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ABSTRACT

Alkaline igneous rocks host many global High Field Strength (HFSE) and Rare Earth Element
(REE) deposits. While HFSE are commonly assumed to be immobile in hydrothermal systems,
transport by late-stage hydrothermal fluids associated with alkaline magmas is reported.
However the magnitude of the flux and the conditions are poorly constrained and essential to
understanding the formation of REE-HFSE ores. Here we examine the alteration of country
rocks (‘fenitization’) accompanying the emplacement of a syenite magma at Illerfissalik in
Greenland, through analysis of changes in rock chemistry, mineralogy and texture. Our novel
geochemical maps show a 400 m wide intrusion aureole, within which we observe typically
tenfold increases in the concentrations of many elements, including HFSE. Textures suggest
both pervasive and structurally-hosted fluid flow, with initial reaction with the protolith’s
quartz cement leading to increased permeability and enhancing chemical interaction with a
mixed Ca-K-Na fenitizing fluid. We estimate the HFSE masses transferred from the syenite to
the fenite by this fluid and find ~43 Mt of REE were mobilised (~12% of the syenite-fenite
system TREO budget) — a mass comparable to the tonnages of some of the world’s largest
HFSE resources. We argue that fenite can yield crucial information about the tipping points in
magma evolution as retention or loss of volatile-bonded alkali and HFSE is key for
development of magmatic zirconosilicate-hosted HFSE ores (i.e. Kringlerne, Ilimaussaq), or

formation of the syenite-hosted Nb-Ta-REE (Motzfeldt-type) roof-zone deposits.
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INTRODUCTION

The global shift towards low-carbon, hi-tech lifestyles requires better understanding of the
petrogenesis of alkaline igneous critical metal deposits. These host many of the world’s high-
field strength (HFSE) and rare-earth elements (REE; Goodenough et al., 2018) essential to the
material production chain e.g. alloys, batteries, magnets and superconductors (European
Commission, 2020). The assumption that HFSE are immobile in natural geological systems is
valid in most crustal settings (Kranidiotis & MacLean, 1987; Hastie et al., 2007), but at
variance with a body of evidence that HFSE are mobile in fluids associated with mineralized
carbonatite and alkaline-silicate magmas. Alkaline igneous hosted HFSE mineral deposits are
of two types: 1) roof zone-related HFSE-deposits, where fluid-rich alkaline magma interacts
with aroof (Finch etal., 2019), and 2) highly evolved, persodic, volatile-rich ‘agpaitic’ magmas
where prolonged fractionation crystallizes HFSE-rich magmatic minerals i.e. eudialyte (Marks
& Markl, 2017). Alkaline magmas in the upper crust often expel a high-temperature fluid phase
that modifies the country rock envelope (“fenitization”; Elliott et al., 2018) and the source
intrusions (“autometasomatism”; Salvi & Williams-Jones, 1996; van de Ven et al., 2019). The
alteration haloes (‘fenite zones’) are rarely reported to be wider than 100 m, but the spatial
variations of fenitization are often poorly constrained, and several exceptions have been
identified i.e. livaara (Sindern & Kramm, 2000). A key gap in our understanding is the nature
of the fenitizing fluid, the magnitude of chemical exchange and the relationships between fenite
and ore deposits.

This study examines a fenite in the Mesoproterozoic Gardar alkaline Province, SW
Greenland, superbly exposed due to recent glaciation. The fenite formed adjacent to the
Illerfissalik nepheline syenite centre (Fig. 1A-1B) replacing laterally homogeneous quartz
arenite country rock. Whole-rock geochemistry supported by detailed textural and
mineralogical observations allow us to fingerprint the composition of the fluid and estimate the
magnitude of element exchange between fluid and host rock. We calculate the REE and HFSE
tonnage transported from the magmatic hearth into the wall-rocks showing that fenitization is
significant to HFSE-REE resource formation, and explore its role in alkaline magma evolution.

This approach provides key insights into the genesis of globally significant HFSE deposits.

