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The relationship between REE-Y-Nb-Th minerals and the evolution of an A-type granite,
Wentworth Pluton, Nova Scotia
Angeliki D. Papoutsa and Georgia Pe-Piper

Department of Geology, Saint Mary’s University, Halifax, Nova Scotia B3H 3C3, Canada
ABSTRACT

The Wentworth Pluton in the Eastern Cobequid Highlands consists principally of metaluminous
to peralkaline A-type granite (~362 Ma), a large part of which was remelted by a major gabbro
intrusion (~357 Ma). Magmatic minerals like allanite-(Ce), chevkinite-(Ce), zircon, and
hingganite-(Y) and post-magmatic mineral phases, such as REE-bearing epidote, samarskite-(Y),
aeschynite-(Y), fersmite, thorite-like phases, and hydroxylbastnisite-(Ce), were identified. The
presence of fluorine in the parental magma, indicated by whole-rock geochemical data and the
presence of fluorite, increased the solubility of monazite and xenotime and thus facilitated
retainment of rare metals in the magmatic system. Fractionation of allanite-(Ce) and chevkinite-
(Ce) led to a melt enriched in heavy rare earth elements (HREE), from which hingganite-(Y)
crystallized during late magmatic stages. The remelting of the early granite led to fluorine and
sulfur release in volatile phases, which circulated with hydrothermal fluids, thus mobilizing the
REE and other rare metals. Reduction of fluorine activity during the late to post-solidus
crystallization resulted in the precipitation of HREE and rare metals in samarskite-(Y), thereby
enriching the residual hydrothermal fluids in light rare earth elements (LREE). Post-magmatic
LREE minerals, such as hydroxylbastnédsite-(Ce), either replaced earlier minerals or precipitated
from these hydrothermal fluids. Carbonate fluids involved in a late regional hydrothermal
circulation event along the Cobequid-Chedabucto fault (320-315 Ma) promoted Ti mobility and

the formation of TiO, minerals and probably of aeschynite-(Y). This mineralogical diversity, in
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addition to the complex geological history of the pluton, provides a unique opportunity to

correlate the formation of individual rare-metal minerals to different stages of pluton evolution

and thus provide an insight to the formation conditions of these minerals.

Keywords: A-type, geochemistry, Wentworth pluton, REE-minerals, anatexis
INTRODUCTION

A-type granites usually occur in extensional settings and have a distinct alkaline
geochemical signature. Enrichment in rare-earth elements (REE) and other rare metals, such as
Y, Nb, Ta, Th and U, is common in these rocks. Rare-earth minerals like allanite, monazite,
chevkinite, xenotime, cerite, synchysite and gadolinite are commonly found in A-type granites
worldwide (Forster 2000; Wood and Ricketts 2000; Jiang 2006; Vlach and Gualda 2007;
Saveleva and Karmanov 2008).

Accessory minerals in granitic rocks are essential carriers of rare metals. Their internal
zoning, compositional variations and patterns of alteration provide a valuable source of
information concerning the magmatic and post-magmatic evolution of their host rocks including
fractionation, rock-fluid interaction and metamorphic overprint (Uher et al. 2009). Accessory
minerals in granitic rocks typically show more chemical and textural variability than the major
minerals. Their crystallization is sensitive to various environmental parameters and therefore
they are a useful indicator of the magmatic history of their host rock (Wang et al. 2001).

The Wentworth pluton is known to host REE mineralization (MacHattie 2009). The
granites and their volcanic equivalents in the northeastern part of the intrusion are generally
enriched in F and U (Gower 1988). Associated mineralization includes fluorite-zircon-titanite-
calcite-allanite veins, with highly anomalous REE concentrations, hosted by the granite (Gower

1988).

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.3972 8/29

The variety of rare-metal minerals in the Wentworth pluton is unusual. The occurrences
of Nb-REE-Y oxides in A-type granites worldwide and the understanding of their formation
conditions are still limited. The complex geological history of this pluton provides a unique
opportunity to correlate mineral assemblages to magmatic evolution. The purpose of this study is
to identify and characterize the rare-metal minerals present at Wentworth and relate their textural
features to the evolutionary history of their host rocks. Comparison of the whole-rock and
mineral chemistry is then used to infer the formation conditions of these minerals.

