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Abstract: The Tellus stream sediment and deep soil geochemistry data sets for Northern Ireland were used to locate four types
of critical metals anomalies in granite bedrocks of the Mourne Mountains. A curvi-linear array of Nb, REE, Th and U soil
anomalies across the eastern Mourne Mountains correlated with late-stage and eutectic temperature minerals in the roof zone of
the most peralkaline F- and volatile-rich granite body, remobilized on micron to millimetre scales. Li, Be, B, As, Sn, Mn3+ and
Ce4+ partitioned into pockets of late-stage heterogeneously distributed F-rich silicic residual melts and relatively oxidizing
halide-rich magmatic fluids, resulting in drusy mineral and hydrothermal assemblages. Isolated soil anomalies correlated with
amorphous Mn3+- and Ce4+-rich masses infilling drusy cavities, which resulted from short-distance percolation of small
volumes of late-stage magmatic fluids. A significant As plume in stream sediments emanated from a greisen that hosted
multiple critical and base metals including Sn, from reactions between large volumes of magmatic As + halide-rich fluids and
mafic silicate + diverse accessory minerals on the metre- to kilometre-scale along geological structures. Diverse, small-scale
REE anomalies in the soil data along structural features in thewesternMournes correlatewith vein mineralization resulting from
episodic migration of hydrous fluids of variable composition, probably with a much smaller magmatic component than
elsewhere. The regional geochemical dataset proved useful to develop a multi-stage model for enrichment of critical metals in
the Mourne Mountains granites, which is analogous to the petrogenesis of some of the igneous-hosted economic deposits of
critical metals.
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The description of a metal or semi-metal as a critical raw material
(CRM) depends on the perspective of the end-user and the degree of
‘criticality’ as calculated using complex multi-dimensional meth-
odologies (Graedel et al. 2012, 2014, 2015; Chakhmouradian et al.
2015; Hayes and McCullough 2018). The European Commission
published five lists of CRMs between 2011 and 2023 (European
Commission 2023) and the UK has an independent list of CRMs
(BGS 2022). The term ‘critical metal’ is now widely applied to
geologically-available metals with specialist chemical and physical
properties that are used in small but increasing quantities in the
manufacture of new technologies, which may be subject to supply
restrictions (Moss et al. 2011; Reck andGraedel 2012; Graedel et al.
2014; Lusty and Gunn 2014). Potential supply shortages cannot be
fully offset by increased recycling rates due to dispersion of critical
metals in technological devices, longevity of use of some of the
technological devices, manufacturing design and alloying with
metals that increase the difficulty of separation, and lack of effective
substitute metals (Steinbach and Wellmer 2010; Du and Graedel
2011; Binnemans et al. 2013; Bloodworth 2014; Graedel et al.
2015; Hagelüken and Goldmann 2022). Supply security for
European manufacturing could be increased by better under-
standing of the occurrence of critical metal ore deposits in Europe
and their potential for development (Moss et al. 2011; Bertrand
et al. 2016; Goodenough et al. 2016). However, there is less
information on the occurrence and concentration of critical metals
than for metals that are used in large quantities (Graedel et al. 2014).
The research presented here describes and interprets the mineral and
chemical characteristics of localities in a granite complex where

critical metals, such as rare earth elements (REE) and Nb, are
concentrated above background levels.

A new opportunity to investigate the occurrence of critical metal
in a geological terrane in Europe is afforded by the Tellus project
(Lusty 2016;Moore et al. 2016). The aims of the Tellus project were
to generate the geological information to plan and manage
sustainable development of Northern Ireland’s natural resources,
and to measure and assess the environmental well-being of the
region (Smyth 2007; Earls 2016; Young 2016). Between 2004 and
2013 the project comprised a programme of detailed mapping of
rocks, soils and water by geophysical and geochemical methods
(Smyth 2007; Cooper et al. 2012; Hodgson and Young 2016;
Young et al. 2016). The Mourne Mountains in County Down,
Northern Ireland, were surveyed during the Tellus NI project of
2004–07 (Moore et al. 2016; Young et al. 2016), and they were
historically (largely over the last 40 years) explored for a wide range
of metals, particularly U, Au, base metals (Cu, Zn, Pb), Sn, Ta and
Nb. Cassiterite has been reported from across the area in a variety of
geological environments (Seymour 1903; Arthurs and Earls 2004;
Warner et al. 2010; Moles et al. 2013) and REE, Nb and Ta are
present in granites and alluvial heavy mineral concentrates (Moles
and Higgins 1995; Moles and Tindle 2011; MacDonald et al. 2013;
Goodenough et al. 2016; Moore et al. 2016). REE-minerals (e.g.
fergusonite and gadolinite) in soil and stream sediments of the
Mourne Mountains show little evidence of breakdown (Moles and
Tindle 2011) but the occurrence of secondary U minerals on joint
faces in the granites and soils (Moles and Higgins 1995; McAlister
et al. 1997; Arthurs and Earls 2004) raises significant questions over
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whether U is coupled to REE enrichments. There have been no
detailed investigations of the REE, their distribution and their
coupling to Nb, Ta and other critical metals, despite the occurrence
of a variety of critical metal-bearing minerals in the granites (e.g.
fergusonite, gadolinite, bismutite, russellite; Moles and Tindle
2011, 2012) and inclusion of the Mourne Mountains granites in a
review of potential geological resources for critical metals in Europe
(Goodenough et al. 2016).

The importance of detailed mineralogical analysis to develop
petrogenetic models that define vectors towards rocks that host
enrichments of critical metals in mineral systems models (Banks
et al. 2019, 2020; Steiner 2019) drove the ethos of the investigation.
The aims of this research are: (1) to use the Tellus data to identify
where critical metals, radioactive elements and other potential
commodities are more concentrated than background concentra-
tions in the Mourne Mountains granites; (2) to elucidate as far as
possible the magmatic ± hydrothermal processes that concentrated
metals in the bedrock at these sites; (3) to place these processes in
the context of the established petrogenetic models for granite
formation, as described in the Geological Setting below. While the
geological processes under investigation relate to exploration for ore
deposits, we do not suggest that any critical metal enrichment in the
Mourne Mountains will be of economic value since we have not
determined the recovery, spatial distribution or the abundance of
critical metals from mineral hosts by mineral processing
techniques. A detailed examination of alluvial sediments and
heavy mineral concentrates formed part of the research and is
alluded to in this manuscript, but the detailed results are currently
unpublished.

Geological setting

The British–Irish Paleogene Igneous Province (BIPIP) is a large
igneous province, stretching fromGreenland to the British Isles, that
comprises flood-basalts with associated intrusive rocks that were
emplaced before and during North Atlantic sea-floor spreading
(Kent and Fitton 2000; Stuart et al. 2000; Storey et al. 2007; Hansen
et al. 2009; Hole and Millett 2016; Wilkinson et al. 2017). The
BIPIP has been chemically linked to an ancestral Icelandic mantle
plume. Radiogenic and stable isotopic investigations conclude that
the BIPIP is dominated by a heterogeneous mantle signature with
greatest contamination by crustal sources and meteoric fluids in the
centres of magmatism in western Scotland (O’Connor 1988;
Meighan et al. 1992; Stuart et al. 2000; Jolley and Bell 2002;
Hughes et al. 2015). The late stages of magmatic activity included
intrusive granites, central complex magmatism and acidic extrusive
rocks (Walker 1975; Gibson et al. 1987; Thompson et al. 1987;
Gamble et al. 1999; Ganerød et al. 2011).

A continuum of lithological compositions have been interpreted
on the basis of chemical studies and used to suggest a model of
extensive fractionation to generate granitic magma compositions
from parental basaltic magmas (Meighan and Gamble 1972;
Tammemagi 1976; Meighan et al. 1984). The multiple intrusive
centres in the BPIP include the granites in St. Kilda, Arran, Skye and
the Mourne Mountains, from where chevkinite-group minerals,
fergusonite, gadolinite, allanite, monazite and zirkelite have been
reported (Harding et al. 1982; Hyslop et al. 1999; Moles and Tindle
2011; MacDonald et al. 2013; Goodenough et al. 2016).

The Mourne Mountains Complex intrudes Lower Paleozoic
metasediments of the Southern Uplands-Down-Longford Terrane
and cuts across a Tertiary dyke swarm, though the granites are
subsequently intruded by a small number of dykes (Walker 1975;
Meighan et al. 1988; Gamble et al. 1999). The complex comprises
five granite intrusions in two distinct centres (Fig. 1a), three granites
(G1–G3) in the eastern centre and two granites (G4–G5) in the
contiguous western centre (Richey 1928; Emeleus 1955; Hood

1981; Gibson 1984; Meighan et al. 1984; Stevenson et al. 2007;
Stevenson and Bennett 2011). The intrusions in each of the two
centres young from the east to the west, although the radiometric
ages of all the granites cluster around 56 Ma (Gibson et al. 1987,
2003; Gamble et al. 1999). The Mourne Mountains Complex was
emplaced c. 6 Ma after the onset of basaltic magmatism in Antrim
(Northern Ireland) and Greenland (Ganerød et al. 2011; Wilkinson
et al. 2017).

The petrography and geochemistry of the granites has been
described previously (Hood 1981; Gibson 1984; Meighan et al.
1984, 1988). G1 is a calcic amphibole-biotite (± fayalite) granite
with the lowest bulk silica content of the complex: it is the least
fractionated of the granites and has a subalkaline composition. G2,
G3 and G4 are biotite granites that are metaluminous to
peraluminous, where G2 contains a variable mafic content and G4
contains muscovite. G5 is a calcic amphibole-biotite granite with
bulk silica concentration comparable to G2, G3 and G4 granite.
Granites of both the eastern and western Mourne Mountains contain
miarolitic cavities and greisens have also been reported from the
eastern Mournes (Nockolds and Richey 1939; McCormick et al.
1993; Moore et al. 2016). High Rb, low Sr and large Eu anomalies
demonstrate the highly fractionated nature of the granites (Meighan
et al. 1984). However, significant differences between initial
87Sr/86Sr ratios suggests that a simple fractionation relationship
cannot entirely explain the relationship between the granites and that
there was more than one magmatic pulse (Meighan et al. 1988;
Gibson et al. 2003). δ18O data illustrates that circulation of meteoric
water significantly affected host rocks and intrusions outside the
granite, but had only a minor and localized effect on the granites,
close to the margins of the plutons, near internal contacts or near
greisens (Meighan et al. 1992; McCormick et al. 1993). δD was
higher in samples that had evidence of chloritization as a
consequence of autometasomatism by exsolved magmatic fluids
(McCormick et al. 1993).

The first model for emplacement of the Mourne Mountains
Granite Complex involved cauldron subsidence (Richey 1928) but
recent studies using the anisotropy of magnetic susceptibility favour
an emplacement model of laccolith inflation (Stevenson et al.
2007). The latter model suggests SSW to NNE inflow along a
common feeder zone from an evolving mafic source 20 km to the
south, forming two gently-dipping sheets (Stevenson and Bennett
2011). Both Richey (1928) and Stevenson and Bennett (2011)
depict the outcropping granite facies along topographic cross-
sections that they interpret as an erosion level representing the roof
zone of a pluton. Mattsson et al. (2020) mapped fracture patterns in
the contact-metamorphic aureole to constrain deformation caused
by magma emplacement, and found a lack of pluton-wide rotational
deformation in the roof zone. They inferred that emplacement of the
Mournes granites involved asymmetric ‘trap-door’ floor subsidence
with wall deflection along a fault in the NE and local roof uplift in
the SW.

Analytical methods

As part of the Tellus survey, stream–sediment samples comprising
the <150-μm fraction were gathered by wet sieving on site from
first- and second-order streams at an average density of 1 sample per
2.15 km2. Soil samples were collected at 35–50 cm depth (referred
to by BGS as the ‘S’ sample) and the <2-mm fraction was analysed.
The survey methodologies followed the established sampling and
analytical protocols of the GB Geochemical Baseline Survey of the
Environment (G-Base) (Johnson et al. 2005; Smyth 2007; Young
et al. 2016). The stream–sediment was analysed by XRF and fire
assay while ‘S’ type soil samples were analysed by total acid
digestion and fire assay. The elements under investigation were Ag,
Al, As, Au, Ba, Bi, Br, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, Ge, Hf, I,
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Fig. 1. (a) Geological map of the Mourne
Mountains granite complex showing the
locations of the geochemical anomalies in
the Tellus deep soil data that were
investigated in the field, as summarized in
Table 1. Inset maps showing location of
Northern Ireland and the study area.
Geological linework based upon Hood
(1981). © Crown copyright and database
right (2013), (b) Map of Nb point
anomalies (ppm) in Tellus deep soil
Multi-Acid (near Total) ICP data
(triangles) and the occurrence of
fergusonite in heavy mineral concentrates
(circles, courtesy N.Moles unpublished
data), (c) Map of gridded Mn
concentration (ppm) in Tellus deep soil
Multi-Acid (near Total) ICP data overlain
by point Ce deep soil data (ppm) – small
isolated occurrences of Ce and Mn (deep
soil) enrichments in both the western and
eastern Mournes.
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K, La, Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pd, Pt, Rb, Sb, Sc, Se,
Si, Sm, Sn, Sr, Ta, Te, Th, Ti, Tl, U, V, W, Y, Zn and Zr (Johnson
et al. 2005). The stream-sediment and soil geochemical data sets
from the Tellus Survey were imported into ArcMap GIS software as
both raw data points and gridded maps. The maps used to identify
geochemical anomalies were generated using Esri ArcMap GIS
version 10.2, focusing on the traditional GIS workflow in a 2D
environment. A subset of the Tellus point data for the study area was
created to aid identification of anomalies across the Mournes. The
point anomaly data for each analyte was classified into six class
ranges, with larger intervals for low and high data tails and shorter
intervals to split the modal results, as depicted on Figure 1b and c,
represented by proportional and/or colour-coded symbols.