GEOLOGICAL SETTING

The regional basement of SW Greenland comprises Paleoproterozoic granitoids (1.8 Ga; Garde
et al.,, 2002) formed at an Andean-type continental margin during assembly of the
Nuna/Columbia supercontinent (Meert & Santosh, 2017). Rifting at 1.3 Ga formed the ‘Gardar



Province’ (ca. 1.32-1.14 Ga; Upton, 2013), which began by deposition of a 3-3.5 km thick
interbedded sequence of rift-related sedimentary-volcanic rocks (the Eriksfjord Group) onto
the basement (1.3 Ga; Piper et al., 1999). Regional NE-SW trending dykes (i.e. the Igaliko
Dyke-Swarm; Pearce, 1988) then cut both the basement and the Eriksfjord Group. Finally,
syenite magmas of the Illerfissalik centre (c. 1.14 Ga; Upton, 2013) intruded this sequence
forming shallow (100-200 MPa; Konnerup-Madsen & Rose-Hansen, 1984) nested,
subvolcanic systems (Emeleus & Harry, 1970; Fig. 1A-1B), cut occasionally by the last of the
regional dykes and the small syenite-hosted NYF-like (cf. Goodenough et al., 2019) Narsaarsuk
and Nanna pegmatites. Fluids from lllerfissalik fenitized the Eriksfjord to the west and the

older syenites to the north and east (Finch, 1995).

SAMPLING AND ANALYTICAL METHODS

Fieldwork took place in a ~6 km? area of fenitization at the contact between the Illerfissalik 14
augite syenite and the basal Eriksfjord Group (Fig. 1A-1B) at the S bank of Tunulliarfik Fjord.
We document the geological (Fig. 1D-1E) and geochemical expression as a function of distance
from Illerfissalik and undertake petrography (optical microscopy, SEM , i.e. Fig. DR1.1, and
semi-quantitative energy-dispersive-spectroscopy — EDS) to identify secondary minerals.
Major and trace element whole-rock data are presented for 39 fenite, 15 unaltered Eriksfjord
and nine 14 syenite samples. Supplementary Material (Text DR1 & Tables DR2) contains
detailed information on analytical methods, data and accuracy & precision (Table DR1.2 for

standardization summary).

DESCRIPTION AND QUANTIFICATION OF FENITIZATION

The unaltered Eriksfjord host rocks are white to red (hematite dusting; Fig. 1C), mature quartz
arenite (<5% modal K-feldspar) deposited in a braided fluvio-aeolian environment (Piper et
al., 1999). Fenite which formed from alteration of the Eriksfjord is pale in colour comprising
corroded quartz, with secondary patch-perthite and Ca and Na-Ca mafic minerals defining
podiform sub-planar domains (i.e. Fig. 1D-1E; DR1.1B) by replacement of silica cement (Fig.
DR1.1A) and Ca-rich amphibole cores often thinly rimmed by Na end-members (Fig.
DR1.1E,G). Other minerals introduced by fenitization are HFSE-bearing titanite, zircon,
chevkinite-group minerals and the Mn-phosphate dickinsonite (in hematite-rich fenite). Fenite
is mappable up to ~400 m from the contact, beyond which thermally indurated quartz arenite
is typically observed. More detail on scale and intensity of alteration is provided in Supplement
DR1.



Using our whole-rock dataset, we quantify element mass-transfer by applying the Grant
(1986) model in a ‘constant mass’ (CM) scenario (Kresten, 1988) using the
EASYGRESGRANT program (L6pez-Moro, 2012; see Supplementary Material for full
parameters). We use an average composition of the Eriksfjord arenite (n=15, Fig. 2A) as a
baseline for reconstructing the relative mobility of elements in the fenite zone. We focus on N
and S portions of the fenite (Fig. 2B, 2C) and a dyke margin at Illiortarfik ~1.2 km from the
contact (Fig. 2D). Several elements show no apparent deviation from the mean protolith
composition due to metasomatism (SiO2, Ta — Fig. 2B; SiO2, Zr, Y, Tm - Fig. 2C; SiO, K20,
Cr — Fig. 2D), however petrographic evidence suggests most are at least locally mobile (Fig.
DR1.1). Estimates of the volume (fv) necessary to preserve constant mass (see Fig. DR1.2 and
the Supplementary text for more detail) suggest a maximum volume change <~20% (blue lines
in Fig. 2), assuming density of altered and unaltered rocks is 2.6-2.8 g/cm?® (Text DR1, Table
DR1.3).

Grant’s calculated change parameter (AC;j,) is divided by the original concentration
(ACi/Ci°) to quantify the chemical alteration. Spatial interpolation of this parameter across the
field area shows a sharp alteration boundary at ~400 m distance, particularly in the north where
enrichment in Ca, Na, K and Ti (high ACi/Ci® values; Fig. 3A-3D) and higher ©LREE/XHREE
are observed (Fig. 3E). HFSE are broadly higher towards the contact (Fig. 3D-3F), but
excursions in ACTi/Cti°® and log(ZZr-Nb-Ta) (Fig. 3F) occur at distance (U-Th also correlating
with ~100x gain - see Table DR2.1 in Data Repository) along contacts with Igaliku dykes (IDS;
Fig. 1B, Fig. 3) at llliortarfik ~1.3 km from the syenite, often correlating with ACna/Cn:° (Fig.
3A, 3D).