GEOLOGICAL SETTING

The Cobequid Highlands are located in the southern part of the Canadian Appalachians,
just north of the boundary between the Avalon and Meguma terranes (Calder 1998; Pe-Piper and
Piper 2002). This boundary is marked by the Cobequid-Chedabucto fault zone, along which
strike-slip motion took place during the Late Paleozoic (Murphy et al. 2011). In the Late
Devonian and Early Carboniferous, granite plutons with lesser gabbros intruded along a regional
shear zone that encompassed the entire Cobequid Highlands (Pe-Piper 2007). Coeval volcanism
in the Cobequid Highlands is represented by felsic pyroclastic rocks (Byers Brook Formation)
that are geochemically similar to the granites, and by basalt flows (Diamond Brook Formation)
that are geochemically similar to the gabbros in the Wentworth pluton (Dessureau et al. 2000).

The Wentworth pluton is located in the eastern part of the Cobequid Highlands (Fig.1a).
The northeastern part of the pluton consists of the Hart Lake-Byers Lake (HLBL) granite, which
is separated from the Folly Lake gabbro in the southwest by a zone in which younger granite and
gabbro are predominant (Koukouvelas et al. 2002). The Wentworth pluton includes all of the

granite and gabbro phases (Fig. 1b).
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Field relationships show that the Folly Lake gabbro is younger than the HLBL granite
(Koukouvelas et al. 2002). A hornblende sample from the Folly Lake gabbro yielded an
Y Ar/*° Ar age of 357+4 Ma (Pe-Piper et al. 2004; Murphy et al. 2011), whereas a zircon sample
from the HLBL granite has yielded a U-Pb age of 362+2 Ma (Doig et al. 1996) (Fig. 1c).

The age of the equivalent volcanic rocks is constrained by U-Pb zircon ages of 358+1 Ma
from the top of the Byers Brook Formation and 35543 Ma from the middle of the Diamond
Brook Formation (Fig. 1¢). Palynomorphs show that minor interbedded sediment in the Byers
Brook Formation is of late Famennian age and in the Diamond Brook Formation is of mid-
Tournaisian age (Dunning et al. 2002) (Fig. 1c).

Part of the granite near the Folly Lake gabbro of the Wentworth pluton was evidently
remelted, resulting in bodies of “late” granite with slightly different compositions from the
HLBL granite. Some of these bodies have textures indicating magma mixing with gabbro (Pe-
Piper 2007). The Folly Lake gabbro consists of gabbro—diorite cut by this “late” medium-grained
granite in globular pods, irregular sheets, net-veined complexes, and linear dykes, some of which
are pegmatitic. Mafic enclaves are common in the granites and some show mixing and mingling
at the contact with the granite (Koukouvelas et al. 2002).

The southern margin of the Wentworth pluton is in direct contact with the Rockland
Brook Fault (Fig. 1b), which was a major dextral shear zone at the time of pluton emplacement
(Miller et al. 1995; Koukouvelas et al. 2002). Syn-magmatic deformation of the Wentworth
pluton is widespread, and almost all major contacts of different units in the pluton were active
faults (Koukouvelas et al. 2002). The plutonic complex was compartmentalized into smaller
blocks with faults parallel to the Rockland Brook Fault during the final stages of emplacement.

Between 315 and 320 Ma, there was a major phase of faulting and mineralization associated with
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E-W movements along the Chedabucto fault (Fig. 1a) and its continuation along the Cobequid
Fault (Murphy et al. 2011).
THE WENTWORTH GRANITES

The Wentworth granites are fine- to coarse-grained monzogranites and syenogranites (Pe-
Piper 2007). Individual samples may be amphibole-, amphibole-biotite or biotite-bearing.
Amphiboles are sodic, sodic-calcic or calcic, any of which can coexist with biotite. Most granites
are equigranular, however some samples are porphyritic or granophyric (interpreted as high level
granites). Most granite samples of the Wentworth pluton show brittle deformation and alteration
is represented by secondary minerals (white mica, epidote, quartz, albite, chlorite, actinolite and
riebeckite). Hydrothermal quartz, fluorite and epidote are also present in veinlets.

