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Abstract: The mechanisms responsible for igneous layering and the concentration of critical minerals within alkaline
intrusions remain a matter of debate. The Ilimaussaq complex, South Greenland, is a layered alkaline intrusion containing
economically important deposits of rare earth elements. Based on geochemical and petrological data, the two leading
hypotheses for the formation of igneous layering at llimaussaq are: (1) repeated magma recharge and the in situ nucleation of
minerals; or (2) the gravitational settling of crystal mats within a closed magmatic system. We provide novel field, rock
magnetic and crystallographic preferred orientation data from two representative outcrops of igneous layering at Ilimaussaq to
test these hypotheses. Our rock magnetic data show that both arfvedsonite and magnetite contribute to the anisotropy of
magnetic susceptibility fabrics, with magnetite defining a subvertical foliation across the igneous layering. Our data show that
the anisotropy of magnetic susceptibility fabric is inverse to the silicate fabric (i.e. the magnetic foliation is normal to the silicate
foliation) and records consistent sub-horizontal mineral foliations and lineations vertically through the layers. Crucially, the
silicate fabric is often oblique in both strike and dip to the modal igneous layering. Our measured fabrics best support a closed
system crystal mat model and subsequent phases of differential and intrusion-wide compaction.
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Layered igneous intrusions preserve detailed records of the physical
and chemical processes within magma reservoirs (e.g. Irvine 1980;
Tait and Jaupart 1992; Naslund and McBirney 1996; Namur et al.
2015; Nielsen et al. 2015; Latypov et al. 2017; O’Driscoll and Van
Tongeren 2017; Smith and Maier 2021). To date, the vast majority
of studies have focused on layered intrusions that are mafic to
ultramafic in composition (e.g. Boudreau and McBirney 1997
O’Driscoll et al. 2008; Holness et al. 2012, 2017; Nielsen et al.
2015; Latypov et al. 2017; Vukmanovic et al. 2019). Yet even for
well-studied layered intrusions, such as the Stillwater Complex
(USA), the Bushveld Complex (South Africa), the Skaergaard
intrusion (Greenland) and Rum (Scotland), their complex petrog-
raphy means there is often a lack of consensus on how the igneous
layering formed (e.g. Boudreau 1988; Eales and Cawthorn 1996;
O’Driscoll et al. 2008; Latypov et al. 2017; Smith and Maier 2021).
By contrast, alkaline layered intrusions, which can host important
economic rare earth element (REE) deposits within their layers,
have scarcely been investigated (e.g. Marks and Markl 2015; Hunt
etal. 2017; Borst et al. 2018; O’Driscoll et al. 2024). Exploring and
targeting such REE deposits requires an in-depth understanding of
the geological environments and processes that concentrate REES
within alkaline layered intrusions.

The origins of layering in igneous intrusions have primarily been
studied using geochemical and mineralogical approaches (e.g.
Duchesne and Charlier 2005; Pang et al. 2009; Borst et al. 2018).
However, these data are often ambiguous when interpreting the
dominant layering mechanisms (e.g. Boorman et al. 2004). An

alternative approach is to quantify the igneous textures, particularly
the orientation and alignment of the crystal phases (i.e. petrofabrics)
(e.g. Branagan 2005; O’Driscoll et al. 2008, 2015). These data
enable us to quantitatively decipher the crystallization history,
magma reservoir processes and tectonic activity within igneous
systems (e.g. Branagan 2005; O’Driscoll et al. 2008; Petronis et al.
2012; Biedermann et al. 2016; Holness et al. 2017; O’Driscoll and
Van Tongeren 2017; Holness 2018; Mattsson et al. 2021).
However, identifying fabrics within igneous rocks is often difficult
in the field due to the exposure, grain size and crystalline texture.