Polished thin sections of rock samples (from locations depicted in
Fig. 1a) were investigated in the first instance with either a JEOL
JSM-5400LV Low Vacuum SEM-EDS system at the Camborne
School ofMines, University of Exeter and/or a LEO 535VP variable
pressure SEM-EDS system at the British Geological Survey
petrography and microanalysis facility laboratories. Subsequently
QEMSCAN®, the Quantitative Evaluation of Minerals (QEM), was
used to produce complete mineral maps of whole polished rock thin
sections of a total of 5 representative bedrock samples. The
QEMSCAN® 4300 at the Camborne School of Mines, University
of Exeter, analysed samples with an X-ray pixel spacing (resolution)
of 10 µm. For critical metal-bearing minerals with grain-size near to
or beneath the resolution of the QEMSCAN®, high-precision
element maps of fine-scale structures were obtained using the LEO
535VP variable pressure SEM. The QEMSCAN® analytical
technique, including details of the instrument and methods used,
are outlined in published literature (Andersen et al. 2009; Haberlah
et al. 2011; Rollinson et al. 2011; Santoro et al. 2014). Specifically,
this technique correctly identify the minerals or phases by
comparing collected X-ray spectra from each analysis point
(pixel) to a mineral database (SIP) that is customised using the
results of mineral analysis (EDXA and EPMA, as described below).
Depending on the size of the section, between 6 million and 6.5
million X-ray analysis points were obtained during an 11–12 hour
field image scan to generate a statistical analysis of grain-size and
mineral abundance. This study required development of the
database to accurately identify the unusual minerals present in the
samples, such as the REE and As minerals. One further advantage
for this study was the ability to obtain mineral association data,

which is based on the adjacency of the analysed pixels, measured in
the horizontal plane and displayed as a percentage.

Mineral chemistry was analysed for 8 rock samples (from
locations in Fig. 1a) in the first instance using a FEI Quanta 600
environmental scanning electron microscope (ESEM) fitted with an
Oxford Instruments X-MAX large area (50 mm2) silicon drift
detector (SDD) energy-dispersive X-ray microanalysis (EDXA)
system, run with Oxford Instruments’ INCA (v.4) software at the
British Geological Survey. Operating conditions were a high vacuum
(1.2 × 10−4 Torr), accelerating voltage of 20 kV, at the instruments’
optimal analytical working distance of 10 mm with a detector take-
off angle of 45°. Analytical live-times of 30–60 s were used for spot
and small area (5 μm across) raster analyses. Details of beam current
control, EDXA detector noise reduction and standards are
summarized by Walters et al. (2013). INCA software applies ‘phi-
rho-z’matrix correctionmethods (after Pouchou et al. 1990) and uses
multiple least squares for peak deconvolution. Procedures used for
the SEM-EDXA quantitative microanalysis were in line with those
recommended by the ASTM Standard (ASTM-Standard-E1508
2012). Prior to analysis, beam stability was established by initial
monitoring of specimen current over an extended period (30 min)
whilst in spot mode on a Co primary standard. As final confirmation
of stability, three consecutive analyses run on the Co primary
standard were required to return totals within a 1% range before
proceeding and repeat Co standard calibrationswere performed every
20 min to monitor and correct for beam drift. The methodology
produces comparable quality results to conventional WDXA major
element analysis and for total REE +Y, but resolution of REE and
other metals analysis required electron probe microanalysis (EPMA)
with manual corrections for overlaps in REEwavelength peaks using
the JEOL JXA-8200 Superprobe at the Camborne School of Mines,
University of Exeter. Operating conditions were an accelerating
voltage of 20 kV, 10 nA current and a 5 μm spot size and a
combination of natural and synthetic mineral standards were used.
Detection limits (2σ) were between 0.19 and 0.44 wt% for REO,
<0.18 wt% for oxides of Y and Yb, and <0.07 wt% for oxides of Th
and U. The location of wavelength dispersive analytical points
(EPMA) were selected as far as possible to be the same as used for
the SEM analysis, to facilitate inter-laboratory and methodological
precision. Correlation between the methods resolved and confirmed
the concentrations of La, Ce, Pr, Nd and Sm with confidence, while
Y, Gd and Dy often occurred in concentrations above but close to the

Table 1. Tellus soil geochemical anomalies that were examined during field investigations

Anomaly location, grid
reference Deep soil anomalies Description of locality

WM1 Gruggandoo
320660 324653

Sr, V Shear zone with clay formation, G4 granite north of Tellus data point

WM2HenMountain-Rocky R
324585 326389

Ce, Mn Poor bedrock exposure; leucocratic granular fine-grained drusy G4 granite

WM3 Kilbroney
319239 321240

La, Ce, Y, Yb, U, Th Veins hosted by granites in fault zone close to contact between G4 (granite, drusy granite,
pegmatite) and hornfels

EM1 Diamond Rocks
332451 328274

Nb Drusy G2 granite: locally biotite-rich granite and pegmatite, beryl noted

Ben Crom Dam
331334 325571

Ce Large moraine – anomaly cannot be traced: no samples

EM2 Pollaphuca
330796 328267

La, Y, Yb, P, As, Sn Replacement zones with peripheral greisens and veinlet

EM3 Slieve Donard
335208 327324

La, Ce, Y, Yb, U, Be, Mn No bedrock exposures: numerous granite boulders likely to relate to anomaly, likely to be
local bedrock

EM4 The Castles
334099 328133

Th, Nb, Li G2 biotite-rich granites, drusy granites and pegmatites; beryl noted

EM5 Slieve Commedagh
334099 328133

As above G1 granites and granitoids outcropping upslope from The Castles

WM denotes a Western Mournes location and EM denotes an Eastern Mournes location. The term ‘deep soil’ refers to the 35–50 cm soil depth referred to by BGS as the ‘S’ sample.
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detection limits of the JEOL JXA-8200 Superprobe. The minerals
hosting critical and associated metals, particularly those occurring as
inclusions and secondary minerals were frequently too fine-grained
for reliable LA-ICP-MS analysis.

Regional survey results and sampling programme

The chemistry of deep (S, deeper collection point) soil and stream
sediment samples collected and analysed during the Tellus project

Fig. 2. Arsenic (As) anomalies in soil and stream data. (a) Map of gridded As concentration (ppm and as percentiles) in Tellus deep soil Multi-Acid (near
Total) ICP data – three significant As (deep soil) enrichments are located in both the western (Slievemeel) and eastern Mournes (NE of diamond rocks and
Slieve Donard, (b) Gridded map showing a spatially large positive As (stream sediment) anomaly in a SW-NE lineament across the western and eastern
Mournes, but particularly pronounced in the northern part of the eastern Mournes. Geological linework based upon Hood (1981). © Crown copyright and
database right (2013).
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show that the eastern Mournes granites are generally more enriched
in critical and industrial metals (for example, REE, Nb, As, U) than
the western Mourne granites (Figs 1b, c and 2a, b). Prominent
patterns of soil (and stream sediment) chemistry were identified by
inspection: concentrations of metals were usually 4 to 6 times (e.g.
up to 11 ppm Nb, 115 ppm Ce, and 227 ppm As) higher in soil or
more than 15 times higher in stream sediment (up to 1346 ppm As)
than background concentrations (up to 4 ppm Nb, 30 ppm Ce,
14 ppm As – 84 ppm As in streams, Fig. 1b, c; Fig. 2a, b). (1) A
large curvi-linear array of positive chemical anomalies that strikes
west–east across the eastern Mournes (Fig. 1b), in or near the roof
zones of the earliest intrusions (Fig. 1a) is characterized by
significant Nb enrichment, coupled to Th concentration (± Ce and
other elements), but it is not strongly correlated with the occurrence
of fergusonite in heavy mineral concentrates nor with soil depth. (2)
Isolated anomalies (e.g. REE and U, Th, V and Cr) associated with
NNE–SSW-trending structures in the western Mournes had less Nb
than in the eastern Mournes. V and Cr are not considered further in
this survey as they are considered to relate to glacial transport of
material (as erratics) from granodiorite to the north (McCabe 2008),
or more locally the dykes that intrude the granite. (3) A group of
sporadic anomalies (Ce-Mn) in the southern part of the western
Mournes were neither extensive nor associated with known
structures (Fig. 1c) and had less prominent Th and Nb signatures
than elsewhere. In addition, soil and stream sediments had chemical
compositions that defined different source patterns for As. High
concentrations of As were distributed in deep soil at Slievemeel in
the SW (up to 227 ppm), and in NE–SW-trending lineaments (up to
35 ppm) to the NE of Diamond Rocks and Slieve Donard (Fig. 2a).
The soil As enrichment is not directly comparable with stream As
enrichment, having a linear pattern that strikes WSW–ENE and cuts
diagonally across the generally north-flowing drainage in the NWof
the easternMournes (Fig. 2b). The result demonstrates that chemical
anomalies in bedrock (Fig. 2a) are successfully identified using soil
analysis even where there is no surface expression, and that
anomalies in stream sediments (Fig. 2b) can effectively identify
where mineralization in rock exposures interacts with waters
flowing through stream cuttings and where anthropogenic (quarry-
ing) activity has redistributed metals.

A total of 8 soil geochemical anomalies (Fig. 1a, Table 1) were
selected as case studies on the basis of high concentrations of critical
elements relative to the majority of soils overlying granite. Positive
anomalies in REE (Ce, La) concentrations correlated well with other
analytes such as Th and Nb supporting the prospectivity of the areas
initially identified, although some notable variations in the anomalies
were apparent (Table 1). Samples that were representative of in-situ
bedrock variation were collected in the vicinity of 5 anomalies.
Sampled granitic rocks were not in-situ at two of the anomalies (Hen
Mountain in the western Mournes and Slieve Donard in the eastern
Mournes) where float boulders in the drift material were sufficiently
prominent to influence the chemical anomalies in deep soil. It is likely
that the samples taken at these two sites represented bedrock
lithologies, since glacial transport was to the south during the last (late
Midlandian) glaciation (Bazley 2004) and the samples matched the
surrounding bedrock but not the bedrock in the path of glaciers to the
north. No samples were taken at one of the anomalies (Ben Crom
Dam, Fig. 1a), which was identified as a lateral moraine (Wilson
2004) such that it would not be possible to identify a specific bedrock
source. The association of anomalies with the roof zones of early
intrusions and with structural lineaments was used to develop a
sampling programme that targeted pegmatites/drusy granites zones,
greisen veining that overprinted granites, and fault zones that showed
evidence that they had acted as fluid pathways (Table 1).

The lithological samples from the eastern Mournes are dominated
by G2 granites (Hood 1981), of which prominent outcrops with
associated talus slopes occur in close proximity to soil geochemical

anomalies at Diamond Rocks and The Castles of Commedagh
(Fig. 3a). The granites contain drusy patches and sometimes grade
into pegmatite. Discrete pegmatite veins were not observed during
the field sampling campaign. Anomalies for Nb, Y and La in the
multi-element stream sediment Tellus data, and anomalies for Ce,
La, Y, Yb and Li in the deep soil geochemical data were observed at
localities that have been noted for a century for the occurrence of
tourmaline, topaz, beryl and zinnwaldite (Richey 1928). G1 granites
that outcrop on mountain summits above Diamond Rocks and the
Castles were also sampled to investigate the significant heterogeneity
in the soil chemistry. The G4 granites in the western Mournes that
were sampled were finer-grained overall than the G1 and G2
granites, but they also locally graded into drusy granites and
pegmatites, and correlated with highly variable deep soil anomalies.
Grain-size variations have been documented throughout the G1 to
G5 intrusions and have been related to internal contacts (Hood 1981;
Gibson 1984; Meighan et al. 1984). Three different types of
hydrothermal veins were sampled in both the G2 and G4 granites at
the localities investigated. Prominent iron-rich veins of variable
thickness were flanked by awide zone of microveining at Pollaphuca
in the G2 granite (Fig. 3b). Small epidote veins were associated with
anastomosing bands of clay (Fig. 3c) weathered from the detritus of
cataclasis in an extensive shear zone at Gruggandoo. Microveins and
greisen veins (Fig. 3d) were located on the edges of a topographical
depression associated with a major fault zone at Kilbroney.