The A-type granite of the Wentworth pluton is the most alkaline of a series of Late
Paleozoic metaluminous to mildly peralkaline (Fig. 2) plutons along the Cobequid shear zone
(Pe-Piper 2007). The Shand’s index [(ANK) = molar (Al,03/(Na,O+K,0); Maniar and Picolli
1989] of the Wentworth Pluton granites ranges between 0.8 to 1.16, i.e. straddling to the
boundary between metaluminous and peralkaline compositions (Table 1, Fig. 2).

The HLBL granite, the early phase of the Wentworth Pluton, has a composition of about
76% Si0;, high F (>500 ppm) and moderate Li (>20 ppm) contents (Koukouvelas et al. 2002).
This early granite shows subtle differences in bulk geochemistry from the syn- and post-gabbro
granites: for the same SiO, content, TiO; is lower, whereas F and Nb tend to be higher in the
early granite (Koukouvelas et al. 2002; Pe-Piper 2007). A few varieties of granite, interpreted as
synchronous with the gabbro on the basis of lobate contacts, have particularly high Zr contents.
Many of syn- and post-gabbro granites are alkalic, with >75 ppm Y. Some have high Li, but all

have <400 ppm F (Koukouvelas et al. 2002). Some granites that occur as pods within the gabbro
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are geochemically distinct, with a wide range of SiO, contents, relatively low F and the
amphibole, where present, is hornblende. Their particularly low F may indicate that melting of
the early granite by the gabbro resulted in the release of F in a volatile phase (Koukouvelas et al.
2002).

ANALYTICAL METHODS AND SAMPLES

The location of the samples was indicated on the 1:50000 maps of Pe-Piper and Piper
(2005). The studied samples are attributed to different types according to their location and field
relations with the gabbro (Table 1). Uniform outcrops of granite cut by gabbro are considered to
be of the early granitic phase (HLBL granite). Granites with lobate contacts with the gabbro and
hybrid enclaves are interpreted as synchronous with the mafic intrusion. Bodies of granite that
either cut the Folly Lake gabbro or occur in it as globular pods or irregular sheets are considered
to be of the late granitic phase. Where field relations were clear, sample attribution is
characterized as “definite” .Where the relative age of a sample could not be clearly defined from
its field relations in the same outcrop, but was assumed from the geology of nearby outcrops, the
sample attribution was classified as “probable”.

A total of 40 thin and 57 polished sections were first examined with a petrographic
microscope using polarized and reflected light, in order to determine the mineralogy and the
textures of these samples. Minerals that could not be identified using the petrographic
microscope were analyzed in carbon-coated slides by energy dispersive spectroscopy (EDS)
using a LEO 1450 VP SME scanning electron microscope with a maximum resolution of 3.5 nm
at 30 kV. The EDS analyses were used to qualitatively identify groups of minerals that were
further analyzed using a JEOL-8200 electron microprobe equipped with five wavelength

spectrometers and a Noran 133 eV energy dispersion detector. The operating conditions were on
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accelerating voltage of 15kV, a beam current of 20nA and a beam diameter of 1pm. Part of
microprobe analysis routine includes dealing with peak interference, i.e. Er-Nb, Ti-Hf, Zr-P, Hf-
Ho, Er-Hf, Hf-Er and F-Ce. The apparent peak intensities corresponding to these elements were
measured in standards that do not contain the elements with overlapping peaks. Using these
intensities, peak-overlap correction factors were calculated to estimate the real concentrations of
measured elements. From the 57 polished sections that were examined, only 12 samples contain
rare-metal minerals.

SILICATE MINERALS
Allanite-(Ce) and REE-bearing epidote

Allanite-(Ce) is found principally in the HLBL granite but also in some late granites
(Table 1). In thin section, allanite-(Ce) appears dark yellow to brown and occurs as large
euhedral, isolated crystals (Figs. 3a and 3b) and as inclusions in amphibole crystals (Figs. 3¢ and
3d). Most of the allanite-(Ce) grains are inhomogeneous and some exhibit growth and irregular
zoning in polarized light and back-scattered-electron (BSE) images. Electron-microprobe
analyses (Table 2) of euhedral, discrete grains show a total of about 20 wt% REE, 10 wt% FeOt,
10 wt% ALO; and 8 wt% CaO. Rare-earth patterns for allanite-(Ce) show enrichment in light
REE (LREE) relative to heavy REE (HREE), with a positive Eu anomaly (Fig. 4a).

