase.

Electron backscatter diffraction results

The EBSD data for ML-36 and BR-1 are displayed
in Figures 13 and 14, respectively. Arfvedsonite is the
primary Fe-bearing mineral in ML-36 (Fig. 13c), with
subsidiary aegirine, sphalerite, and eudialyte (dark gray
areas, not indexed due to poor quality EBSPs). These
minerals can be clearly distinguished by differences in
microstructure as well as by their crystallographic and
diffraction characteristics, such as crystal systems, space
groups, and Kikuchi band intensities. The pole figure for
ML-36 shows a clear clustering of [010] arfvedsonite
axes (MUD = 3.43) perpendicular to the plane of the thin
section (Fig. 13b), which is also the lamination plane. Arf-
vedsonite [001] axes are arranged in a weak cross-lineation
pattern in the plane of the sample surface, whereas the
[100] axes exhibit a very weak alignment (approximately
parallel to the plane of the sample surface). In Figure 13a
an [PF map of >1000 arfvedsonite grains highlights that
the [100] and [001] axes are contained in the lamination
plane and are randomized within it (light green to light
blue grains and light blue inset as example orientation).
Only a low number of grains display [001] alignment
close to the direction of the lamination plane normal (red
grains and red inset as example orientation). Aegirine in
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FiG. 11. Results of the Magnetic Properties Measurement System experiments on representative samples from the Ilimaussaq
intrusion for samples (a) ML-54, (b) ML-35, (¢) ML-58, and (d) BR-22. The two experimental set-ups used were as fol-
lows: (1) room temperature saturation isothermal remanent magnetization SIRM (RTSIRM) and low-temperature SIRM
(LTSIRM) and (2) field cooled (FC) and zero-field cooled (ZFC). See text for further discussion.

ML-36 is distributed in relatively minor quantities around
the edges of arfvedsonite crystals (purple colored phase in
Fig. 13c). The pole figure for aegirine indicates the same
crystallographic fabric as arfvedsonite, i.e., a strong clus-
tering of [010] axes around the lamination plane normal
(Z direction), a relatively weak cross-lineation for [001] in
the plane of lamination, suggestive of a decussate texture,
and a weak to random orientation distribution of [100]
axes (Fig. 13d).

Sample BR-1 contains aegirine, alkali feldspar, and
eudialyte as the main rock-forming minerals, with sparse
but also coarse-grained patches of arfvedsonite. The phase
map of BR-1 (Fig. 14c) suggests that aegirine crosscuts
alkali feldspar and also shows the close spatial relation-
ship between these two phases (see also Fig. 14a). Aegir-
ine pole figures reveal strong [100] clustering in the Z
direction (MUD = 11), parallel to the lamination plane
normal (Fig. 14b). The [010] axes populations form a gir-
dle in the plane of the sample surface (lamination plane)
with a very weakly developed clustering observed in the
NW-SE direction. Similar to ML-36, the aegirine [001]
axes exhibit a weak cross-lineation (NE-SW) suggesting
decussate texture. This texture is highlighted in the aegir-
ine IPF Z map, which shows a dominance of red and light

blue orientations (Fig. 14a), and is also represented sche-
matically in the small red and light blue boxes (Fig. 14a).
Though constrained by the relatively small number of
large grains analyzed within the sample area, the EBSD
data show that the alkali feldspars all have [010] parallel
to the thin section normal, with [001] and [100] distrib-
uted in a girdle within the plane of the lamination (Fig.
14d). The data hint at clustering of the latter two axes,
such that alkali feldspar [001] is parallel to the weakly
developed maxima observed for [010] in aegirine, and
similarly [100] in alkali feldspar is parallel to [001] in
aegirine. We also note that pole figures (not shown) for
the approximately millimeter sized eudialyte phenocrysts
show some clustering of [0001] (c axes) subparallel to the
lamination plane normal.