Rock textures and mineral assemblages

Granites, drusy granites and pegmatites

Table 2 and Figure 4 show the relative volumes of the minerals
identified using QEMSCAN® analysis. Three samples are 2-feldspar
subsolvus biotite granites that generally have silicate accessory
phases dominated by amphibole in the least fractionated, oldest
granites (e.g. G1, Figs 3a, 4a) and by muscovite in the more
fractionated younger granites (e.g. G4). G1 granite samples (EM5,
Figs 4a, 5a) are highly variable allanite-bearing, amphibole-biotite
granites and syenogranites. The G2 granites (EM1, EM3, EM4,
Table 1) are dominantly biotite-granites with drusy cavities
dominated by smoky quartz, feldspar and occasional beryl and
topaz. Patches of pegmatite in gradational contact with G2 and G4
granite had variable grain-sizes, with feldspar crystals observed up to
5 cm in length. Microscopic rock textures are dominated by
spectacular intergrowths of all the major rock-forming minerals
(Fig. 5b) and some of the accessoryminerals. Graphic, radiate graphic
and micrographic textures are the most common but myrmekitic
textures are frequently observed between plagioclase and quartz,
between biotite and quartz or between biotite and alkali feldspar.
Very rarely, micrographic intergrowths of cuneiform appearance
occur between zircon with various small (<10 µm) inclusions and
either quartz or biotite. Zircon, magnetite and allanite are present in
all the granites sampled but there is great variation in the rest of the
accessory mineral assemblage that has a grain-size <10 µm, which is
smaller than the resolution of the QEMSCAN® analysis used in this
study. G1 granite sample EM5 (Fig. 5a) contains allanite at 0.12 vol%
(Table 2), the greatest volume of rare-earth minerals >10 µm. In
contrast, G2 granite samples contain a range of rare-earth minerals
that constitute a much smaller proportion of the total rock.

The observation that high atomic mass minerals were preferen-
tially hosted in mafic silicate host minerals (Figs 4a, b and 5a) was
tested using the mineral association data from the QEMSCAN®
analysis. Figure 4a shows that the G1 granite sample (EM5-2) has
euhedral allanite in apparent association with biotite, which is
3.57 vol% of the mineral assemblage, and chloritised calcic-
amphiboles (false colour green 0.8 vol% and red 0.97 vol%),
which comprise 1.77 vol% of the mineral assemblage (Table 2).
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Overall, 65.3% of allanite, 44.0% zircon, 48.4% apatite and 50.2%
magnetite are in association (adjacency) with the total mafic silicate
mineral assemblage, i.e. amphibole (0.97 vol%) + biotite (3.57 vol
%) + chlorite (0.8 vol%), which is 5.34 vol% of the sample.
Likewise, G2 granite (sample EM4A, Fig. 4b) comprises minor
accessory minerals ashanite, thorite, zircon and magnetite with
association of >40%, monazite with association of >55%, and
ilmenite and allanite with association of >65% with the mafic
silicate minerals that together (1.99 vol% biotite and 1.58 vol%
chlorite, Table 2) constitute 3.57% of the sample. Despite the lower
abundance of the mafic silicate minerals, tourmaline is more
abundant (0.22 vol%, Table 2) and has 75.2% association,
dominantly with chlorite. G4 granite (sample WM2) contains a
lower abundance of mafic silicate minerals (total biotite and chlorite
= 2.16 vol%, Table 2) than G1 and G2 granites (samples EM5-2 and
EM4A) and, consequently, the association between the accessory
mineral assemblage and mafic silicate minerals is not particularly
strong. However, titanite and allanite occur in volumes of 0.03 and
0.01%, and have adjacency of 43.7 and 41.7%, respectively.

Drusy infill and granite replacement

Mn-rich phases that were identified by QEMSCAN® analysis in G4
granite (asterisk, Fig. 4c; Fig. 6a) have a distribution that is clearly
delineated by quartz, K-feldspar and plagioclase: they are
interpreted as infill of a drusy cavity, such as that visible in the
G2 granite (Fig. 4b). False colour element maps (Fig. 6b–d) show
that biotite/chlorite crystals occur in the cavity, which is dominated
by a porous and largely amorphous network of manganese-rich to

cerium-rich mineralization. Semi-quantitative chemical analyses
show that the composition is consistently dominated by manganese
hydroxide with up to 5 wt% PbO2, 2–4 wt% Al2O3, 1–2 wt% BaO,
an average of 1 wt% CaO and an average of 0.5 wt% of each of K2O
and MgO. Traces of arsenic, sulfur, bromine and chlorine are
common throughout the mineralization. Ce concentration is highly
variable from 0 to >20 wt%Ce2O3. The host rock does not appear to
have undergone any large-scale replacement or metasomatism other
than the infill mineralization, which correlates with a Ce-only soil
anomaly (WM2, Table 1) in the Tellus deep soil data. There are no
apparent minerals that can account for the Ce andMn anomaly at the
locality, other than the druse-infill mineralization. The strength of
the association between the Ce and Mn anomalies was tested using
the Tellus data (Fig. 1c). The local manganese enrichment is not
visually pronounced at Hen Mountain but there are three other
notable coincident Ce-Mn anomalies in the Tellus data (to the west
of Attical and to the south of Shanlieve and Slievemeel; Fig. 1c) that
may be caused by a similar style of mineralization. It is possible that
the four anomalies represent a localized phenomenon related to late-
stage magmatic-fluid processes.

Figure 4d and e showQEMSCAN®mineral maps of samples from
the greisen border and the iron-stained centre of the replacement vein
at Pollaphuca (locality EM2, Fig. 2b), which correlates with a
spatially extensive arsenic anomaly that is most prominent in stream
sediment data (Fig. 2b). Comparison between the EM2 samples and
the G2 granite host rock (similar to that depicted in Fig. 4c) illustrates
that the earlier stages in the progressive metasomatism of the G2
granite are accompanied by the development of extensive micro-
veining (sample EM2a_3, Figs 4d, 5c) and that the later stages of

Fig. 3. Field photographs of sample localities and lithologies: (a) G2 granite outcrop at the Castles of Commedagh (EM4), (b) Zone of replacement with
peripheral veining in G2 granite at Pollnaphuca (EM2), (c) Shear zone with local clay formation after gouge in G4 granite at Gruggandoo (WM1), (d)
Greisen veins near a fault zone at Kilbroney (WM3).
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metasomatism involve total replacement of the rock (sample
EM2a_1, Fig. 4e). Plagioclase and quartz contents have an inverse
relationship (Table 2) and a particularly large increase in the
abundance of quartz or an alternative silica polymorph from
47.72 vol% in the greisen (sample EM2a_3, Table 2) to 74.29 vol
% in the centre of the replacement zone (sample EM2a_1, Table 2)
occurs at the total expense of both feldspars (Fig. 4e). Subsequently,
with increased open system metasomatism, topaz starts to grow
(sample EM2a_1, Fig. 5d) with increasing grain-size and abundance
that varies from 0.56 vol% at the margin of the replacement zone to
8.63 vol% in the centre (Fig. 4e, Table 2). Coupled with the alteration
of biotite ± amphibole to chlorite, the mineralogical changes clearly
demonstrate that the rock has been silicified with remobilization/
leaching of K and Ca, by F-rich hydrous fluids. The mafic minerals
start to be replaced by high atomic mass minerals close to the margin
of the veins in the greisen (Fig. 5c) and cassiterite is preferentially
located in mineral pseudomorphs and microveins in greisens –
cassiterite was not recorded in the core of the replacement
mineralization. The high atomic mass minerals in the core of the
replacement zone are dominated by the As-rich minerals scorodite,
chernovite (Ce,Y)AsO4, arseniosiderite, pharmacosiderite. In add-
ition, a variety of unresolvedmineral phases, some containing As and
Al, were identified (Table 2).

Hydrothermal veins associated with tectonic lineaments

Samples from the locations of chemical anomalies in Tellus deep
soil data along NNE-SSW-trending tectonic structures in the
western Mournes (Table 1, Figs 1, 2) included G4 biotite granites
with kaolinised feldspars and gouge that has altered to a soft plastic
clay in anastomosing shear zones, which are cut by quartz-epidote
veins on slickensided fault planes (Fig. 3c, d). High atomic mass
minerals are dominantly associated with biotite (Fig. 7a), as in G2
granites. Chlorite occurs in radiating aggregates replacing biotite,
infilling cavities and along grain boundaries (Fig. 7b) and clusters of
prismatic epidote crystals grow inwards from the margins of veins
and from quartz crystal surfaces (Fig. 7c, d). Veined granites at
localities WM1 and WM3 (Table 2, Figs 1, 2) contain sub-10 µm
grain-size REE-minerals, dominantly monazite. The grain-size of
minerals hosting the critical metals is smaller than the resolution of
QEMSCAN® analysis used in this study.

Mineral textures and chemistry

Mineral chemistry (Tables 3–6) was analysed for 8 of the 25
samples that were investigated petrographically: 3 samples of
granites (G1, sample EM5-2; G2, sample EM4a; G4, sample

Table 2. Modal mineralogy (crystals >10 μm grain size) for samples analysed using the QEMSCAN®, calculated by pixel counting to generate percentage
mineral volume

Mineral volume % EM5-2 EM4a WM2 EM2a_3 EM2a_1

Allanite (Ce,Ca,Y)2(Al, Fe)3(SiO4)3(OH) 0.12 0.01 0.01 0.02
Almandine/chlorite*1 0.80 1.58 1.39 3.06 2.73
Apatite Ca5(PO4)3F 0.08
Arsenopyrite FeAsS 0.57
Arseniosiderite Ca2Fe3(AsO4)3O2.3H2O 0.87
Ashanite (Nb,Ta,U,Fe,Mn)4O8 <0.01
As Al phase 0.03
Biotite 3.57 1.99 0.77 4.58 1.19
Ca Fe Al silicates 0.97 0.05
Cassiterite SnO2 0.01 0.02
Chenevixite Cu2Fe2(AsO4)2(OH)4 <0.01
Chernovite-(Y) (Ce,Y)AsO4 0.01
Cu (Fe) Sulfides <0.01
Fe-Ox(Mn)/CO3 0.01 0.02 0.11 0.05 0.05
Fergusonite Y(Nb,Ta)O4 <0.01
Ilmenite FeTiO3 0.09 0.03 0.09 0.04 0.02
K-feldspar 44.57 38.42 43.75 32.16 0.53
Kaolinite 0.04 0.20 0.03 1.15 0.74
Monazite (Ce,La,Nd,Th)PO4 0.01 0.01 0.03 0.01
Mn-phases 0.11
Muscovite 0.12 2.99 2.86
Pharmacosiderite KFe4(AsO4)3(OH)4.6–7H2O 0.95
Plagioclase feldspar*2 16.54 16.55 18.00 7.18 0.87
Quartz 33.06 40.89 35.52 47.72 74.29
Rutile TiO2 0.02 0.05 0.04
Scorodite FeAsO4.2H2O 4.59
Tennantite (Cu,Fe)12As4S13 0.02
Thorite (Th,U)SiO4 <0.01 <0.01
Ti-magnetite Fe(Fe,Ti)2O4 0.03
Titanite CaTiSiO5 0.01 0.03
Topaz Al2SiO4(F,OH)2 0.56 8.63
Tourmaline 0.22 0.30 0.77
Xenotime (Y,REE)PO4 <0.01
Zircon ZrSiO4 0.04 0.01 0.02 0.03 0.01
Others 0.08 0.02 0.02 0.04 0.18

Samples EM5-2, EM4a and WM2 are G1, G2 and G4 granites respectively. Samples EM2a_3 and EM2a_1 are from the margin and the core of replacement vein mineralization that is
hosted by the G2 granite (EM2 Pollaphuca, Table 1).
*Note that: 1, the QEMSCAN® cannot differentiate between almandine garnet and chlorite, the latter being the more common phase in these rocks. 2. Plagioclase feldspar is pure albite
in EM2 samples.

8 K. R. Moore et al.



WM2); 3 samples across the replacement vein structure cutting the
G2 granite (samples EM2a_1-3); 2 samples from veins through the
G4 granite (samples WM1e and WM3d) in the western Mournes.

Host silicate minerals

Other than myrmekitic textures, quartz, and partially-altered
plagioclase and potassium feldspars have consistent features
across most samples. The exception is where G2 granite has been
extensively metasomatised at Pollaphuca: feldspar is progressively
altered to pure end member albite (ESEM analysis) typical of
metasomatic processes, and chemical impurities in quartz (or other
silica polymorph) increase towards the centre of the mineralization.
Semi-quantitative analysis shows that the silica polymorph in the
most arsenic-rich part of the mineralization where cassiterite is not a
stable mineral phase (sample EM2a_1, Fig. 4e) contains 1.3–1.5 wt
% In2O3 (typically occurring at concentrations of about 0.05 ppm In
in continental crust) and 0.7–1.1 wt% SnO2. Topaz that has
crystallized in metasomatised granites (Fig. 5d) contains variable
quantities of trace iron (<0.8 wt% FeO total) in the core of the
mineralization, but topaz is Fe-absent on the margins.

Amphiboles in sample EM5-2 (Figs 4a, 5a) are potassium- and
chlorine-rich hastingsite (Table 3), a sodium-bearing calcic
amphibole that contains approximately 1 wt% MnO. Primary
biotite in the G1 and G2 granites is close to annite in composition
(e.g. Mg # = 0.14 for G1 biotite; 0.04 for G2 biotite), contains

chlorine and has average MnO concentration from 0.5 wt% (G1) to
0.35 wt% (G2). In contrast, metasomatised biotite is end-member
annite to arsenic-bearing annite and contains no manganese or
chlorine (Table 3). Chlorite shows a converse relationship to biotite.
It contains no Cl or Mn in unmetasomatised G2 granite samples
(EM4a) but greisens contain chlorite that is relatively enriched in
Mn (typically 0.45 wt% MnO) and Cu (2–3 wt% CuO) (EM2a_2,
Table 3).