Anhedral overgrowths and interstitial grains that look optically similar to allanite-(Ce)
were also analyzed. These show lower amounts of LREE (15 wt%) and higher amounts of CaO
(15 wt%), FeOt (18 wt%) and AL,O; (15-20 wt%) (Table 2) compared with analyses of euhedral
allanite-(Ce), and are classified as REE-rich epidote based on the nomenclature of Armbruster et
al. (2006).

ChevKkinite-(Ce)
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The composition of the grains reported here plot in the chevkinite field of the
discrimination diagram proposed by Macdonald et al. (2002).Chevkinite-(Ce) occurs in four
granite samples that appear to be synchronous with, or post date, the gabbroic intrusion (Table
1). In thin section, most chevkinite-(Ce) forms dark red, close to opaque, euhedral crystals
associated with zircon, Fe-Ti oxides, feldspar and quartz (Figs. 5a and 5b). Some amphibole
grains contain inclusions of chevkinite-(Ce) (Figs. Sc and 5d) and a grain of primary ferro-
edenite forms an interlocking texture with chevkinite-(Ce) (Fig. 5e and f).

Chevkinite-(Ce) is enriched in LREE, particularly Ce,O3 (20 wt%), and contains
moderate ThO, (up to 5 wt %) and Nb,Os (up to 4.6 wt%) contents (Table 3). The main
characteristics of REE patterns for chevkinite-(Ce) are similar to those described for allanite-(Ce)
but the REE concentrations are higher in the former mineral. LREE are enriched relative to
HREE with a positive Eu anomaly (Fig. 4b). Chevkinite-(Ce) patterns exhibit less variation than
those of allanite-(Ce); only the La contents show small variations. In places, chevkinite-(Ce)
crystals are surrounded by a yellowish, continuous rim (Figs. 5a-f) and the core appears corroded
(Figs. 5e and 5f). Electron-microprobe analyses indicate that this yellow mineral is also
chevkinite-(Ce) but is depleted in LREE and enriched in Ti and Fe relative to the core (Table 3,
analysis 122).

Altered (?) chevkinite-(Ce)

A crystal of an Fe-rich mineral was found in syn-gabbro granite (sample 6490). The
crystal is strongly fractured and appears inhomogeneous. Fractures within this grain do not
continue or cross-cut adjacent grains, suggesting that they are not of tectonic origin but stem
from a change in volume during mineral replacement. X-ray compositional mapping (Fig. 6)

shows that, although this mineral is optically similar to chevkinite-(Ce), there are significant
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compositional differences between them. The Fe concentration is three times higher (30 wt %) in
the unidentified mineral than in the chevkinite-(Ce), whereas its REE contents are lower. A Ce
map shows a randomly distributed high-concentration areas throughout the grain (Fig. 6a); these
areas could be remnants of what was once a Ce-rich phase, but is now completely altered. The
high-Ce areas correspond to areas of low Fe content (Fig. 6b). Electron-microprobe analyses
show large chemical variations even over distances of a few microns, with very low totals,
making the identification of individual phases impossible. Titanium levels are higher in the core,
which is the most fractured part of the grain (Fig. 6¢) and generally correlate with areas of low
Ca (Fig. 6d). This grain is also tentatively identified as altered chevkinite-(Ce) on the basis of its
optical properties and the absence of other large euhedral REE-Fe-Ti-rich accessory minerals in
the examined samples.
Zircon