Discussion

Origin of the magnetic fabrics in the kakortokites and
lujavrites

The orientation of the AMS susceptibility ellipsoid
is controlled by a combination of the shape-preferred
orientation and the crystalline and distribution anisotropy
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Fig. 12. For sample BR-1, the remanence on cooling and
warming from 300 to 10 to 300 K was measured in a 3.0
T field. The shape of the curve is close to 1/T (following
the paramagnetic Curie-Weiss Law) and reflects a pure
paramagnet (a). This is modeled as a Curie-Weiss para-
magnet (b) as described in the text.

of the different ferri/ferromagnetic and paramagnetic min-
eral phases in a rock (Owens 1974, Rochette et al. 1999).
The AMS ellipsoid commonly mimics the petrofabric of
the silicate minerals and the fabric is said to be ‘normal’
(see Borradaile & Jackson 2010, O’Driscoll ez al. 2008).
Normal magnetic fabric occurs when K; is parallel to the
structural lineation (e.g., stretching, magma flow, or
palaeocurrent lineation) and Kj is perpendicular to the
structural foliation (flattening plane, magmatic foliation, or
bedding plane). AMS studies can also reveal ‘inverse
fabrics’ where the K; and K; axes are inverted with
respect to the silicate petrofabric (Rochette 1988, Ferré
2002) and in other cases, ‘intermediate fabrics’ are
observed where K; and K, or K, and K3 are switched
(Ferré 2002). Additional complexity can arise if a com-
posite fabric, comprising ‘mixtures’ of the above and nor-
mal fabrics, is recorded as a single averaged tensor (Parés
& van der Pluijm 2002, Parés 2004). To provide context
for the Ilimaussaq data, the origin and occurrence of
inverse and intermediate fabrics is briefly reviewed here.
The term ‘inverse magnetic fabric’ was originally
coined by Rochette (1988), who proposed two possible
models: (1) ¢ axis preferred orientation of ferroan carbonate
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grains whose maximum susceptibility is parallel to the ¢
axis (see below), and (2) single-domain (SD) elongated
ferromagnetic grains. In strongly magnetic minerals (i.e.,
intrinsic magnetic susceptibility > 1), the easy axis of
magnetization parallels the long axis of the grain (i.e.,
shape anisotropy), and for multidomain (MD) grains a
normal magnetic fabric is predicted. In SD grains, the
easy axis fixes the direction of the spontaneous magnetiza-
tion perpendicular to the long axis of the grain, resulting in
minimum (near zero) susceptibility along that axis of
the grain (Jackson 1991, Rochette et al. 1999). In
magnetite- or maghemite-bearing rocks, where SD grains
dominate, inverse fabrics are produced (e.g., Potter &
Stephenson 1988, Rochette 1988, Borradaile & Puumala
1989, Jackson 1991, Borradaile & Jackson 2004).
Borradaile & Jackson (2004) point out that unless SD
grains are present in relatively high abundances, mixed or
composite fabrics in which the SD ‘subfabric’ inter-
feres or obscures the MD fabric might be expected.
Potter & Stephenson (1988), Rochette (1988), and
Borradaile & Puumala (1989) all provide examples
of inverse fabrics carried by SD magnetite or maghe-
mite. Superparamagnetic grains may also give rise to
inverse magnetic fabrics (Gianalella & Heller 1994). In
lower susceptibility, paramagnetic minerals (intrinsic
magnetic susceptibility < 1.0 SI) that display crystal-
line anisotropy, such as phyllosilicate minerals (e.g.,
biotite), K; is parallel to the ¢ axis (i.e., perpendicular to
the sheet silicate plane), resulting in a normal magnetic
fabric. Normal magnetic fabrics are observed when the
dominant magnetic mineral phases are pyrrhotite, hema-
tite, and the phyllosilicates, along with MD magnetite
and maghemite.