Biotite on the margins of a quartz-cassiterite vein has undergone
dissolution, with some crystals acting as the location for
precipitation of secondary high atomic mass minerals, including
Ti-magnetite, zircon, cassiterite and monazite-(Ce) (Fig. 8a).
Transects across zoning in the rim of biotite (Fig. 8b) show a
negative correlation of FeO (total) with alumina and silica, constant
K2O concentration and an iron-rich convoluted overgrowth, most
apparent in transect 2 (Fig. 8c). Thus this zonation is not due to the
formation of chlorite, which is common elsewhere in the sample,
but the replacement of biotite by mica close to a muscovite
composition by metasomatic processes. The abundance of musco-
vite reaches 3% in metasomatised G2 granite (Table 2) in marked
contrast to the magmatic occurrence of muscovite that is restricted to
G4 granites.

At least three generations of secondary epidote ± allanite are
apparent in veined samples. (1) Large epidote crystals occur in
clusters of fibrous or euhedral prismatic and sometimes zoned
crystals radiating from the margins of, and crystal faces within,
macroscopic quartz-epidote veins (Fig. 7c, d). (2) Small subhedral-

Fig. 4. QEMSCAN® mineral maps of rock textures in Mournes granites: (a) G1 granite (sample 5_2) has orthoclase megacrysts with radiating graphic
texture and allanite-(Ce) in close association with biotite and chloritised amphiboles, (b) G2 granite (sample EM4A) showing hypidiomorphic granular
texture with accessory anhedral fergusonite-(Y) (fer) and cassiterite (cas), (c) G4 drusy granite with sparse biotite and muscovite (sample WM2), which has
extensive micrographic texture radiating from euhedral k-feldspar crystals and drusy cavities infilled with Mn-rich phases at the top of the section, marked
with an asterisk, (d) G2 granite (sample EM2a_3) greisen containing cassiterite-bearing quartz microveins, (e) G2 granite (sample EM2a_1) in the core of
the replacement mineralization, which is dominated by arsenic-rich minerals. Images (d) and (e) illustrate progressive metasomatism of granite, resulting in
replacement of feldspars and mafic silicate minerals by quartz and an As-rich mineral assemblage, respectively.
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anhedral (replacement) epidote and small euhedral Ti- and Mn-
zoned epidote crystals (Fig. 9c) occur in chlorite-dominated pockets
along grain boundaries, such as that shown in Figure 7b. (3) Tiny
radiating acicular aggregates of allanite occur in association with the
small zoned epidote crystals (Fig. 7c, d). Other than the zoning in
small euhedral crystals, the composition of the types of epidote is
largely consistent (Table 3).

REE-silicate minerals

Large primary allanite-(Ce) crystals in the G1 granite have relatively
large grain-size (up to 200 µm long) and prominent chemical zoning
(Fig. 9a, b): the REEs, particularly La, decrease from the core to the
rim, while Th concentration increases (Fig. 9e). The internal
zonation is repeated in some crystals (Fig. 9b, Table 4) where a
positive Ce anomaly occurs (Fig. 9f ) for negative anomalies of other
REE, suggesting oxidation of Ce to 4+. The Ce anomaly
corresponds with an increase in Si, Al, Ca and Fe concentrations,
and decrease in Ti concentration (Fig. 9f). The data are consistent
with episodic magmatic recharge by an oxidized silicate magma. A
small overgrowth (analysis point 13, Fig. 9f ) has elevated REE and
Th compared to the crystal rims (analysis point 12, Fig. 9f ) due to
small scale recrystallization processes as a consequence of either
magmatic-fluid migration or post-consolidation fluid migration.
Secondary allanite-(Ce) has been observed in infrequent localized
pockets of fine-grained porous material replacing biotite in both the
G2 granite at Diamond Rocks and in the G4 granite at Hen
Mountain. Relative to the primary allanite-(Ce) in G1 granite, the

secondary allanite-(Ce) in the G4 granite has lower TiO2 and MgO,
and higher Al2O3 and CaO (Fig. 9g).

Allanite has not been observed in this study as a primarymineral in
the samples from the western Mournes. The cores of secondary
allanite-(Ce) crystals in association with epidote contain both Ce and
Nd while the rims may contain Ce only (Fig. 9c, d). Strongly zoned
allanite-(Ce) crystals up to 25 μm long also appear as inclusions
trapped along annealed fractures in large crystals of quartz or
feldspar. The epidote and particularly the allanite-(Ce) minerals in
vein assemblages in the western Mournes contain up to 3 wt% MnO
(Table 4), in marked contrast to the Mn-free allanite-(Ce) associated
with primary granitic assemblages in the eastern Mournes. ΣREE is
lower in vein allanite from thewesternMournes than in either primary
(G1) or secondary (G4) allanite-(Ce) (Fig. 9g) and Ce/La ratios are
higher in vein allanite-(Ce) than in either G1 and G4 granites, which
likely reflects a more oxidizing environment than the magmatic or
post-magmatic environments in the eastern Mournes granites.

Rare karnasurtite-(Ce) (Ce,La,Th)(Ti,Nb)(Al,Fe3+)(Si,P)2O7

(OH)4.3H2O is identified on the basis of its platy habit with one
good cleavage along which alteration has occurred (Fig. 8a), its
greater water content as indicated by its total wt% relative to
allanite-(Ce) (Table 4) and its contrasting stoichiometry relative to
chevkinite (Ce,La,Ca,Th)4(Fe

2+,Mg)(Fe2+,Ti,Fe2+)2(Ti,Fe
2+)2(Si2-

O7)2O8. Chevkinite with a grain-size too fine for reliable analysis
has tentatively been identified in association with radiating clusters
of secondary allanite-(Ce) in G4 granite (Fig. 8d). Chevkinite-(Ce)
was previously observed in G1 and G4 granites only (MacDonald
et al. 2013), but karnasurtite-(Ce) has not previously been reported

Fig. 5. Microphotographs of granitoid lithologies: (a) Phaneritic texture in G1 allanite-(Ce) -biotite-(amphibole) granite, EM5-2, (b) Radiating graphic and
myrmekitic texture, EM1b, (c) An amphibole crystal is split by a quartz vein and replaced with an assemblage dominated by cassiterite and monazite-(Ce),
sample EM2a_3, (d) Large radiating aggregates of topaz in association with Fe-enrichment, sample EM2a_1.
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in the literature for the Mourne Mountains, and neither mineral is a
ubiquitous accessory phase. Karnasurtite-(Ce) is not commonly
known as a mineral in metaluminous granites but it is a high-Th
mineral characteristic of mineralization in peralkaline pegmatites of
the Lovozero pluton (Ermolaeva et al. 2007).

Fe–Ti-oxide minerals, zircon and U-Th-minerals

Magnetite, ilmenite and rutile occur in both G2 and G4 granites, and
in the outermost greisen of metasomatised G2 granite (Figs 8a, 10a).
Primary magnetite in the granites is Ti-magnetite (mean 3.20 wt%
TiO2) with significant trace aluminium (average 1.95 wt% Al2O3)
and variable manganese (up to 0.50 wt%MnO) content. In contrast,
magnetite in the greisens contains lower titanium (mean 1.08 wt%
TiO2), aluminium (average 1.07 wt% Al2O3) and no manganese.
Primary ilmenite occurs as lamellae within, and rims around,
magnetite but is more resistant to local dissolution than themagnetite
and there are significant differences in its chemistry between G2 and
G4 granites. Manganese concentration is consistently high (mean
11.18 wt% MnO) and zinc is highly variable (up to 1.26 wt% ZnO)
in ilmenite from the G2 granites whereas manganese is highly
variable (mean 6.36 wt% MnO) and zinc is absent in ilmenite from
the G4 granites. Rutile contains highly variable Nb2O5 (0–4.73 wt
%) and WO3 (0–2.88 wt%), regardless of whether it is located in
unmetasomatised G2 granites or greisens.

There is an apparent association of the iron oxide minerals,
particularly Ti-magnetite, with euhedral and zoned primary Hf-
bearing zircon (Fig. 10a), and of both the Fe-oxides and zircon with
a variety of Nb-Ti-, U-Th-, and REE-minerals (Fig. 10b). Rare
micrographic intergrowth of cuneiform type occurs between
magnetite-mantled zircon, which contains an assemblage of

various small (<10 µm) inclusions dominated by thorite and
thorianite, with either quartz or biotite (Fig. 10b, c). A spongy
texture forms where inclusions are dissolved from zircons
(Fig. 10d). Primary zircon has highly variable composition and
contains up to 4 wt% HfO2, 3.4 wt% ThO2, and 6.95 wt% UO2. In
some cases, the composition varies systematically as a function of
zoning or leaching (Fig. 10e, f ). Radially distributed fractures
emanating from the crystal are filled with thorianite that has caused
radiation damage in adjacent silicate minerals (Fig. 10e). The
thorianite also crystallizes as small overgrowths on the margin of the
zoned crystal, which has increasing Hf concentration and decreasing
U and Th concentration from core to rim, with Th preferentially
removed relative to U (Fig. 10f). The redistribution of Th therefore
appears to be a very local post-magmatic process.

Subhedral zircon crystals in greisens are Hf-free and occur in
association with monazite-(Ce) in a biotite pseudomorph (Fig. 8a).
It is not clear from mineral textures whether they are the product of
new crystallization with their morphology controlled by void space
in spongy-textured biotite, or whether they are the corroded remains
of primary zircon inclusions in biotite from which Hf and other
chemical components have been removed. However, thorianite in
the greisen contains up to 1.5 wt% As2O3, suggesting that
metasomatic fluids may have been responsible for dissolution of
zircon, such that primary zircon is corroded and re-precipitated.

Nb-Ti-Y(-REE) minerals

Primary mineral associations include: prismatic karnasurtite-(Ce) in
association with magnetite and zoned zircon (Fig. 10a); euhedral
fergusonite-(Y) Y(Nb,Ta)O4 intergrown with tabular zircon
(Fig. 10d) and zircon with spongy dissolution textures; and

Fig. 6. Microphotograph (a) and false colour element maps (b–d) of infill of drusy cavity in G2 granite (sample WM2). Silicate minerals of the enclosing
granitic assemblage are dark blue (quartz) and light blue (albite). Smaller chloritised biotite and chlorite crystals are included in the late-stage mineral
assemblage infilling the cavity (green/blue). The secondary assemblage is dominated by an amorphous mass that varies from manganese-rich (bright green)
to cerium-rich (white-pink) in composition.

11Critical metals in Mourne Mountains granites



inclusions of various minerals in rare micrographic zircon mantled
by magnetite that has associated ashanite (Nb,Ta,U,Fe,Mn)4O8

(Fig. 10b) and rarely chernovite-(Y) (Ce,Y)AsO4. Inclusions in
primary zircon crystals in pegmatite close to the contact between the
G4 granite and the country rock comprise Dy-bearing yttriaite
(Y2O3) and thorianite. In themicrographic intergrowth in G2 granite
(Fig. 10b), euxenite-(Y) and xenotime-(Y) are inclusions in zircon,
and aeschynite-(Y) is intergrown in magnetite mantles (Fig. 10c).
Semi-quantitative analysis indicates that the Nb-rich phases
ashanite and euxenite-(Y) sometimes contain trace tungsten.
Aeschynite-(Y) in the Ti-magnetite mantles (Fig. 10c) has trace
vanadium and significant tungsten (up to 8.67 wt% WO3, Table 5)
in substitution for iron. The As-mineral chernovite-(Y), arsenic-
bearing xenotime-(Y) and tungsten-bearing ashanite ± euxenite-(Y)
are primary minerals in G2 localities (samples EM1a, EM4a).

Secondary mineral textures are amorphous masses (Fig. 10g)
with gradational compositions reflecting complex solid solution
and/or admixtures, a replacement assemblage where euxenite-(Y)
occurs in association with radiating sprays of allanite-(Ce) in a
corroded biotite crystal (Fig. 10h), and an intimate association with
anhedral rutile accompanying a monazite-(Ce) -dominated replace-
ment assemblage in a spongy-textured biotite (Fig. 11a). The
secondary infill in G4 granite (Fig. 10g) is amorphous but its core
has variable euxenite-(Y) and aeschynite-(Y) compositions, while
the outlying mineralized stringers are particularly U-rich and are
considered to be metamict fergusonite-(Y) + euxenite-(Y) + uran-
inite ± thorite. Small microveins in the G2 granite (Fig. 11b, c) also
contain exceptionally hydrous, Ti-rich phases that are too small to
be resolved quantitatively.