Zircon is a common accessory mineral in the studied granites. Most zircon crystals are
euhedral. Some are optically and compositionally zoned, with Hf showing a large variation
(Table 4). Zircon crystals in HLBL granite sample 9832 are turbid, appear fractured and contain
inclusions rich in Th (Figs. 7a and 7b). Zircon in sample 6518 is bounded by fractures and has an
optically clear core surrounded by a turbid, discontinuous, fractured, porous zircon depleted in Zr
and enriched in Th (Figs. 7c-e). This overgrowth is relatively rich in Y,Os (up to 3.6 wt%), HfO,
(up to 2.6 wt%) and ThO; (Table 4). All analyzed zircon crystals contain low levels of REE,
particularly the medium and heavy REE.
Hingganite-(Y)

Hingganite-(Y) is found in only one sample of post-gabbro granite (6419, Table 1). In

thin section, it has similar optical properties to zircon but appears brighter in the BSE images.
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Two grains of hingganite-(Y) were identified, and both are adjacent to a much larger grain of
secondary allanite-(Ce), which occurs in association with an unknown alteration mineral (Figs.
8a and 8b). The hingganite-(Y) contains up to 31 wt. % Y,Osand is enriched in middle REE, and
particularly Gd and Dy, relative to the remaining REE (Fig. 4c). Rare-earth patterns show a
negative Eu anomaly and a slight depletion of LREE relative to HREE (Fig. 4c). Hingganite-(Y)
grains are zoned showing a slight rimward depletion in Y and enrichment in Ce (Table 5,
analyses 145 and 146). Low totals (< 87%) are attributed to the undetermined Be and H,O
contents.

Thorite-like phase

A phase stoichiometrically approaching thorite was found in one sample of syn-gabbro
granite (6490) as a small independent grain (10 um) showing an interlocking texture with zircon
(Fig. 9a). It is enriched in FeOt (9.4 wt%), Nb,Os (7.7 wt%) and shows moderate enrichment in
Y05 (2.1 wt%). Low levels of REE (<1 wt. %) are also present (Table 6).

OXIDE MINERALS
Samarskite-(Y)

Samarskite-(Y) is an Y-rich Nb-oxide found in four of the studied samples of various
ages (Table 1). Samarskite-(Y) occurs both as isolated (Fig. 9a) euhedral rhombic crystals
(sample 9827A; Figs. 9b and 9c¢) and as intergrowths with another Nb-oxide, fersmite (Figs. 9d
and 9e). In thin section, euhedral crystals of samarskite-(Y) are yellow to pale green (Fig. 9b).
One of the crystals (sample 9827A) contains an inclusion of euhedral zircon (Figs. 9b and 9c).
The mineral is classified as samarskite-(Y) based on the strong dominance of Y over REE (Table
7). It contains up to 25 wt% Y,03 and 53 wt% Nb,Os, and almost equal proportion of Gd,O3 and

Dy»03 (3-5 wt%). The HREE are represented mostly by Yb and LREE are dominated by Nd (up
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to 4 wt% Nd,Os; Table 7). The REE patterns of samarskite-(Y) show a negative Eu anomaly and
HREE enrichment relative to the LREE (Fig 4d).
Fersmite

Fersmite grains were found in four samples, principally from the HLBL granite (Table 1).
Fersmite occurs as small (<10 pm) isolated grains (sample 4636), as inclusions in fluorite
developed between fractured feldspar crystals (sample 7658; Figs. 11a and 11b), and in
association with samarskite (samples 9831 and 9832; Figs. 10c and 10d). Grains consisting of
fersmite and samarskite are dark brown and turbid. Electron-microprobe analyses (Table 7) show
that samarskite-(Y) and fersmite contain comparable levels of niobium, but fersmite is depleted
in'Y (5.5 wt% Y,0s) and enriched in U and Th (6.3 and 13 wt% respective oxides). Fersmite is
also enriched in LREE and particularly Ce (ca. 4 wt% Ce,Os; Table 8), whereas samarskite-(Y)
has high concentrations of middle and heavy REE (Fig. 4e).