Based on geochemical and microtextural evidence (Fig. DR1.1), we infer that the
metasomatic changes were caused by a hot (>600°C) orthomagmatic Ca-K-Na-bearing fluid.
Petrography indicates that metasomatism began with SiO2-cement dissolution, which we
attribute to the HF-driven reaction triggered by the F-rich Illerfissalik late-stage fluids (Finch,
1995). Some experimental studies discussing geochemically similar granitic fluids (cf.
Lundstrom, 2020) suggest such a fluid phase may be volatile-rich and others indicate F may
strongly partition into this fluid exsolving from a phonolite magma at 800°C and 200 MPa
(Chevychelov et al., 2008). Presence of secondary titanite instead of fluorite may also suggest
the fluid is hot (>500°C), HFSE, alkali and volatile-rich (Scaillet & Macdonald, 2004). Upon
separation from the magma, the Ca-K-Na fluid leaches silica and is then free to penetrate the

country rock matrix pervasively. The resultant alteration is metaluminous (i.e. molecular



(Ca+Na+K)
Al

Scotland; livaara, Finland; Woolley et al., 1972; Sindern & Kramm, 2000), but gain in alkalis

(Na+K)

> 1, but ——
Al

< 1), strongly resembling other syenite-related fenites (Borralan,

and Ca (to a lesser degree) also occurs where carbonatite is present or dominant (i.e. Alng,
Amba Dongar, Vishnevye Mts, see Abramov et al., 2020; Elliott et al., 2018 and references
therein). Our novel spatial visualization (Fig.3A-D) showcases the chemical footprint of fluid
emanating from a strictly alkaline-silicate magma forming a laterally extensive fenite, until
now best detected by geophysics in areas of poor exposure (i.e. Alng; Yan et al., 2016). The
narrow Na-rich rims upon Na-Ca amphiboles (Fig. DR1.1E) within the aureole indicate either
the evolving chemistry of fluids, or subsequent overprint by a separate dominantly sodic pulse
and may suggest it was comparatively low in volume to the early-stage Ca-K-Na event. Na
enrichment often correlates with HFSE-Ti (Fig. 2D, 3A, 3D, 3F), and the distribution of fenite
at distance (usually next to regional dykes) may suggest fracture-assisted flow occurring
together with pervasive fenitization. Precipitation of secondary Zr-Nb-Ti-LREE-rich minerals,
only visible in thin-section (Fig. DR1.1), may be controlled locally by gradients in temperature
and/or chemistry (Akinfiev et al., 2020).

IMPLICATIONS FOR MINERALISATION AND PROSPECTIVITY
Assuming the wall-rock and intrusion are homogeneous and that the fenite forms a uniform
carapace around the intrusion, we perform a geometry-based (Fig. DR1.3) estimate of the
HFSE mass lost to the wall rocks (detailed steps provided in Supplementary Material). The
total HFSEO budget within the Ilerfissalik system [HFSEOTotal = HFSE Ointrusion + (HFSE Otenite
— HFSEOprotlith)], excluding TiOo, is ~801 Mt (Table DR2.2). Of this, ~62 Mt of HFSEO was
flushed into the country rocks, of which ~43 Mt are TREO (Table DR2.2) and this mass
accounts for ~12% of the TREOTqta budget in the Illerfissalik syenite/fenite system, consistent
with the presence of newly formed HFS- and REE-bearing minerals (Table DR1.1). Although
all HFSE are enriched in fenite relative to the protolith, Nb2Os and LREO are the highest (~1
order of magnitude; Fig. 4A). Strikingly, the estimates of masses transported into the fenite are
comparable to the tonnage of world-class ore deposits (e.g. Kringlerne, held by Tanbreez A/S:
31 Mt TREO, Fig. 4B; Zhou et al., 2017) and highlight the exceptional capability of fenitizing
fluids as commodity carriers.