Fergusonite-(Y), euxenite-(Y) (Y,Ca,Ce,U,Th)(Nb,Ti,Ta)2O6

and aeschynite-(Y) (Y,Ca,Ce,Fe,Th)(Ti,Nb)2(O,OH)6 in multiple
primary (Fig. 10c) and secondary (Fig. 10g, h) parageneses were
analysed using ESEM and EPMA (Table 5), and classified
following the discussions of Ercit (2005), Ewing (1976) and
Škoda and Novák (2007). These minerals have a wide range of
compositions that encompass both Ti- and Nb-dominated chemical
compositions (Fig. 12a, b) with no apparent correlation with
paragenesis, host rocks or mineralogical context, except for some
chemical evidence of alteration (Fig. 12c). A continuum of
compositions and variable U/Th ratio relates to the inclusion of
thorite in primary crystals, and leaching from primary crystals
followed by enrichment in secondary phases. Therefore, some of the
analysed compositions represent admixtures of euxenite-(Y) and
aeschynite-(Y) with uraninite and thorianite (Table 5, Fig. 12c). The
mobility of Th decreases its reliability as a discriminator, but the
aeschynite- and euxenite-group minerals in the Mourne Mountains
Granites generally have lower Ta and Ca, but similar Y + ΣREE,
compared to the REL-REE euxenite-subtype granite pegmatites
(Fig. 12; cf Fig. 6 in Škoda and Novák 2007). The primary minerals
consistently accommodate HREE whereas the HREE content of
secondary minerals is highly variable (Table 5) in both the western
and eastern Mournes granites.

REE phosphate and fluorocarbonate minerals

Subhedral primary monazite-(Ce) is up to 60 μm in size and occurs
in association with magnetite/ilmenite (Fig. 11b), or as inclusions in
magnetite (Fig. 11e) and karnasurtite-(Ce) (Fig. 10a) in samples of

Fig. 7. Photomicrographs illustrating mineral assemblages in a shear zone through G4 granite at Gruggandoo (WM1). (a) Granite mineral assemblage
showing an association between magnetite and biotite, sample WM1a, (b) Chlorite infill and alteration along grain boundaries, sample WM1a, (c) 1 mm
wide quartz-epidote vein through G4 granite, sample WM1e, (d) Epidote crystal aggregate in vein, WM1e.
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G2 and G4 granites. Primary monazite-(Ce) in both the G2 and G4
granites is Th-rich (mean 3.62 wt% ThO2) and is Ce- and Nd-
dominated (Table 5). Primary xenotime-(Y) occurs rarely as
inclusions in zircon (Fig. 10c) in G2 granites and semi-quantitative
analysis indicates that it contains significant Th ± trace As. Primary
monazite-(Ce) inclusions in biotite are an order of magnitude larger
than secondary monazite-(Ce) that occurs in association with
bastnäsite-(Ce) ± cassiterite (Fig. 11a–d) in all the granites and/or
with allanite-(Ce) in faults and shear zones in the western Mournes.

Secondary monazite-(Ce) contains significantly higher Th (mean
6.60 wt% ThO2) than primary monazite-(Ce). Y + ΣREE is lower in
secondary monazite-(Ce) (mean Y + ΣREE = 61.23 wt%) than in
primary monazite-(Ce) (mean Y + ΣREE = 64.98 wt%) and the
REE distribution is slightly different, with slightly higher La and
lower MREE in secondary monazite-(Ce) (Table 5). The Th-
enrichment in secondary monazite-(Ce) is likely to be a function of
similar localized dissolution and reprecipitation phenomena that
affected the distribution of Th around zircons (Fig. 10e, f ). This is
supported by mineral textures where, for example, secondary
monazite-(Ce) has a dendritic habit and occurs in solution-widened
cracks along cleavage in feldspars of G1 granites (sample EM5-2),

implying a low level of fluid infiltration in apparently primary
granite samples. The large anhedral grain of cassiterite in Figure 11c
and d partly infills magnetite pseudomorphs, while the monazite-
(Ce) and bastnäsite-(Ce) preferentially precipitate in biotite with
spongy dissolution textures, and is cross-cut by the localized veins
of hydrous and amorphous Ti-rich mineralization.

Monazite-(Ce) also occurs together with bastnäsite-(Ce) as a
secondary mineral in metasomatic replacement textures in greisens in
G2 granite, where it is associated with arsenic-bearing minerals and
small euhedral crystals of cassiterite ± rutile and zircon (Fig. 11f–h).
The monazite-(Ce) – bastnäsite-(Ce) assemblage preferentially forms
along the margins of quartz-cassiterite veins and does not occur
within the veins themselves, illustrating the infiltration of fluids into
the surrounding rock, particularly along crystal boundaries and
cleavage planes (Fig. 11f). Secondary monazite-(Ce) in the greisens
has significantly lower Th concentration than primary or secondary
monazite-(Ce) in unmetasomatised granite (Table 5) and bastnäsite-
(Ce) is Th-rich with more variable F concentration relative to
secondary bastnäsite-(Ce) in granite.

An additional REE-phase is similar to chernovite-Y (Ce,Y)
(AsO4) in composition but has a large volatile component, variable

Table 3. Representative major element compositions of mafic silicate minerals by ESEM analysis

Amphibole Biotite

Sample G1 EM5-2 G1 EM5-2 G1 EM5-2 G1 EM5-2 G1 EM5-2 G2 EM4a G2 EM4a EM2a_2 EM2a_2

SiO2 41.49 41.26 40.46 35.83 35.65 37.83 37.35 50.49 48.54
TiO2 1.05 1.04 1.16 3.65 3.64 2.76 1.89 0.00 0.82
Al2O3 7.80 8.03 8.58 12.07 11.88 18.99 19.20 27.79 21.99
FeO 31.53 31.04 31.29 31.92 32.04 26.96 25.16 8.18 14.33
MnO 1.07 1.05 0.97 0.65 0.49 0.34 0.36 0.29 0.30
MgO 2.02 2.02 1.74 3.00 2.94 0.67 0.64 nd nd
CaO 9.90 10.02 10.30 nd nd nd nd nd nd
Na2O 2.07 2.04 2.00 0.36 nd nd nd nd nd
K2O 1.21 1.28 1.37 8.80 9.00 9.73 9.75 11.15 10.70
ClO 0.68 0.65 0.82 0.67 0.68 0.34 0.26 0.00 0.00
-O = Cl 0.15 0.15 0.18 0.15 0.15 0.08 0.06 0.00 0.00
Total 98.84 98.42 98.68 96.95 96.32 97.62 94.60 97.91 96.67

Biotite Chlorite

Sample EM2a_1 EM2a_1 EM2a_1 EM2a_1 G2 EM4a G2 EM4a EM2a_2 EM2a_2 EM2a_2

SiO2 45.40 47.38 48.83 47.66 46.92 46.02 35.60 33.66 39.14
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.51 0.00 0.00
Al2O3 29.75 31.59 32.01 32.45 11.49 13.95 17.12 18.67 19.49
As2O3 1.24 1.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 4.37 3.97 3.67 2.80 26.30 27.03 27.08 31.73 21.86
MnO nd nd nd nd 0.00 0.00 0.48 0.47 0.33
MgO nd nd nd nd 0.39 0.44 0.76 0.00 0.73
CuO nd nd nd nd 0.00 0.00 2.68 1.99 1.90
CaO nd nd nd nd 0.40 0.33 0.00 0.00 0.00
Na2O nd nd nd nd 0.84 0.84 0.00 0.00 0.00
K2O 10.32 10.59 10.80 10.67 0.67 1.12 2.63 0.46 3.56
Total 91.08 94.72 95.31 93.59 86.99 89.73 86.86 86.97 87.00

Vein epidote Replacement epidote Zoned epidote

Sample WM1e WM1e WM1e WM1e WM1e WM1e WM1e WM1e WM1e WM1e

SiO2 38.83 38.58 38.98 38.27 38.14 37.44 38.43 39.73 38.49 38.49
TiO2 nd nd nd nd nd nd 0.54 nd nd nd
Al2O3 21.19 19.81 22.76 20.64 20.72 18.55 16.86 22.11 19.20 19.98
FeO 14.22 16.33 12.56 14.25 14.37 16.21 19.46 14.56 16.79 15.64
MnO 0.47 0.00 0.32 0.38 0.50 0.40 0.53 0.65 0.36 0.37
CaO 22.85 22.84 23.09 22.88 22.78 22.40 23.17 23.17 22.79 22.97
Total 97.57 97.55 97.71 96.43 96.51 95.00 99.00 100.22 97.64 97.45

nd, not detected by ESEM.
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Th concentration and affinity to bastnäsite-(Ce) in terms of F
content and total oxide wt%. This mineral phase is not considered a
new mineral species but more likely an intermixture, where
bastnäsite-(Ce) has undergone replacement to chernovite-(Y).

As-minerals

Arsenic was observed in trace amounts substituting into inclusions
in primary accessory minerals in unaltered G2 granite. In the
eastern Mournes, As anomalies in the deep soil Tellus data are
close to the G2 drusy granites and pegmatites and the G1 granite
outcrops, and have an upper limit of 230 ppm (Fig. 2a). The
overlapping, though differently oriented, As plume in Tellus
stream sediment data has a similar order of enrichment over
background levels as the soil data (Fig. 2b). At the southwestern
extremity of the As anomaly at Pollaphuca (locality EM2a), As-
minerals comprise 7.38 vol% of the >10 μm mineral fraction
(Table 2) at the centre of a vein of metasomatic enrichment.
Amphibole and biotite crystals have undergone progressive
replacement from the margins to the centre of the mineralized
zone (Fig. 13a–c) to an intermixture of scorodite, arseniosiderite
(Fig. 13c–e, Table 6), and ultimately arsenopyrite (Fig. 13e).
Multiple generations of intermediate phases with microbotryoidal
and colloform habit (Fig. 13f ) formed during partial replacement.
The composition of the intermediate phases is often non-
stoichiometric (Table 6) as a consequence of disequilibrium in
the system. Complex solid solutions exist in the pharmacosiderite
group and quantitative analysis indicates that the composition in
Table 6 represents approximately 25% end member pharmacosi-
derite KFe4(AsO4)3(OH)4.6–7H2O and 75% end member hydro-
niumpharmacosiderite (H3O)Fe4(AsO4)3(OH)4.4H2O.

The highly porous microbotryoidal material was too fine-grained
and porous for fully quantitative analysis but semi-quantitative
EDX analysis revealed a highly variable composition, with
significant strontium and bismuth. There appears to be extensive
solid solution between end members of the crandallite group of
minerals arsenogoyazite SrAl3(AsO4)2(OH)5.H2O, arsenowaylandite
BiAl3(AsO4)2(OH)6, arsenocrandallite CaAl3(AsO4)2(OH)5.H2O
and arsenoflorencite-(La): (La,Ce,Nd)(Al,Fe)3(PO4,AsO4)2(OH)6.
The crandallite group minerals formed in the early stages of
replacement, such that the concentration of Ca and Al may reflect
the composition of the replaced amphibole (hastingsite), and they
are supplanted by pharmacosiderite + barahonaite + chenevixite,
arseniosiderite + scorodite, and arsenopyrite as replacement pro-
gresses. The K and Ca in the phases pharmacosiderite KFe4(AsO4)3
(OH)4.6–7H2O and barahonaite (Ca,Cu,Fe,Al)12Fe2(AsO4)(OH,
Cl).nH2O may also reflect components of pre-existing mineral
phases that were locally re-precipitated.

Arsenoflorencite-(La) and chernovite-(Y) in the core of the
metasomatic vein (Table 2) have LREE concentrations intermediate
between niobate minerals and phosphate ± carbonate ± silicate REE
minerals (Fig. 14). The rare occurrence of chernovite-(Y) is largely
limited to the metasomatic rock, where it provides an alternative
REE-mineral host to the secondary fluorocarbonate minerals and
primary REE-bearing minerals of unmetasomatised granites. Thus
it seems that the REE are present throughout the mineralization,
substituting into As-rich minerals in the central part of the
metasomatised zone and forming REE-phosphate minerals in
the outer parts of the microveined metasomatised envelope. The
distribution of Sn follows a similar trend, in that it substituted into a
silica polymorph in the core of the mineralized zone and formed
cassiterite at the margins. A highly variable Y-rich phase in the core

Table 4. Representative EPMA analyses of major element compositions of selected primary minerals: allanite-(Ce) (sample EM5-2, G1 granite) and
karnasurtite-(Ce) (sample WM2, G4 granite)

Allanite-(Ce) Karnasurtite-(Ce)

Primary zoned* euhedral allanite Euhedral Corroded

SiO2 34.41 31.96 34.01 34.04 19.28 18.73 20.48 19.31 19.10
TiO2 1.91 2.53 2.34 1.95 23.88 24.85 25.21 22.89 23.22
ThO2 0.52 1.60 1.46 0.70 10.62 9.96 9.69 7.75 9.19
UO2 b.d. b.d. 0.10 0.08 0.49 0.57 0.57 0.40 0.49
Nb2O5 b.d. b.d. b.d. b.d. 1.03 1.00 1.01 1.09 1.18
Al2O3