Aeschynite/Polycrase-(Y)

This Y-rich mineral was identified in a single sample of the HLBL granite (9832). In thin
section, it is dark brown and turbid (Figs. 11a and 11b). It is associated with clots of titanite
grains, a TiO, mineral and secondary REE-rich epidote, and in some cases occurs in fractures. In
places, aeschynite-(Y) appears to enclose titanite grains (Fig. 11b). Electron-microprobe analyses
(Table 8) show that TiO,, Y,03; and Nb,Os are the major components (42 wt%, 23 wt% and 12
wt% respectively). It is moderately enriched in middle REE, particularly Gd and Dy (3.8 wt%
and 4.8 wt% respective oxides) and contains lower levels of LREE and HREE (Table 8; Fig. 4f).
Stoichiometrically, this mineral matches either aeschynite-(Y) or polycrase-(Y). However, Th is
more abundant than U, which is characteristic of the aeschynite group minerals (Ewing 1975).

Furthermore, the analyzed grains are enriched in HREE relative to LREE (Table 8), which is
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Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.3972 8/29

another characteristic of the aeschynite group (Skoda and Novak 2007). However due to the
metamict nature of these minerals and their minor chemical differences, their true identity cannot
be ascertained on the basis of WDS data alone. In the present study, we will refer to this mineral
as aeschynite-(Y).

TiO; mineral

A single grain of TiO, phase was found in one sample from the HLBL granite (9832). It
is dark brown, almost opaque, bounded by fractures and is associated with a clot of titanite grains
hosting aeschynite-(Y) (Figs. 11a and 11b). It contains 2.8 wt% Nb,Os, traces of Fe, Ca and Ta,
but is almost completely devoid of REE (Table 8). Due to the lack of XRD data, we cannot
determine whether this phase is rutile, anatase or brookite.

CARBONATE MINERALS
Hydroxylbastnisite-(Ce)

Hydroxylbastnidsite-(Ce) is a REE carbonate mineral which was found in one sample of
granite intruding the Byers Brook Formation (7658). This mineral formed around the rim of a
euhedral crystal of allanite-(Ce) (Fig. 3b). In thin section, hydroxylbastnésite-(Ce) has a
yellowish color and appears turbid (Figs. 3a and 3b). Microprobe analyses give up to 32 wt%
Cey03, 15 wt% La,03, 11 wt% Nd,Os3 and smaller contents of the remaining REE (Table 9). REE
patterns show LREE enrichment relative to the HREE with a positive Eu anomaly (Fig. 4g).

DISCUSSION

Peralkaline granitic rocks are commonly associated with subeconomic deposits of rare
metals (Schmitt et al. 2002). The high valence and large ionic radius make REE incompatible
with respect to common minerals in igneous systems and as a result, they remain in solution until

the last stages of magmatic evolution, concentrating in residual melts that form pegmatites and
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alkali granites (Krauskopfand Bird 1995). The difference in ionic radii between LREE and
HREE makes the former even more incompatible than the latter, explaining the enrichment of
highly fractionated granitic rocks in LREE. High field strength elements do not really substitute
in common minerals either due to their high charge, fairly large ionic radius and low initial
concentration (Krauskopf and Bird 1993). Elements like Zr, Ti and REE show a more compatible
behavior in common granitic melts, but in alkaline melts, they tend to concentrate in late
magmatic stages due to the presence of fluorine (Keppler 1993). Fractionation can segregate and
concentrate them in residual melts, where they form their own minerals like zircon, monazite,
allanite and titanite, if their concentrations are high enough.
Stability conditions and origin of the minerals present

The composition of the analyzed allanite-(Ce) (Table 2) is characteristic of magmatic
crystallization (Meintzer and Mitchell 1988). Secondary overgrowths and anhedral crystals with
lower LREE contents are REE-rich epidote. During post-magmatic alteration, LREE mobility
may result in the formation of REE-rich epidote after the breakdown of allanite (Rolland et al.
2003). Therefore, we consider the REE-rich epidotes of post-magmatic origin.