Illerfissalik allows one to draw key inferences for the genesis of HFSE mineral deposits
in alkaline systems. The prevalence of calc-silicates in the aureole (Fig. 1D, 1E; DR1.1) and

the mixed Ca-K-Na fluid nature (Fig. 2B, 2C) suggest a skarn-like (garnet-absent) high-



temperature process reminiscent of ‘antiskarn’ alteration whereby REE-Th ores develop in
diopside-selvaged fractures within carbonate-free wall-rocks (Anenburg & Mavrogenes,
2018). Although carbonatites are present in the region (Pearce, 1988), Ca may come from a)
the overlying Ca-rich wall-rock by circulating hydrothermal fluids (Salvi & Williams-Jones,
1996), b) fluid mixing with seawater (Graser & Markl, 2008) or c) Ca redistribution from
magmatic phases of the source intrusion — the last of which we find most plausible in this case.
Similar processes, but acting in stoped roof zones characterize syenite-hosted Nb-Ta-REE
mineralization (e.g. Finch et al., 2019). Finally, the wall-rock permeability is critical for
understanding the evolution of large, shallow intrusions like Illerfissalik surrounded by what
likely was a relatively hot immediate crust promoting significant outgassing (Parmigiani et al.,
2017). Loss of volatiles together with ~12% of the REE and the alkali to the fenite may have
impacted the magma evolution towards a Na-HFSE-rich, eudialyte-bearing composition
(Marks et al., 2011). These findings highlight the similarities between skarn systems and the
long-neglected fenitization process — a phenomenon crucial to our understanding of HFSE ore

genesis.
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Figure 1. A) geological setting of the ‘Igaliko Nepheline Syenite Complex’ and its individual centres
within the NE Gardar Province (modified after Garde et al., 2002; Ladenburger et al., 2016), study area
extent shown in red; B) composite geological map (after Emeleus & Harry, 1970; Pearce, 1988; Upton,
2013) of the Illerfissalik Complex W margin, IDS = Igaliku Dyke Swarm, enclosed symbols denote
locality photos (squares) and positions of fenite samples used on isocon plots in Fig.2 (circles), UTM
grid Zone 23N; C) unaltered braided fluvial Eriksfjord Group protolith, SSW Illiortarfik, D-E) quartz(Q)-
perthite-amphibole(A) fenite at N and S Narsaarsuk respectively with multiple penetrating vein

generations (v1 — altered and eroded, v2 — fresher, intact) indicating likelihood of multiple alteration
events
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Figure 2. Constant mass isocon diagrams (after Grant, 1986) showing the mass-balance results; (A)
distribution of the protolith sample population and 2o deviation from the mean composition (error bars),
(B-C) elemental gain-loss showing relatively intense (tenfold gain) alteration in the N Narsaarsuk fenite,
less intense at S Narsaarsuk, and the distinct sodic nature of the fenite around late-stage veins beside an
Igaliku dyke >1 km from lIllerfissalik (D), major Ca-Na-K oxides defining alteration character
emboldened, sample locations as in Fig. 1B; blue volume change lines plotted based on Csio2 at fy = 0.8-
1.2
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Figure 3. Spatial element maps showing intense Ca-K-Na fenitisation in the ~400 m wide zone by the
Illerfissalik W margin particularly strong towards N Narsaarsuk with Zr-Nb-Ta-Ti excursions at further
distance; created in ArcMap 10.7 using the Nearest Neighbour interpolation (output cell size = 1.4;
sigmoid rendering used to accentuate midtones, strength 6, stretch-type colour ramp) of the isocon mass-
balance 4Ci/Ci®results (A-D), and the HFSE-REE raw data (E-F); XLREE = La-Gd, SHREE = Th-Lu+Y;
Xest — parameter mean for the unaltered protolith population, error quoted at 2¢ level; unit labels as in Fig.
1B
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Figure 4. A) enrichment (~1 order of magnitude for Nb-LREE, lesser for other components) in the
budget of individual HFSE oxides due to fenitization of the Eriksfjord protolith by the Illerfissalik fluids;
non-lanthanides highlighted in blue on the x-axis; error bars for Eriksfjord cover only the range of
three different geometries, max-min lines for fenite (pale-green range) denoting 0.2-0.8 km range of
modelled fenite widths (see Fig. DR1.3C, Table DR2.6), see Supplementary Material DR1 for more
detail

B) histogram of estimated mass (mean ~43 Mt, min-max defined by the range of results in iterated
intrusion & fenite models, see Supplement DR1 and Tables DR2.2-2.5 for more detail) of the total rare-
earth-oxides (TREOQ) stored within the Illerfissalik fenite, comparable to the tonnages hosted in many
world-class type I and Il magmatic-hydrothermal REE-ore deposits (Zhou et al., 2017; Greenlandic
prospects shown in pink)