† 12.36 12.09 12.23 12.04 n.a. n.a. n.a. n.a. n.a.
Fe2O3 15.79 16.51 17.23 16.81 12.46 12.57 11.80 12.56 13.26
La2O3 6.60 6.26 5.00 6.18 4.28 4.25 4.28 5.72 5.03
Ce2O3 12.21 10.78 11.08 13.15 5.21 5.71 5.81 8.36 7.41
Pr2O3 1.15 1.00 1.04 1.39 0.91 0.71 0.93 1.23 0.92
Nd2O3 0.00 3.23 b.d. b.d. 3.14 3.17 3.40 4.07 3.74
Sm2O3 0.66 0.27 0.53 0.57 0.50 0.60 0.62 0.77 0.50
Gd2O3 0.28 0.24 0.19 b.d. 0.59 0.71 0.69 0.66 0.52
Dy2O3 0.15 b.d. 0.20 0.05 b.d. b.d. b.d. b.d. b.d.
Ho2O3 b.d. b.d. b.d. b.d. 0.34 0.30 b.d. b.d. b.d.
Yb2O3 b.d. b.d. b.d. b.d. 0.17 b.d. b.d. 0.17 b.d.
Y2O3 0.50 0.30 0.38 0.51 0.33 0.38 0.38 0.45 0.47
MgO 0.71 0.57 0.40 0.71 n.a. n.a. n.a. n.a. n.a.
MnO 0.27 0.28 0.29 0.19 n.a. n.a. n.a. n.a. n.a.
CaO 9.62 8.77 8.26 9.43 1.51 1.29 1.45 1.53 1.52
P2O5 b.d. 0.42 0.47 b.d. 0.51 0.56 0.54 0.38 0.50
ClO 0.02 0.02 0.03 b.d. n.a. n.a. n.a. n.a. n.a.
-O = Cl 0.00 0.00 0.01 0.00
Total 97.16 96.83 95.25 97.80 85.25 85.36 86.86 87.34 87.05
TREO 21.04 21.78 18.03 21.35 15.13 15.45 15.72 20.98 18.12

b.d., beneath detection limits; n.a., not analysed.
*Detailed analysis of chemical variation in zoned crystals is presented in Figure 9. Analysis tabulated above are for the crystal depicted in Figure 9b, f.
†Al2O3 was not included in analyses designed to determine REE concentrations accurately. However, EPMA analyses with semi-quantitative REE concentrations were used to
determine that Al2O3 concentration is uniform regardless of the habit of karnasurtite-(Ce): mean = 1.08 wt%, standard deviation = 0.05 wt%.
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of the metasomatism was located as a potential HREE-rich
replacement of euxenite-(Y) and aeschynite-(Y), or karnasurtite-
(Ce). It can be postulated that REE and Sn are only locally remobilized
and their concentration is fairly constant throughout the mineral-
ization. The barahonaite and chenevixite Cu2Fe2(AsO4)2(OH)4
illustrate that Cu is an important cation that is introduced by
the metasomatising fluid. Bromine and chlorine both replace the
hydroxyl anion in several of the mineral species (for example,
chenevixite, scorodite, and barahonaite; Table 6). Coupled with
the abundance of F-rich topaz in the core of the mineralized zone

(8.63 vol%, Table 2), this suggests that the metasomatic fluids were
very halide-rich.

Discussion

Overview of the mineralogical sources of geochemical
anomalies in the Mourne Mountains

The four major patterns of chemical anomaly that were identified in
the Tellus geochemical (stream and deep soil) data correlatewith the

Table 5. Representative major element compositions of selected primary and secondary minerals from EMPA and ESEM: monazite-(Ce) (EM4a, G2 granite;
EM2a/2, greisen), fergusonite-(Y) (EM4a, G2 granite; WM2, G4 granite), euxenite-(Y) (WM2, G4 granite), aeschynite-(Y) (EM4a, G2 granite) and amorphous
admixtures of aeschynite-(Y) and thorite or uraninite (WM2, G4 granite)

Monazite-(Ce) Fergusonite-(Y)

P p s s m EM4a WM2

SiO2 0.78 0.52 1.91 0.70 1.46 2.05 2.00 b.d. b.d.
TiO2 n.a. n.a. n.a. b.d. b.d. 1.22 0.95 1.31 1.15
ThO2 3.48 2.86 7.44 4.19 1.03 6.17 5.62 4.29 4.48
UO2 0.32 0.24 0.31 0.38 b.d. 4.52 3.97 3.56 3.75
Nb2O5 n.a. n.a. n.a. b.d. b.d. 42.75 43.89 43.82 45.93
Ta2O5 n.a. n.a. n.a. b.d. b.d. b.d. b.d. 1.08 1.16
Fe2O3 n.a. n.a. n.a. n.a. 0.93 b.d. b.d. b.d. b.d.
La2O3 12.06 12.38 13.61 12.27 19.86 b.d. b.d. b.d. b.d.
Ce2O3 28.65 28.40 30.81 27.73 30.65 b.d. b.d. 0.83 0.77
Pr2O3 3.26 3.27 3.30 2.98 2.74 b.d. b.d. b.d. 0.39
Nd2O3 13.50 13.86 10.20 12.27 9.22 1.95 1.97 1.86 1.83
Sm2O3 3.12 3.05 1.64 2.99 1.38 b.d. b.d. 1.19 1.32
Gd2O3 1.80 1.85 0.53 1.79 0.89 13.00 12.14 2.20 2.28
Tb2O3 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.54 0.50
Dy2O3 0.64 0.61 b.d. 0.73 b.d. 3.76 3.79 4.43 4.53
Ho2O3 b.d. 0.48 0.51 0.36 0.39 b.d. b.d. 1.19 1.06
Er2O3 b.d. 0.22 b.d. b.d. b.d. b.d. b.d. 3.34 3.34
Yb2O3 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 2.17 2.23
Y2O3 2.18 1.90 b.d. 1.66 b.d. 22.88 22.90 25.88 25.58
CaO 0.29 0.27 0.27 0.54 0.12 0.79 0.90 0.70 0.81
P2O5 28.41 28.39 27.97 30.04 31.33 b.d. b.d. b.d. b.d.
Total 98.49 98.30 98.50 98.64 100.00 99.08 98.14 98.39 101.11
TREO 63.03 64.12 60.60 61.13 65.13 18.71 17.90 17.75 18.24

Euxenite-(Y) Ferro-aeschynite-(Y) Niobo-aeschynite-(Y) Admixtures

SiO2 1.48 3.21 3.49 0.00 1.28 5.68 4.37 b.d.
TiO2 47.39 35.80 34.81 35.22 30.95 3.46 3.24 0.35
ThO2 b.d. 4.69 4.84 3.74 3.77 18.13 4.79 6.58
UO2 b.d. b.d. b.d. 0.00 8.09 7.79 43.40 10.65
Nb2O5 b.d. b.d. b.d. 7.36 4.33 25.51 17.86 33.86
Ta2O5 b.d. b.d. b.d. b.d. b.d. 4.21 4.75 3.43
Fe2O3 0.71 3.47 3.80 0.00 0.90 6.01 7.59 10.54
La2O3 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Ce2O3 b.d. b.d. b.d. 6.11 4.56 b.d. b.d. 0.47
Pr2O3 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Nd2O3 1.80 1.87 1.93 7.99 5.46 b.d. 0.22 1.14
Sm2O3 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.91
Gd2O3 12.03 10.09 11.69 b.d. b.d. 0.22 b.d. 1.11
Tb2O3 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Dy2O3 4.23 b.d. b.d. b.d. b.d. b.d. b.d. 1.79
Ho2O3 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.75
Er2O3 3.18 2.96 b.d. b.d. b.d. b.d. b.d. 0.85
Yb2O3 3.07 b.d. b.d. b.d. b.d. b.d. b.d. 1.41
Y2O3 25.13 15.84 14.49 13.56 11.82 b.d. b.d. 3.79
CaO b.d. b.d. b.d. b.d. b.d. 0.43 0.59 0.39
P2O5 b.d. b.d. b.d. b.d. b.d. 0.56 b.d. b.d.
WO3 b.d. 5.80 4.52 8.67 6.92 b.d. b.d. b.d.
Total 99.02 83.74 79.57 82.66 78.07 72.01 86.81 78.03
TREO 24.31 14.92 13.62 14.10 10.02 0.22 0.22 8.44

p, primary; s, secondary monazite-(Ce); m, monazite-(Ce) in metasomatic replacement texture in greisen. n.a., not analysed; b.d., beneath detection limit.
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mineralogical observations in the bedrock samples. This corrobo-
rates the findings of Steiner (2019, 2018) that regional geochemical
datasets can not only define anomalous areas and enrichments of
incompatible elements of economic interest, but provide under-
standing of geological setting and definition of ore deposit styles.
We describe the ore deposit styles as four anomaly types.

Anomaly type 1 comprised Th, REE and Nb (Fig. 1) enrichments
associated with G1 and G2 granites in the eastern Mournes. These
correlate with the primary allanite-(Ce) + mafic silicate or the
primary niobates + zircon + Fe–Ti oxide mineral associations.
Variable textures in the zircon are indicative of primary crystalliza-
tion, dissolution, re-crystallization and overgrowths (Alekseev and
Alekseev 2020). Fergusonite-(Y) was observed intergrown with
zircon in bedrock samples (Fig. 10d) in a primary magmatic
association, where zircon had a spongy texture that probably
resulted from dissolution of thorianite inclusions akin to those
depicted in Figure 10c. However, primary magmatic fergusonite-
(Y) was rare and the extensive soil Nb anomaly in the eastern
Mournes is attributed to minerals in which Nb ± Ta is chemically
coupled to Ti: aeschynite-(Y) and fergusonite-(Y) as primary
inclusions in zircon, primary euhedral crystals, and secondary
mineralization infilling cavities (e.g. Figs 10c, g and h). Primary
karnasurtite is associated with primary monazite-(Ce) (Fig. 10a) and
xenotime inclusions (Fig. 10c), and secondary euxenite-(Y) and
aeschynite-(Y) occur in association with secondary allanite-(Ce) ±
cassiterite (Figs 10h, 11c).

The primary niobate minerals such as euxenite-(Y) and
fergusonite-(Y) have an extremely high Nb/Ta ratio: for the
euxenite-(Y) analyses in Table 5, mol Nb/Ta = 79 and 69.
Admixtures of niobate minerals in replacement assemblages
(Table 5) have mol Nb/Ta ratios in the range of 6.6–17.3.
Influences on Nb/Ta ratio include the crustal v. mantle source
region, the extent and temperature of fractionation and the
magmatic-hydrothermal transition, and the presence of critical
ligands such as F (Chevychelov et al. 2005; Ballouard et al. 2016;

Stepanov et al. 2016). The high relative Nb concentration in the
Mourne Mountains granitic magmatic-fluid system (primary and
secondary mineralization) likely reflects the mantle source region
and the preferential incorporation of Nb over Ta in accessory phases
in dominantly subaluminous granitic systems, which results in a
late-stage fluid with lower Nb/Ta ratio despite the lower solubility of
Ta (Green 1995; Linnen and Keppler 1997; Chevychelov et al.
2005; Ballouard et al. 2016). Although Hf-bearing zircon with
associated REE can be indicative of productive ore-magmatic
systems (Alekseev and Alekseev 2020), a high Nb/Ta ratio, such as
for the Mourne Mountains, would plot in the ‘barren’ field of
peraluminous granites of Ballouard et al. (2020).Whether the plot is
representative for granites that are not peraluminous is unknown.

Monazite-(Ce) and allanite-(Ce) contain only LREE (La, Ce and
Nd), whereas there is substitution of Gd, Dy and Er for Y in
aeschynite-(Y) and euxenite-(Y) (Tables 5 and 6; Fig. 13). The REE
in G2 niobates is dominantly hosted by fergusonite-(Y) whereas the
REE in G4 niobates is dominantly hosted by aeschynite-(Y). The
niobate minerals, particularly in G2 granites, contain nearly as much
Dy as xenotime-(Y), which is a potentially economic source of
HREE in carbonatites (Fig. 14). The association of Ce anomalies
and REE, Nb ± Ta, Th ± U enrichments in the roof zones of the
eastern Mournes granites that contain zoned (Fig. 10e, f ) and
primary (Fig. 10a) euhedral crystals, and primary inclusions and
intergrowths (Fig. 10b, c) demonstrate that magmatic recharge of
evolved magmas and eutectic crystallization were important
processes that concentrated the critical metals.

Chemical components (particularly Th) have been subject to
some local leaching and re-precipitation (e.g. Figs 10e, f and 12c),
where bastnäsite-(Ce) is associated with secondary monazite-(Ce)
(Fig. 11a–c). The higher Th content of secondary monazite-(Ce) is
consistent with the localization of remobilization textures (Liu et al.
2022). Regardless of context, monazite-(Ce) and bastnäsite-(Ce)
have a limited compositional range and display characteristic
extreme LREE enrichment (Fig. 14). Secondary cassiterite is

Table 6. Representative major element compositions of hydrous arsenic-rich minerals, by ESEM analysis

wt% Arseniosiderite n-s chenevixite

SiO2 0.71 0.74 0.73 0.60 0.00 0.62 0.54 0.58
Al2O3 0.00 0.00 0.00 0.67 0.00 0.00 0.00 0.68
Fe2O3 31.98 31.38 31.67 45.00 44.20 42.39 44.90 43.01
As2O3 38.09 37.68 39.14 18.15 18.50 18.41 17.42 17.76
CuO 0.61 0.50 0.00 3.41 3.10 3.15 3.54 3.72
CaO 13.67 13.81 13.92 0.70 0.71 1.82 nd nd
K2O nd nd nd nd nd nd nd nd
BrO nd nd nd nd 1.36 0.97 1.02 nd
ClO nd nd nd nd nd nd nd nd
-O = Br nd nd nd nd 0.14 0.10 0.10 nd
-O = Cl nd nd nd nd nd nd nd nd
Total 85.06 84.11 85.46 68.52 67.73 67.27 67.30 65.75

wt% Scorodite n-s pharmocosiderite n-s barahonaite

SiO2 1.25 1.09 1.45 1.20 0.77 0.75 0.76 0.90
Al2O3 0.00 0.99 0.00 0.00 0.00 0.00 0.53 0.49
Fe2O3 31.24 31.70 31.94 42.61 42.90 43.32 45.82 45.86
As2O3 39.26 42.23 40.65 37.09 38.79 38.72 19.14 19.91
CuO nd nd nd 1.13 0.74 0.76 2.06 1.97
CaO nd nd nd 1.56 0.00 0.00 0.65 0.65
K2O nd nd nd 1.28 1.84 1.17 nd nd
BrO 2.55 nd 2.52 nd nd nd nd nd
ClO nd nd nd nd nd nd 0.41 0.40
-O = Br 0.26 nd 0.25 nd nd nd nd nd
-O = Cl nd nd nd nd nd nd 0.09 0.09
Total 74.04 76.00 76.30 84.87 85.04 84.72 69.28 70.09

n-s, non-stoichiometric; nd, not detected by ESEM analysis.
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Fig. 8. BSE images of (a) biotite crystals on
the margins of a quartz vein undergoing
dissolution, with infill by precipitation of
high atomic mass minerals, including Ti-
magnetite, zircon, cassiterite and monazite-
(Ce), and (b) the location of analytical
transects across the top right biotite crystal in
(a), (c) shows the composition of biotite
along the analytical transects, expressed as wt
% oxide.