As summarized by Rochette et al. (1999), some
paramagnetic and antiferromagnetic minerals exhibit a
minimum susceptibility (K3) parallel to their long axis
that may result in an inverse fabric (e.g., tourmaline,
cordierite, and goethite; Rochette e al. 1992). Tourmaline-
bearing granites consistently exhibit inverse magnetic
fabrics (Rochette et al. 1994, Ferré & Améglio 2000).
For the Fe-bearing carbonate minerals with maximum
susceptibility along their ¢ axis, the origin of the inverse
fabric is linked to a preferred orientation of ¢ axes paral-
lel to the shortening direction, resulting from plastic flow
of the rhombohedral crystals (see Rochette et al. 1999).
Inverse fabrics due to iron-bearing carbonates (e.g., sid-
erite, ankerite, and dolomite and calcite with only 1%
substituted Fe,C) have been described in tectonically
deformed limestones by Rochette (1988), IThmlé¢ et al.
(1989), and Ellwood et al. (1986), while Hirt & Gehring
(1991) and Winkler ez al. (1996) argued for inverse fab-
rics with a compaction-related origin. Inverse fabrics
have not, to our knowledge, been previously reported for
arfvedsonite or, indeed, for any igneous rock dominated
by amphibole, although Biedermann ez al. (2018) noted
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FiG. 13. (a) Inverse pole figure (IPF) map with respect to the Z direction (page normal) for arfvedsonite in ML-36. Schematic
unit cells in the small light blue and red rectangular boxes provide example orientations of light blue to green grains and
red grains, respectively. (b) Scattered pole figure data (top) and density contour plot of pole figure data (bottom) for arf-
vedsonite. (c) Phase map for kakortokite sample ML-36: green, arfvedsonite; pink, aegirine; blue, alkali feldspar; yellow,
sphalerite; and light blue, albite. All grain boundaries in arfvedsonite are high-angle boundaries (>10°). (d) Scattered pole
figure data (top) and density contour plot of pole figure data (bottom) for aegirine. For both contour plots, half width is
20° and data clustering is 10°. The color scales beside the pole figure contour plots illustrate multiples of uniform density

(MUD) values.

that hornblende-rich amphibolites from Mere-Trondelag
Fault Complex (Central Norway) had K5 perpendicular
to the silicate foliation, but K; at a high angle to the visi-
ble lineation.

Several processes operating at different length-scales
have been held responsible for intermediate magnetic
fabrics in igneous rocks, including grain distributions,
mixtures of different magnetic mineral phases present in
the rock, and interactions among the ensemble of mineral
grain magnetic moments (e.g., Rochette & Fillion 1988,
Ferré 2002). Briefly, these processes include the interplay
between the AMS, the remanent magnetization (anisot-
ropy of anhysteretic remanent magnetization), and the
magnetic history (i.e., isothermal remanent magnetiza-
tions) where the remanent magnetization imposes a bias
on the AMS fabric and modification to the domain struc-
ture such as alternating field demagnetization prior to
AMS measurements. Distribution anisotropy may inter-
fere with grain shape anisotropy due to dipolar interac-
tions between neighboring grains, and mixing of normal
and inverse fabrics where the net susceptibility is carried

by two or more magnetic mineral phases can produce
composite or intermediate fabrics (Hargraves ef al. 1991,
Rochette et al. 1992).

In terms of paramagnetic minerals that yield inter-
mediate fabrics, much remains unknown. For example,
Hrouda (1982) states that chain silicates such as pyrox-
enes and amphiboles yield normal magnetic fabrics. Yet
the early unpublished work of G.R. Parry (see Owens &
Bamford 1976) contradicts Hrouda (1982), as several sili-
cates show K, axes parallel to the long crystallographic
axis (e.g., orthopyroxenes and riebeckite, as well as the
nesosilicate staurolite (Wiedenmann ez al. 1986, Rochette
et al. 1992). Borg & Borg (1980) reported that the mag-
netic moment for Fe*" in the solid solution series between
riebeckite and arfvedsonite is not parallel to a principal
crystallographic axis, leading to a magnetic anisotropy at
an angle to the silicate mineral fabric. A detailed study of
two clinopyroxene crystals (one magnesian hedenbergite
and one aegirine-augite) shows the K; axis within the a-c
crystallographic plane is oriented between the a and c
directions (Baum et al. 1997). The b axis is close to the
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FiG. 14. (a) Inverse pole figure (IPF) map with respect to the Z direction (page normal) for aegirine in BR-1. Schematic unit
cells in the small light blue and red rectangular boxes provide example orientations of light blue to green grains and red
grains, respectively. An arfvedsonite oikocryst is visible on the left. (b) Scattered pole figure data (top) and density con-
tour plot of pole figure data (bottom) for aegirine. (c) Phase map for lujavrite sample BR-1: pink, aegirine; blue, alkali
feldspar; green, arfvedsonite; dark gray, eudialyte. (d) Scattered pole figure data (top) and density contour plot of pole fig-
ure data (bottom) for alkali feldspar. For both contour plots half width is 20° and data clustering is 10°. The color scales