Anisotropy of magnetic susceptibility (AMS) provides a means
of measuring magnetic fabrics, even when mesoscopic- to
macroscopic-scale fabrics are not visible, in a fast, non-destructive
and three-dimensional manner (e.g. Borradaile 1988; Knight and
Walker 1988; Tarling and Hrouda 1993; Dunlop and Ozdemir 1997;
Borradaile and Jackson 2004; O’Driscoll et al. 2015; Bilardello
2016; Magee et al. 2016; Koopmans et al. 2022). AMS functions as
a tool for recording petrofabrics because most minerals are
magnetically anisotropic — that is, they are easier to magnetize in
certain orientations depending on their crystallography and grain
shape (e.g. Borradaile and Jackson 2004; Martin-Hernandez et al.
2004; O’Driscoll et al. 2008).

Here, we examine the Ilimaussaq complex, a layered alkaline
intrusion located in South Greenland (Andersen et al. 1981; Bailey
et al. 2001; Sgrensen 2001; Upton 2013; Marks and Markl 2015).
Ilimaussaq was emplaced at ¢. 1.2 Ga as part of the Gardar alkaline
province and is of particular interest because its layered suite hosts
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world-class ore deposits containing REEs, Zr, Nb, Hf, Ta, U, Li, Be,
Zn and Th (e.g. Larsen and Sgrensen 1987; Bailey et al. 2001;
Sgrensen 2001; Sgrensen et al. 2011; Schenwandt et al. 2016; Borst
et al. 2018). Two competing models have been proposed to explain
the layering at llimaussag: one model involves pulsed magmatic
injection and in situ crystallization in an open system environment
(Hunt et al. 2017), whereas the other invokes crystal mat formation
and gravitational settling in a closed system (Bons et al. 2015;
Lindhuber et al. 2015; Marks and Markl 2015; Borst et al. 2018).
Recent work on a small suite of samples from Ilimaussaq
demonstrated that AMS accurately records the fabrics in the
highly evolved nepheline syenites (O’Driscoll et al. 2024). We
provide the first comprehensive field and rock magnetic study of
several layer packages at llimaussaq, with exceptionally high spatial
resolution, to test the open and closed system layering hypotheses.
We show that the rock fabric best supports the latter hypothesis
where layers form through crystal mats, in combination with

compaction of the crystal mush, which modifies the layering.

Geological setting
The Ilimaussaq complex

The Ilimaussagq complex is a layered peralkaline (molar (Na + K)/
Al>1)) intrusion within the Gardar igneous province of South
Greenland. The complex formed during two continental rifting
events associated with the 1300-1100 Ma break-up of the
Columbia—Nuna supercontinent (Fig. 1) (e.g. Upton et al. 2003;
Marks et al. 2011; Upton 2013; Marks and Markl 2015). The
Ilimaussaq complex is oval shaped in map view and c¢. 17 km x
8 km in size. It was emplaced at c. 3-4 km depth between the
granitic Julianehab batholith (c. 1800 Ma) and the overlying
terrestrial sandstones and lavas of the Eriksfjord Formation (c.
1300-1270 Ma) (Garde et al. 2002; Krumrei et al. 2006; Upton
2013). The magma was intruded between 1165 and 1155 Ma and
the melt—-mush system was likely active for ¢. 1 Ma (Krumrei et al.
2006; Borst et al. 2019). No evidence of post-emplacement
deformation has been recorded at Ilimaussag, making it an ideal
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Fig. 1. (a) Schematic cross-section through the Ilimaussaq complex, South Greenland. (b) Geological map of the Ilimaussaq complex with the locations of
the rare earth element deposits marked by red diamonds. Labels 1 (Laksetveerelv) and 2 (Kringlerne) mark the locations of the two study areas. (c)
Panoramic photograph of the lower layered kakortokites with units 0 through +12 labelled. The blue dotted lines highlight the layers deflecting around the
autolith. TLK, Transitional layered kakortokite; SLK, slightly layered kakortokite; YGDC, younger giant dyke complex. Source: part (a) modified after
Borst et al. (2018) and Andersen et al. (1981); part (b) modified after Upton (2013).
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natural laboratory to investigate primary alkaline magmatic
processes (Upton et al. 2003; Upton 2013; Marks and Markl 2015).