Fig. 9. BSE images of zoning in primary
magmatic allanite-(Ce) in the G1 granite (a,
b, sample EM5-2) and 2 generations of
secondary allanite-(Ce) growth in G4
granite (c, d, sample WM1e). The zones in
magmatic allanite-(Ce) crystals where
examined in detail using quantitative
ESEM analysis. REE abundance is
expressed as ΣREE and Ce concentration
(e, f ), for which analytical confidence was
determined using EPMA analysis (Table 4).
Chemical variation between allanite-(Ce)
populations (g) in G1 (sample EM5-2), G4
(sample WM2) and vein allanite-(Ce)
(WM1e) is examined using covariation of
mol ratios ΣREE/Ca and Al(Fe2+T +Mg +
Mn) by ESEM analysis.
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associated with the local re-precipitation of magmatic minerals
(Fig. 12b, c). This suggests that Sn resided in late-stage magmatic
fluids that were trapped within the crystallizing granite, perhaps
because of HCl-rich and F-depleted compositions of magmatic

fluids that were exsolved late (Hu et al. 2009; Schmidt et al. 2020;
Zhao et al. 2022).

Anomaly type 2 comprises enrichments in As (Fig. 2), Sn, REE
and Y, where the largest positive arsenic anomaly in stream

Fig. 10. BSE images showing the occurrence of (a) magnetite with ilmenite lamellae and rims in association with zoned zircon, prismatic karnasurtite-(Ce)
undergoing alteration to ferriallanite-(Ce) and monazite-(Ce) inclusions (sample WM2), (b) biotite-quartz symplectic texture and micrographic texture
between a zircon-rich mineral assemblage and biotite + quartz (EM1a), (c) detail of a zircon crystal from figure a containing a variety of inclusions, mantled
by magnetite with aeschynite-(Y) intergrowth (EM1a), (d) euhedral fergusonite-(Y) with tabular zircon intergrowths (sample EM1a), (d) euhedral
fergusonite-(Y) associated with spongy-textured zircon and primary monazite-(Ce) inclusions (sample EM1a), (e) Th-rich veinlets emanating from a zircon
crystal (EM4a), (f ) compositional zoning related to depletion of Th, U and Hf, (wt% element) in the same crystal, (g) amorphous infill/replacement
structure including euxenite-(Y) and aeschynite-(Y) compositions (sample WM2), and (h) allanite-(Ce) and euxenite-(Y) replacement mineralization
(sample WM2).
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sediments appears to emanate from zoned metasomatism at sample
location EM2 (Pollaphuca) in the eastern Mournes. Host silicate
minerals have a characteristic trace element signature in

metasomatised samples of Sn and In (in silica polymorphs), Mn
and Cu (in chlorite), As (in biotite), and F (in topaz). Dissolution
reduced the chlorine concentration in biotite such that over-growths

Fig. 11. BSE images illustrating the occurrence of monazite-(Ce) and bastnäsite-(Ce) in samples EM4a (a–e), EM2a_2 (f ) and EM2a_3 (g, h). Euxenite-
(Y) is intergrown with rutile (a). Fine-grained monazite-(Ce) of variable composition and bastnäsite-(Ce) are secondary (a–d) and occur in biotite with
zircon and cassiterite (c, f–h). Primary monazite-(Ce) is an order of magnitude larger than secondary magnetite and occurs in association with magnetite (b,
e). Replacement cassiterite can be massive in association with localized remobilization structures (c, d) or controlled by the crystallographic structure of the
pseudomorphed mineral on the margin of veins (h).
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on biotite were potassium-enriched. The F/Cl ratio appears to be
elevated relative to anomaly type 1.

As minerals contain bromine and LREE concentrations inter-
mediate between other REE minerals (Fig. 14). The chemistry of all
the mineral groups indicates that As and Cu metals were added by

potassic and halide-rich fluids, and that Sn and REE were
redistributed during the progressive replacement (Fig. 13) of
mafic silicate minerals and feldspars. The source of the indium,
occurring together with tin as impurities in silica polymorph(s), is
enigmatic but it may have been released from the mafic minerals that
were replaced (Adam and Green 2006). The characteristic chemical
signature is in marked contrast to all the other anomalies and
indicates a more F-rich and voluminous fluid transported a
significantly different metal budget.

It appears that with extensive fluid migration through granite, the
primary magmatic REE-Nb mineralization in anomaly type 1 is
progressively replaced with monazite-(Ce) + bastnäsite-(Ce), and
then arsenoflorencite-(La) + chernovite-(Y). Evidence for the
source of the As-W-bearing metasomatising fluids comprises
primary chernovite-(Y), arsenic-bearing xenotime and tungsten-
bearing ashanite ± fergusonite-(Y) or euxenite-(Y) in G2 localities
that were not affected by metasomatism, which suggests affinity
with the granite magmas. If As preferentially partitions into late-
stage magmatic fluids, then the progressive nature of metasomatism
and the apparent linearity of the As enrichment in the Mournes
(Fig. 2a) in the Tellus data suggest that multiple pulses of magmatic
fluids derived from granitic intrusions were concentrated along
linear structural features that penetrated through the granite
laccolith. Although there is a possibility of down-slope creep
from a point source, fluid-focusing is needed for the extent of
metasomatism observed in the samples.

The mineralogical evidence in anomaly type 2 indicates that
petrogenetic process is a controlling factor in formation of the point
source to the arsenic plume in Figure 2b. The association of
petrogenetic process with a high concentration of deleterious
elements that are mobile in soil and stream sediments can be
factored into minerals systems approaches to exploration (e.g.
Banks et al. 2019, 2020) and the increasingly important responsible
sourcing agenda (Wall et al. 2017; Kügerl et al. 2023; Stephenson
et al. 2023).

Anomaly type 3 comprises enigmatic, isolated and scattered areas
where manganese and cerium concentration rise above background
levels (Fig. 1c). Drusy granite infill in sample WM2 contains a very
clear association between Ce and Mn. The mineralization (Fig. 6)
has highly variable composition from a manganese-rich to cerium-
rich hydrous amorphous mass, with accompanying Ca, Pb, Ba, As,
S, Br and Cl. The low concentration of As and the Mn enrichment
have affinity to the magmatic host rocks of Anomaly type 1 and the
metasomatic fluids of Anomaly type 2, respectively. The most
notable coupling between Ce and Mn in Anomaly type 3 has been
observed in many other geological environments, since Mn and Ce
are recognized as having similar redox characteristics and a range of
common mechanisms for oxidation in a wide range of marine
environments (Moffett 1994). For example, Mn-rich mineral
overgrowths and late fracture fill are associated with secondary
fluids from a magmatic source that produce Ce-dominated daughter
minerals (Costanzo et al. 2006), as fracture fill relating to
remobilization of formation/hydrothermal fluids (Yu et al. 2017),
while ocean floor Mn nodules have Mn and REE in concentrations
that have positive correlations with Fe content (Glasby et al. 1987;
Godfrey et al. 1997). The unifying characteristic is that the Ce
anomalies are associated with oxidation of the system. In the case of
the Mourne Mountains, speciation to Ce4+ occasionally creates
positive anomalies in magmatic processes such as magmatic
recharge (analysis point 8; Fig. 9f). Where magmas and fluids
coexist, speciation can drive partitioning of Ce into fluids that are
more oxidizing than magmas (Pourret et al. 2008; Yu et al. 2017).

It is possible that the infilled drusy cavities of Anomaly type 3
represent a near-source stage in the physical and chemical evolution
of fluid expelled from magma, intermediate between the very local
remobilization of REE and Th with re-precipitation of granitic

Fig. 12. Compositional variation in the Nb-Ti oxide mineral groups, and
admixtures of Nb-Ti oxide minerals with U-Th minerals and amorphous
masses, as wt% oxide (a), mol% (b), and using the canonical variables
and classification boundaries (c) of Ercit (2005). Also shown is the
alteration vector described by Ercit (2005), for hydration and addition of
Si, Al, K, Ba and Sr, which is important for the infill mineralization
depicted in Figure 10g, h.
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accessory minerals by very small fluid volumes (Anomaly type 1)
and the focusing of large volumes of fluid probably along some
structural feature (Anomaly type 2). The implications of this
hypothesis are that either Ce +Mn were rapidly removed from
granite-sourced fluid that evolved to become very As-enriched, or
that fluids of different composition and volume separated from the
granitic magma by different mechanisms. Regardless, it appears that
the critical metals associated with the small anomalies of Anomaly
type 3 were remobilized and concentrated into cavities in granite
host rock. It appears that the percolation of fluids occurred over
small distances, such that remobilization was most likely by
magmatic fluids. However the possibility exists, that other fluids
mixed with magmatic waters using a more extensive network of
fluid flow paths, where transient fracturing was associated with the
magmatic-hydrothermal transition (Gillis and Roberts 1999).

Anomaly type 4 is spatially associated with observed tectonic
lineaments and is most pronounced in the western Mournes.
Allanite-(Ce) and monazite-(Ce) that was located in the bedrock

samples had small grain-sizes and occurred dominantly in chlorite-
rich pockets along grain boundaries and as mineral infill of void
spaces, such that the mineralogical context is clearly secondary.
Monazite-(Ce) was not observed in association with bastnäsite-(Ce)
or cassiterite. The lower REE concentrations, more variable
composition (Figs 9g, 14) and higher Ce/La ratio show that vein
allanite-(Ce) of Anomaly type 4 has a very different nature to
allanite-(Ce) in Anomaly types 1–3, likely related to a more
oxidized environment (Glasby et al. 1987; Pourret et al. 2008).
Given the association of the mineralization with post-intrusion
tectonic lineaments, this opens the possibility of an influx of
mineralizing fluids that do not have a magmatic origin. The
interpretation is supported by the diversity and highly variable
nature of heavymineral concentrates (Moles and Tindle 2011, 2012;
Moore et al. 2016), but fluid inclusion and stable isotope studies
have indicated that the Mournes Granite complex beneath the roof
zone has been unaffected by regional-scale fluid influxes
(McCormick et al. 1993; Conliffe and Feely 2010). The implication

Fig. 13. BSE images showing progressive replacement of mafic silicate minerals in G2 granite by As-rich minerals at Pollaphuca. (a) Spongy dissolution
and silicification of amphibole, with replacement of biotite by chlorite, sample EM2a-3, (b) Infiltration of fluids along grain boundaries and precipitation of
As-minerals in voids and along grain boundaries, sample EM2a-2, (c) Replacement of crystals from grain boundaries to the centre of crystals, sample
EM2a_1, (d) Development of an arseniosiderite-siderite intergrowth in a crystal undergoing complete replacement, sample EM2a_1, (e) Further
organization and replacement of a crystal by arsenopyrite, sample EM2a_1, (f ) Detail of botryoidal/colloform highly porous infill (including crandallite
group minerals) with some acicular overgrowths on remnant minerals typical of partial replacement, sample EM2a_1.
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is that fluids may have a more local meteoric component (Pourret
et al. 2008).

Petrogenesis of rare-metal enrichments in the Mourne
Mountains

The four anomaly types encompass a multi-stage petrogenetic
model for the concentration of REE, Nb, Th and associated
elements (Fig. 15) whereby:

(1) Critical metals are concentrated during late-stage and
eutectic magmatic crystallization of a volatile-rich magma
to generate drusy granites and pegmatites;

(2) Late-stage magmas evolve magmatic fluids that transport
critical metals, and ascend to metasomatise pre-existing
granitic rocks ± infill drusy cavities;

(3) Subsequently, fluids remobilize and transport critical metals
to greater concentration along fluid-flow channels, such as
tectonic lineaments.