beside the pole figure contour plots illustrate multiples of uniform density (MUD) values.

K, and K3 axes in the hedenbergite and the aegirine,
respectively. A more recent set of studies by Biedermann
et al. (2015a, b, 2018) characterized the magnetic fabrics
of single crystals of a number of pyroxene and amphibole
phases. For example, in the diopside—augite series, K, is
parallel to the b axis and K is at ~45° to the ¢ axis. Of
direct relevance to the current study, Biedermann et al.
(2015a) showed that single aegirine crystals have K, par-
allel to b, with K, parallel to c. Biedermann et al. (2015b)
reported intermediate fabrics for a range of amphibole spe-
cies (tremolite, actinolite, and hornblende), with K5 paral-
lel to the crystallographic a axis and K, parallel to b, for
measurements on single crystals. The latter study also
showed that gedrite, an orthoamphibole, displayed normal
magnetic fabrics. Richterite was shown to have K, parallel
to b and K,—Kj; distributed in the a—c plane. Biedermann
et al. (2015a, b, 2018) attributed the variations in single
amphibole crystal magnetic anisotropy to crystal structure,
mineral chemical variations, the oxidation state of Fe, if
present, and the presence or absence of Fe-oxide inclu-
sions. We are in accord with the conclusion that the differ-
ent results for amphiboles reported by Biedermann et al.
and other authors (op. cit.) are at least partly a function of

the complex variations in crystal chemistry observed in
members of the amphibole group.

The rock magnetic data reported in the present study
are interpreted to indicate that the remanence and suscep-
tibility, and therefore the AMS fabrics, of the Ilimaussaq
kakortokites and lujavrites are dominated by a paramag-
netic mineral phase (or phases). There is no evidence for
a control on AMS fabrics by ferro/ferrimagnetic phases,
consistent with petrographic observations on these rocks.
The experimental results are consistent with the petro-
graphic observations, which do not reveal the presence of
any oxide phases in the samples examined. The morphol-
ogy of eudialyte is equant in these samples, so this miner-
al’s shape anisotropy is unlikely to be a significant
contributor to the magnetic fabrics observed. We calcu-
lated the theoretical paramagnetic susceptibility for arf-
vedsonite using the formula of Syono (1960) and Rochette
et al. (1992) together with the mineral chemical data of
Lindhuber et al. (2015), and attained susceptibilities on the
same order of magnitude as those reported in Table 1.
Together with the relationship shown in Figure 4a,
showing the positive correlation between K¢, and arf-
vedsonite modal proportions, we argue that the bulk
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magnetic susceptibilities and hence the AMS fabrics in
the kakortokites are controlled by arfvedsonite.