The Ilimaussaq complex is famous for its mineral layering
and chemically evolved mineralogy. The complex also hosts two
world-class ore deposits: Kvanefjeld contains c. 1 billion tonnes of
total rare earth oxide, U and Zn mineralization, whereas Kringlerne
contains c. 4.5 billion tonnes of total rare earth oxide, Zr and
Nb mineralization (Fig. 1) (Serensen 2001; Borst et al. 2016;
Schgnwandt et al. 2016). The llimaussaq complex formed through
the emplacement of at least four batches of magma: (1) an initial
batch of augite syenite, which occurs around the perimeter of the
complex; (2) a peralkaline granite and quartz syenite, which occur in
the roof of the complex; (3) peralkaline nepheline syenites, which
also occur within the roof horizon; and (4) a separate batch
of peralkaline nepheline syenites that comprises the floor and
‘sandwich’ horizons (Fig. 1) (e.g. Sgrensen et al. 2006; Pfaff et al.
2008; Ratschbacher et al. 2015; Borst et al. 2018). The nepheline
syenites are the most well-studied part of the complex because they
display significant layering and host the REE deposits (e.g. Bailey
et al. 2001; Sgrensen 2001; Hunt et al. 2017; Borst et al. 2018).
Within the nepheline syenites, the roof and *sandwich’ horizons are
locally referred to as naujaite and lujavrite, respectively (Fig. 1). The
floor horizon, locally referred to as kakortokite (Fig. 1), is the focus
of our study because it displays the most well-defined igneous
layering.

The kakortokites are divided into three sequences (Fig. 1a): the
>220 m thick lower layered kakortokites, slightly layered kakortokites
and transitional layered kakortokites (e.g. Bohse et al. 1971; Marks
and Markl 2015; Borst et al. 2018). The focus of our study is the lower
layered kakortokites, which display well-defined layers of two types:
(1) an c. 8 m thick three-layer unit characterized by variations in the
modal abundances of arfvedsonite (inosilicate, monoclinic), eudialyte

(cyclosilicate, trigonal), alkali feldspar (tectosilicate, monoclinic/
triclinic) and nepheline (tectosilicate, hexagonal); and (2) the
repetition of this three-layer unit a minimum of 29 times throughout
the sequence (e.g. Bohse et al. 1971; Sgrensen 2001; Marks and
Markl 2015; Hunt et al. 2017). Each three-layer unit typically contains
a black arfvedsonite-rich layer at its base, a red layer in the centre rich
in eudialyte group minerals and a white alkali feldspar- and nepheline-
rich layer at the top; some units do not contain the red layer rich in
eudialyte group minerals (Bohse et al. 1971). Each three-layer unit has
been labelled 11 to +17 with respect to unit 0, which is commonly
accepted as the most well-developed three-layer unit in the sequence
(e.g. Bohse et al. 1971; Sgrensen 2001; Hunt et al. 2017; Borst et al.
2018). The layered unit +3 contains roof rock autoliths that the layers
above and below deflect around (Fig. 1) (e.g. Bohse et al. 1971;
Andersen et al. 1981).

Current models for the formation of kakortokite layering

Models for layering in the Ilimaussaq kakortokites can be divided
into two main groups: those supporting an open magmatic system
with magma replenishment events and those involving layer
formation within a closed magmatic system (e.g. Larsen and
Sgrensen 1987; Pfaff et al. 2008; Lindhuber et al. 2015; Marks and
Markl 2015; Hunt et al. 2017; Borst et al. 2018). In the most
recently proposed open system model, Hunt et al. (2017) used
eudialyte group mineral geochemistry and log-linear crystal size
distribution data from arfvedsonite and eudialyte in unit O to suggest
in situ nucleation and growth of the black and red layers (Fig. 2a).
In this open system model, an injection of a relatively primitive
magma pools on the reservoir floor, where high concentrations of
halogens inhibit the nucleation of all mineral phases except for
arfvedsonite, which crystallizes in situ to form the black layer
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Fig. 2. Schematic diagrams of (a) the
open system model and (b) the closed
system model. Source: part (a) based on
the description by Hunt et al. (2017) and
part (b) based on descriptions by Borst
et al. (2018), Bons et al. (2015) and
Lindhuber et al. (2015).
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