It is not suggested that the mineralization in the Mourne
Mountains granites has economic potential but the combination of
processes observed in this multi-stage model is representative of the
petrogenesis of many economic igneous deposits of REE, which
have accounted for >50% of global REE production between the

1960s and 1995 (Chakhmouradian and Zaitsev 2012). The majority
of igneous rocks with economic REE concentrations are carbona-
tites, peralkaline felsic rocks and, to a lesser extent, pegmatites
associated with some sub- to met-aluminous granites. A common
feature for these occurrences is a magmatic source region enriched
in incompatible elements, which undergoes decompression melting
often in intracontinental, anorogenic, or extensional settings. The
combination of a parental magma from an enriched mantle source,
extensive fractionation, element mobility at the magmatic-hydro-
thermal transition, and subsequent remobilization (Fig. 15) is a
typical route to enrichment of critical metals in granites (Ballouard
et al. 2016; Smith et al. 2016; Honour et al. 2018; Kaeter et al.
2018; Shaw et al. 2022). The diversity of primary Y/HREE-bearing
minerals in the early peralkaline to metaluminous granites, drusy
granites and pegmatites (G1 and G2) of the Mourne Mountains is
consistent with extensive fractionation frommafic parental magmas,
formed due to upwelling of mantle beneath an intact continental
lithosphere (Meighan et al. 1984; Kent and Fitton 2000; Stevenson
and Bennett 2011).

The primary magmatic intergrowth of REE- and Nb-bearing
minerals with silicate minerals under eutectic crystallization
conditions in drusy G2 roof zone granites (e.g. EM1, Diamond
Rocks) is of particular interest when the accessory mineral
assemblage in drusy cavities is considered. The distribution of the
drusy cavities demonstrates that the F-rich late-stage magmatic

Fig. 14. Comparison of mean REE
concentration in REE and Nb-Ti minerals
(figure in parentheses denotes n, the
number of analyses used in the average
calculation) in the Mourne Mountains
granites with representative REE-enriched
mineral deposits worldwide. The niobates
included in the average calculations are
karnasurtite-(Ce), aeschynite-(Y),
euxenite-(Y), and fergusonite-(Y).
Normalized using the data of Sun and
McDonough (1989). Mineral data for
carbonatites from Chakhmouradian and
Wall (2012), Hornig-Kjarsgaard (1998);
Wall et al. (2008).
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fluids were heterogeneously distributed in small pockets in the roof
zones of granitic magma chambers. Exsolution of multiple fluids in
such magmatic environments have previously been shown to have
significant compositional heterogeneity (Kamenetsky et al. 2002).
Drusy topaz Al2SiO4(F,OH)2, beryl (Be3Al2Si6O18), zinnwaldite
(a lithium-iron mica), fluorite (CaF2) and tourmaline (B-bearing
aluminosilicate) are heterogeneously distributed amongst the drusy
cavities but overall describe the composition of late-stage magmas
that are very hydrous and rich in F, Be, Li and B.

The solubility of beryl falls with decreasing temperature and a
low Be-content is required to saturate any granitic melt at the low
temperatures of pegmatite formation (Evensen et al. 1999), such that
the presence of beryl in the drusy cavities within magmas
undergoing eutectic crystallization is not surprising. However,
studies of beryl-hosted fluid inclusions have indicated that melt-
fluid immiscibility can occur during crystallization (Thomas et al.
2009). The solubility of beryl is increased in the presence of Li, F
and B (Evensen et al. 1999), and rare metal pegmatites of the Li-Cs-
Ta family contain elevated Ta, Nb, Sn, Li, F and B amongst other
elements (Thomas et al. 2009; Linnen et al. 2012). Where lithium
resides in zinnwaldite that crystallized from fluids, which exsolved
from late-fractionated granitic melt or as a greisenization product, it
increased fluid pH and lead to destabilization of fluoride complexes,
precipitation of metal oxides or inclusion of Sn in micas (Breiter
et al. 2019; Ghosh et al. 2023). The occurrence of drusy biotite and
zinnwaldite in roof zone rocks in the G1 granites and muscovitiza-
tion of biotite in G2 granites (Fig. 9) suggest that micas may have
influenced the conditions under which the late-stage fluids
precipitated cassiterite (anomaly type 1) and the metasomatic

assemblage of topaz and arsenic-oxide-hydroxide minerals
(anomaly type 2) in the Mourne Mountains.

In the G2 drusy granites, preferential partitioning of Nb + REE
into eutectic magmatic minerals, and of Li, F, Be and B ± Sn into
pockets of late-stage magmas/magmatic fluids is consistent with
HFSE and REE-enrichment by differentiation through fractional
crystallization and heterogeneous distribution of F-rich silicic
residual melts (Boily and Williams-Jones 1994). At Pitinga,
Brazil, enrichment in Sn, Nb, Ta, F (Y, REE, Li) occurs in
peralkaline to metaluminous granites with high F-activity at
hypersolvus temperatures and formation of Sn deposits is attributed
to an abrupt magmatic-hydrothermal transition (Bastos Neto et al.
2009; Costi et al. 2009). Chloride species transport the REE in most
hydrothermal systems, until there is an increase in pH or a decrease
in Cl-activity, and then F and P act as binding agents for REE,
promoting the formation of bastnäsite and monazite-(Ce) that have
low solubility (Williams-Jones et al. 2012). These fluocarbonate
minerals occur in mineral pseudomorphs in metasomatic associa-
tions that overprint G2 granite (e.g. EM2, Pollaphuca), where topaz
is an abundant metasomatic phase. The mineralogical comparisons
strongly support the hypothesis that metasomatic fluids are derived
dominantly from a magmatic source.

It is generally the case that REE occurrences that are
economically viable cannot be explained by magmatic processes
alone, and late-stage hydrothermal-metasomatic fluids are import-
ant to remobilize and concentrate REE (Chakhmouradian and Wall
2012; Williams-Jones et al. 2012; Smith et al. 2016). This is
illustrated by some notable examples in Canada that have higher
critical metal concentrations than the Mourne Mountains Granites:

Fig. 15. Summary sketch diagram depicting
minerals that crystallized during the
petrogenesis of critical element
enrichments, and their geochemical profile.
Note that the figure is organized by
petrogenetic process, rather than by
anomaly type, and the distances of
geochemical transport of geochemical
tracers are sketched. The granitoid-forming
minerals are omitted and the drusy mineral
assemblage largely derives from the
literature (Green et al. 2005).
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The Strange Lake deposit (66 million tonnes at a grade of 1.52 wt%
REE2O3) of Québec-Labrador and the Thor Lake deposit (1.73
million tonnes in the T-zone rare metal deposit, with grades of 0.1–
0.17 wt% Y2O3, 0.2–0.28 REE2O3, 0.46–0.58 wt% Nb2O5) in the
NW Territories (Taylor and Pollard 1996; Williams-Jones et al.
2012). REE in primary magmatic pyrochlore, zircon and monazite-
(Ce) in the Strange Lake deposit were remobilized over a
temperature range of 350°C to <150°C by sodic magmatic brines
that interacted with calcic brines (Salvi and Williams-Jones 1996).
The resulting hydrothermal assemblage included allanite-(Ce),
gadolinite-(Y) and kainosite-(Y) and was largely confined to the
pegmatites (Williams-Jones et al. 2012).

Whereas the Strange Lake deposit is characterized by HREE-
bearing minerals local to the source minerals in pegmatites,
metasomatic-hydrothermal mineralization at Thor Lake contains
LREE-bearing fluorocarbonates and cross-cuts a gradational
contact between syenites and granites (Taylor and Pollard 1996).
Thor Lake fluorocarbonates, such as bästnasite-(Ce) and parasite-
(Ce), form common mineral pseudomorphs, which are overprinted
by later hydrothermal assemblages. Fluid inclusion and stable
isotope investigations indicate that saline hydrothermal fluids had a
single magmatic source and boiled at approximately 350°C (Taylor
and Pollard 1996), which is in contrast with the evidence from
zinnwaldite in other granite-hosted mineralization (Thomas et al.
2009; Breiter et al. 2019; Ghosh et al. 2023).

The LREE have been experimentally shown to be more mobile
that the HREE in hydrothermal fluids, such that there is
fractionation along fluid flow paths with HREE restricted to the
high-temperature input zone and LREE migrating away from it
(Williams-Jones et al. 2012). This pattern is also observed in the
Mourne Mountains granites: primary xenotime-(Y)- and aeschy-
nite-(Y) -bearing inclusions are leached from zircons and Fe–Ti
oxide minerals (producing spongy dissolution textures) and are
locally reprecipitated as secondary euxenite-(Y) and aeschynite-(Y)
while REE minerals in metasomatic rocks are dominated by LREE-
enriched monazite-(Ce) and bastnäsite-(Ce), and subsequently
arsenoflorencite-(La) and chernovite-(Y).

The low quantities and fine grain-size of bastnäsite-(Ce),
monazite-(Ce) and xenotime-(Y) throughout the Mournes granites
(Fig. 13), are not as amenable to processing as those in the economic
deposits. Xenotime-(Y) is an ideal source mineral for HREE but it is
rare and restricted to an inclusion assemblage in G2 granite. Larger
primary allanite-(Ce) and zircon crystals in the Mournes granites,
particularly G1 granite, are silicate minerals that are resistant to
chemical processing (Mariano and Mariano 2012). HREE-bearing
oxides such as fergusonite-(Y), brannerite and euxenite-(Y) have
attractive REE contents but are of small outcrop and require
advances in REE recovery to pave the way for the development of
granite-based polymetallic projects (Chakhmouradian and Zaitsev
2012). The discrete, small-scale nature of the mineralogical
anomalies located using the stream and soil data is a reflection of
the close-spaced sampling of the Tellus survey. These character-
istics, coupled with conflicting outcomes from chemical and
mineralogical indicators (a Nb/Ta based chemical classification as
‘barren’ and Hf-rich zircons: Alekseev and Alekseev 2020;
Ballouard et al. 2020) do not indicate that the Mourne Mountains
are prospective for REE. However, the Mourne Mountains and
other granites of the BIPIP are reported as prospective in a recent
report by the British Geological Survey (Deady et al. 2023).

The Mourne Mountains Granite Complex is not an isolated, nor a
strongly peralkaline, granite complex in the British Tertiary
Province and there are marked similarities between the Mournes
Granites and the Arran Northern granite. The miarolitic/drusy
cavities in the Arran granite contain fergusonite-(Y), gadolinite,
allanite-(Ce) and zircon as accessory minerals accompanying topaz
and beryl, and the granite groundmass includes allanite-(Ce),

zircon, apatite and fluorite (England 1992; Hyslop et al. 1999). The
presence of the F- and P-rich minerals illustrates that a similar
enrichment in Nb, La, Ce, Sm, Tb, and Y is a function of extensive
fractional crystallization (England 1992) to a F-rich and volatile-
dominated residual magma. This research may also provide some
understanding of granites of Caledonian age (Gallagher et al. 1992;
Ghani and Atherton 2006) in Ireland that are prospective for REE.
F-rich melts and/or late-stage hydrothermal fluids have been
suggested as the agents that concentrated HREE in the most
evolved pegmatitic leucogranites of the late Caledonian Galway
Batholith (Feely et al. 1991; Whitworth and Feely 2011), where late
crystallized xenotime-(Y), monazite-(Ce), thorite and uraninite are
spatially associated with fluorite, topaz and tourmaline. The
Donegal granite, also late Caledonian, is known to host U-
mineralization that is associated with both biotite-pegmatites and
tectonic lineaments (O’Connor and Long 1985), which may be
accompanied by REE-hosting minerals.

Conclusions

The largest anomalies in the survey data with greatest enrichment of
critical and other technology metals in the Mourne Mountains are
associated with: 1, late-stage and low temperature (eutectic)
magmatic crystallization in the roof zones of the most peralkaline
and mafic of the granitoid intrusions (G1 and G2) and, 2, evolved
magmatic fluids that have either migrated locally or been focused by
geological structures across the solidified roof zones of granitoid
intrusions (G2). It appears that in the G2 drusy granites there is a
preferential partitioning of Nb + REE into magmatic minerals while
Li, Be, B, As, Sn, Mn3+ and Ce4+ partition into pockets of late-stage
heterogeneously distributed F-rich silicic residual melts and
relatively oxidizing halide-rich magmatic fluids. The fluids
remobilize Nb + REE. Reactions between larger fluxes of magmatic
fluids concentrated along structural features and mafic silicate +
diverse accessory minerals in G2 drusy granites produced an As-
rich metasomatic assemblage that hosts multiple base and critical
metals. The critical metal anomalies in the Tellus deep soil data for
the eastern Mournes agree well with the mineralogical associations
and mineral chemistry observed in bedrock samples. The majority
of mineralization is explained by crystallization at the eutectic and
the magmatic hydrothermal transition, and exsolution of magmatic
fluids. The role of muscovitization in changing fluid pH and F
stability is likely very important in generating metasomatism and
the development of granite-hosted greisen mineralization. The role
of externally-derived hydrothermal or meteoric fluids was small.
Mineral hosts to critical metal enrichments in the western Mournes
did not satisfactorily explain additional diverse, small-scale
anomalous features in the Tellus deep soil data, which we are
investigating using heavy mineral concentrates. It does not appear
likely that the mineralization will satisfy any of the constraints that
would serve to make the mineral occurrences economic, but the
region remains prospective and the regional survey data works well
to direct research attention towards sample locations that can
generate data to inform the creation of geomodels.
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