It is not uncommon for igneous rocks that lack ferro/
ferrimagnetic minerals to possess strong AMS fabrics
(Bouchez 1997). That most kakortokite samples analyzed
yield inverse AMS fabrics when compared to the well-
developed arfvedsonite lamination, the latter clearly evi-
dent from our petrographic observations and EBSD
data (Figs. 2, 14), is unusual. Notably, these fabrics
clearly bear a resemblance to the inverse magnetic fab-
rics reported from some tourmaline-rich granites (e.g.,
Rochette 1988, Scaillet et al. 1990, Rochette et al.
1992), particularly samples ML-36, ML-37, ML54, and
ML-58. Samples ML-35 and ML-40 exhibit neither
ideal normal nor inverse fabrics. However, K; plunges
relatively steeply, so it is suggested that these data repre-
sent a composite fabric, with the tensor for each averaging
the arfvedsonite inverse fabric and another component. It
is noteworthy in this regard that Lindhuber ez al. (2015)
reported some laminated kakortokites at the transition
from black to white layers that preserve two shape pre-
ferred orientations of their alkali feldspar: one parallel or
subparallel to layering and one dipping downward within
layers. Lindhuber ef al. (2015) did not speculate on the
origin of this alkali feldspar fabric, but we observe such
a configuration expressed by arfvedsonite in ML-35,
ML-40, and ML-36. Note that for ML-36, this fabric can
be observed in Figure 13a, where the red colored grains
indicate that some arfvedsonite ¢ axes are oriented paral-
lel to the lamination normal.

The laminated lujavrites (BR-1 and BR-9) do not
exhibit perfectly normal nor inverse fabrics. The AMS
ellipsoid shapes in BR-1 and BR-9 are both relatively
strongly oblate, but there is strong discordance between
K5 and the pole to the visible lamination (>60° in both).
The linear and planar elements of the AMS in both sam-
ples are approximately equal. The bulk magnetic suscep-
tibilities for the lujavrites also appear to correlate with
the differences in arfvedosonite abundance (Fig. 4a,
Table 1). It is possible that aegirine, which is the main
carrier phase for the mineral lamination in both BR-1
and BR-9 and which should have a normal magnetic fab-
ric (Biedermann et al. 2015a), exerts a partial control on
the AMS fabric. However, we suggest that the deviation
from normal fabrics for these samples is explained by
the presence of arfvedsonite, which has an order of
magnitude higher magnetic susceptibility and which is not
strongly aligned, in all samples (Fig. 4a). This is supported
by the EBSD data for BR-1, which indicate that the distri-
bution of aegirine within the foliation planes produces a
strong (crystallographically controlled) mineral lamination
(Fig. 14a, b). We calculated theoretical bulk susceptibili-
ties for aegirine based on the mineral chemical data
reported in Ratschbacher et al. (2015) and produced
values on the order of 50-80 X 107° SI, an order of
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magnitude lower than that calculated for arfvedson-
ite. This suggests that the AMS fabrics in the lujav-
rites are largely, if not completely, controlled by the
lower abundance, higher susceptibility phase, with a
contribution from the higher abundance, lower sus-
ceptibility phase (aegirine), to give a mixed fabric
result and explaining the lack of a clear relationship
between the mineral lamination and the magnetic fab-
ric. The EBSD data also suggest that the anastomos-
ing nature of aegirine crystals within the rock does
not significantly affect the bulk fabric. In BR-1, the
sparse occurrence of large arfvedsonite oikocrysts
means that any measurements of this mineral’s CPO
are not statistically significant and are therefore of
limited value for our interpretations. In BR-22, fine-
grained arfvedsonite is disseminated throughout the
sample, up to 15 vol.%, but an insufficient number of
sub-samples were analyzed to fully interpret the
AMS fabrics.

Finally, although several sulfide phases have been
reported in the Ilimaussaq kakortokites and lujavrites
(e.g., Lindhuber et al. 2015, Ratschbacher et al. 2015),
supported by the petrographic observations reported
here, these are not considered to be significant contribu-
tors to the AMS. The principal reason for this is that
they exist in trace amounts and similar AMS fabrics are
present in a range of samples whether or not the sulfide
is observed. Given the strong, albeit inverse, relation-
ship observed between some of the kakortokite AMS
fabrics and the silicate lamination, it is not considered
likely that isolated, anhedral irregularly oriented and
trace amounts of sulfide can explain the magnetic fab-
rics observed. Furthermore, the hysteresis curves pre-
sented here show a convincing paramagnetic response to
the applied field up to 3.0 Tesla (Fig. 10), suggesting that
ferrimagnetic sulfide (e.g., pyrrhotite) is not significant in
carrying the AMS fabrics.

Mechanisms of fabric acquisition in the llimaussaq
cumulates

Mineral lamination in the kakortokites and lujavrites
of the Ilimaussaq intrusion has generally been interpreted
in the context of layer-forming processes; however, there
remains no generally accepted model for the formation of
either (see Upton et al. 1996 and Marks & Markl 2015
for comprehensive reviews). Models for the rhythmic lay-
ering of the kakortokites have notably included density-
driven segregation of the mafic crystals from the felsic
ones during settling (e.g., Bohse et al. 1971, Ferguson
1964, Ussing 1912), in situ crystallization following sup-
pression of feldspar growth (Larsen & Serensen 1987),
and crystal mat formation (Bons ez al. 2015, Lindhuber
et al. 2015). The acicular habit of arfvedsonite and its set-
tling to form dense crystal mats that then acted as local
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barriers to settling and flotation were envisaged as factors
in the development of the black, red, and white kakorto-
kites by Lindhuber et al. (2015). However, Hunt et al.
(2017) adapted the model of Larsen & Serensen (1987)
and proposed in situ crystallization of the black and red
portions of the kakortokite layers, with delayed crystalli-
zation of feldspar and subsequent localized sorting, i.e.,
settling and flotation, to produce each of the rhythmic
kakortokite layers.

The long-standing model for lujavrite formation
envisages them as having crystallized in situ, sandwiched
between older (roof series) rocks above them and the
related but earlier crystallized kakortokites that lie strati-
graphically beneath them (Larsen & Serensen 1987).
However, this model was challenged by Ratschbacher
et al. (2015), who interpreted the lujavrite sequence as a
distinct late-stage intrusive unit that forms a sill-like
structure. They interpreted the lamination observed in the
lujavrites as magmatic in origin and noted, as observed
here, that foliations wrap phenocrysts but are also locally
overgrown by the rims of such phenocrysts, demonstrat-
ing the presence of melt in interstitial spaces during fab-
ric formation. Ratschbacher ez al. (2015) documented the
presence of a lineation carried by aegirine in lujavrites
lower in the sequence, including BR-1. They also
reported that intra-crystal (plastic) deformation micro-
structures are comparatively rare, though they suggested
that fabric-forming processes continued into the postcu-
mulus and perhaps even the subsolidus stage, based on
the presence of late-crystallizing phases (e.g., analcime)
in pressure shadows and minor undulose extinction in
late-stage interstitial minerals.

Our new AMS data do not allow for direct interpreta-
tions to be made with respect to kakortokite and lujavrite
petrogenesis, but combining the observations from the
magnetic fabrics with those from the EBSD data and
petrography reveals interesting insights. Allowing for the
inverse fabrics in most of the kakortokites, K3 should
thus reflect a mineral lineation. The AMS data show that
K5 is weakly defined, if resolvable at all, compared to
K, in the kakortokites. This observation, together with
the arfvedsonite EBSD data for ML-36 (Fig. 13), indicat-
ing a decussate texture, suggests that the kakortokites do
not contain a lineation that can be related to flow. Mecha-
nisms of fabric acquisition that can develop planar fab-
rics with no lineation in layered intrusion cumulates
could be primary, such as crystal settling, or postcumu-
lus, such as compaction. Other processes, such as either
deposition from within localized (crystal-rich) density
currents or asymmetric shearing of the partly solidified
crystal mush, might be expected to produce a silicate lin-
eation. Holness et al. (2017b) set out a range of micro-
structural criteria by which solid-state deformation (e.g.,
compaction) of cumulates could be discerned, although
they did not explicitly consider the case where late-stage
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postcumulus processes operate on already laminated cumu-
late, accentuating or complicating an already existing
fabric. Notwithstanding, evidence for viscous deforma-
tion is an important criterion on which to base interpre-
tations of compaction (Holness ez al. 2017b). The main
fabric-forming minerals in the kakortokites, arfvedson-
ite and alkali feldspar, have undergone a degree of sec-
ondary postcumulus alteration in most of the samples
studied here, but show only localized and minor evidence
for brittle deformation, such as intra-crystal fractures and
bending of euhedral crystals. Other microstructural evi-
dence of solid-state deformation (such as twin disloca-
tions in feldspar) or dynamic recrystallization are rare to
absent. This observation is in agreement with Lindhuber
et al. (2015), who found that evidence for solid-state
deformation of the high aspect ratio cumulus phases such
as alkali feldspar was relatively rare.

A primary mode for fabric formation thus seems
most likely for the kakortokites. Hunt ez al. (2017)
argued that because the black kakortokites exhibit a
stronger lamination than the white kakortokites, com-
paction must have played a role in enhancing (accentu-
ating) the fabric in the former. However, based on the
criteria set out by Holness et al. (2017b), we argue that
compaction must have been relatively limited, because
of the lack of microstructural evidence observed for
solid-state deformation. A model where formation of
each of the rhythmic kakortokite layers initially involved
development of dense mats of arfvedsonite explains our
observations better. For example, such arfvedsonite mats
would be relatively impermeable, meaning that some
interstitial melt could be trapped to react with primoc-
rysts in the crystal mush, explaining why the cumulus
phases (e.g., alkali feldspar and arfvedsonite) in the black
kakortokites are generally more altered than in the white
kakortokite. In this light, it is worth noting that the
EBSD data suggest topotactic growth of aegirine on the
edges of arfvedsonite crystals (Fig. 13c). Arfvedsonite in
the white kakortokites exhibits magnetic foliations simi-
lar, albeit weaker, to those in the black kakortokites,
which can be accounted for in the crystal mat model by
localized flotation of alkali feldspar-rich cumulate.
Samples ML-36 and ML-37 come from the folded out-
crop of Lindhuber et al. (2015) shown in Figure 2h, and
it is notable that they have the best defined magnetic line-
ations (K3), although it is difficult to speculate further on
the origin of the folding on this basis because our new
EBSD data do not reveal the presence of a lineation in
the arfvedsonite population in ML-36. Nonetheless, the
presence of this folding within the kakortokites suggests
that localized ‘soft sediment’ deformation may have
occurred. However, it should be noted that the field evi-
dence for postcumulus deformation, such as folding in
the kakortokites, occurs only very locally and other sedi-
mentary structures, such as trough banding and current
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bedding, are mainly confined to the intrusion margins or
occur close to large autoliths enclosed in the kakortokite
sequences (Upton & Pulvertaft 1961, Bohse et al. 1971).

The lujavrite petrofabric in BR-1 bears some simi-
larities to schistosity in metamorphic rocks, with the
arfvedsonite oikocrysts and eudialyte phenocrysts
resembling ‘porphyroblasts’ that have evidently been
rotated with respect to the foliation (evidenced by the
orientation of the tablet-shaped chadacrysts in the arf-
vedsonite) and with the aegirine typically wrapping
these objects, creating pressure shadows within the
lamination plane, particularly adjacent to eudialyte
crystals. The orientation of the alkali feldspar inclu-
sions in the arfvedsonite oikocryst appears to be con-
tinuous with the lamination outside the oikocryst,
carried by aegirine and alkali feldspar. According to
typical interpretations of such inclusion trail textures
in metamorphic rocks (Schoneveld 1977, Vernon
2004), this signifies rotation of the oikocryst during
formation of the aegirine petrofabric. These observa-
tions point to fabric acquisition at the postcumulus
stage, rather than crystal settling or deposition from
density currents. Although the lujavrite AMS data sug-
gest the presence of a magnetic lineation (K;) in the
samples, the EBSD data show that aegirine carries a
cross-lineation of ¢ axes defining a decussate texture,
and thus does not preserve any convincing evidence
for flow-related or metamorphic-like processes. Thus,
the aegirine fabric is principally planar. The observation
from the EBSD data that the aegirine a axis grows sub-
parallel to the alkali feldspar b axis suggests a topotactic
relationship between these two phases. Given that aegir-
ine needles also crosscut the boundaries of eudialyte
phenocrysts, it appears that aegirine is a relatively late-
crystallizing phase in this rock. This conclusion fits
with the interpretation of Ratschbacher et al. (2015),
that much of the lujavrite texture was being heavily
modified into the postcumulus stage, possibly as a result
of dissolution-reprecipitation. Our new data thus offer
no reason to argue against their conclusion that the
lujavrite is a syn-magmatic intrusive unit, and indeed
offer indirect support to that interpretation. Further
work will be required to decipher the precise controls
on aegirine nucleation and growth in this context, but
our observations that the aegirine fabric may mimic a
preexisting feldspar lamination offers a potentially use-
ful starting point for such investigations.

With respect to mineralization in the Ilimaussaq
Complex, eudialyte-group primocrysts are a major host
for the REE in the kakortokites and the lujavrites. The
textural evidence from kakortokites and lujavrites
reported here and by Ratschbacher et al. (2015), Borst
et al. (2018), and Marks e al. (2020) points to pro-
tracted crystallization of eudialyte into the postcumulus
stage, since aegirine needles crosscut the edges of
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eudialyte phenocrysts. The outer rims of composition-
ally zoned eudialytes in lujavrites are locally highly
enriched in REE+Y (Ratschbacher et al. 2015), perhaps
implying that fractionated interstitial melts migrating
within the crystal mush had the most ‘mineralizing
potential’. Eudialyte in the kakortokites also exhibits
compositionally distinct postcumulus outer rims (Marks
et al. 2020). In the lujavrites, our EBSD data suggest a
clustering of eudialyte ¢ axes perpendicular to the min-
eral lamination planes which, when combined with the
suggestion of topotactic growth of at least some aegirine
onto alkali feldspar, indicates that a planar arrangement
of minerals was present at the crystal mush stage and
was potentially able to control interstitial melt move-
ment and secondary mineral growth.

CONCLUSIONS

This study presents AMS and rock magnetic data
from highly evolved nepheline syenites (kakortokites
and lujavrites) of the Ilimaussaq intrusion to gain fur-
ther insight into the mechanisms of formation of the sil-
icate petrofabric in these cumulate rocks. The magnetic
fabrics observed are complex and do not directly reflect
the silicate petrofabric, which is carried predominantly
by arfvedsonite plus alkali feldspar in the kakortokites
and mainly by aegirine in the lujavrites. Instead, the
data show inverse fabrics for the kakortokites and com-
posite fabrics in the lujavrites. Our comprehensive suite
of rock magnetic experiments support the petrographic
observations that there are no Fe-Ti-oxide minerals pre-
sent in the samples studied. The rocks are therefore
dominated by paramagnetic behavior. This implies that
the inverse magnetic fabrics recorded in the kakorto-
kites studied result from a mineralogical effect, in a
manner similar to that exhibited by tourmaline in cer-
tain granite intrusions. Based on the control arfvedson-
ite evidently exerts on bulk magnetic susceptibilities in
these rocks, this phase is the likely candidate. The com-
posite fabrics in the lujavrites are a consequence of a
mixed response between the relatively low magnetic
susceptibility aegirine, which defines the silicate petro-
fabric, and the relatively high susceptibility arfvedson-
ite, which is present in lower modal abundances than
aegirine and does not, on the basis of petrographic
observation, contribute to the mineral lamination. Our
results also allow for some indirect inferences to be
made on fabric acquisition. The lack of a single resolv-
able silicate lineation and the relative weakness of the
linear component of the AMS fabrics indicates that the
kakortokites and lujavrites contain dominantly planar
fabrics. For the kakortokites, the data appear to best
support the crystal mats model. The new data produced
for the lujavrites align reasonably well with the inter-
pretation of an intrusive origin, such that much of their
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microstructural character was imposed at the postcumu-
lus stage. This study highlights the powerful utility of
combining EBSD with the AMS technique in decipher-
ing the processes responsible for mineral alignment in
igneous cumulates.
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