The REE titanosilicate chevkinite-(Ce) is the dimorph of perrierite-(Ce). It is stable in
water-rich melts at high temperatures (600-1000 C at 1-4 kbar), under oxygen fugacities ranging
from below the fayalite-quartz-magnetite buffer to higher than the Ni-NiO (Macdonald et al.
2002). The magmatic origin of chevkinite-(Ce) in the Wentworth granite is inferred from its
occurrence as inclusions in ferro-edenite (Figs. 5S¢ and 5d), which has been interpreted as a
magmatic phase by Pe-Piper (2007), and from the interlocking texture between these two
minerals (Figs. 5e and 5f). Scaillet and Macdonald (2001) reported that the stability field of

chevkinite-(Ce) expands at high temperatures and oxidizing conditions. In peralkaline granites, it
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probably crystallizes under conditions close to water saturation (Vlach and Gualda 2007).
Chevkinite-(Ce) crystallizes at higher temperatures than allanite-(Ce) and was not found in any
of the early HLBL granites (Table 1), indicating that the thermal effect of the later-emplaced
gabbro intrusion was crucial for the crystallization of this mineral in the late granites.

Jiang (2006) suggested that chevkinite-(Ce) can be replaced by allanite-(Ce) and ilmenite
during hydrothermal alteration. The Fe-Ti- rich (Table 3), yellow alteration halo observed around
many of the chevkinite-(Ce) grains (Figs. 5a and 5b) in the Wentworth granite samples is
interpreted as an early stage of chevkinite-(Ce) breakdown. The altered chevkinite-(Ce) in
sample 6490 provides evidence of enrichment in Ti and depletion in Ca during hydrothermal
alteration. This Ti enrichment is associated with the widest fractures, interpreted as a result of
volume change during alteration. Loss of Ce presumably occurred earlier, as it affected the entire
grain and not just the Ti-rich core (Fig. 6).

Small euhedral crystals of hingganite-(Y) occur adjacent to a larger anhedral crystal of
secondary REE-rich epidote (Figs. 8c and 8d). This mode of occurrence suggests that the
hingganite-(Y) predates the epidote and therefore is late magmatic. Magmatic enrichment in Y
and chemically similar HREE could be expected to arise from fractionation of allanite-(Ce) and
chevkinite-(Ce), which serve as LREE sinks.

Samarskite-(Y) occurs as small euhedral crystals (Figs. 9b and 9¢), one of which contains
an inclusion of euhedral zircon, and is therefore interpreted as late magmatic. This mineral was
identified as samarskite-(Y) rather than compositionally similar fergusonite-(Y) in the basis of
Ercit’s (2005) discrimination diagrams for Nb-Y-REE oxides. None of the Wentworth

compositions plot within the fergusonite-(Y) field (Fig. 12).
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Fersmite differs from samarskite-(Y) in its low Y content and the predominance of LREE
(Table 8). Both minerals are found as independent grains, but where they coexist, the samarskite-
(Y) appears to have partially altered to fersmite, as indicated by the textural evidence; i.e. most
samarskite-(Y) grains are enclosed by fersmite and fersmite appears in more corroded and
fractured parts of the grain, where hydrothermal alteration would have been more intense (Figs.
9d and 9¢).

The close association of titanite, TiO, and aeschynite-(Y) in one of the studied samples
(Fig. 11) provides an opportunity for the study of Ti behavior in granitic systems. Their mode of
occurrence suggests that Ti was mobilized at least locally, to form different mineral phases. From
textural evidence alone, it is difficult to determine the paragenetic sequence between titanite and
the TiO, mineral; however, the fact that they are hosted in alkaline, Ca-poor igneous rocks,
allows us to make some assumptions. Clark and Williams-Jones (2004) stated that titanite can
replace rutile only in rocks with Ca-rich bulk compositions and a high carbonate content, which
does not apply to the Wentworth A-type granites due to their overall low Ca content. On the
other hand, Tilley and Eggleton (2005) described complete breakdown of titanite to anatase due
to hydrothermal alteration. Reaction of titanite with a mineralizing fluid to produce TiO,
minerals was described by Abraham and Spooner (1995) in shear-zone-related igneous rocks.
Therefore, we interpret the TiO, mineral in our sample as a product of titanite alteration.

The relationship between titanite and aeschynite-(Y) is more complex. The association of
titanite with Y-REE-Ti oxides appears to be extremely rare (Liferovich and Mitchell 2005). In
the Wentworth samples, aeschynite-(Y) occurs only in proximity to and in places closing
polycrystalline titanite (Fig. 11). This relationship implies that aeschynite-(Y) post-dates titanite.

Breakdown of titanite to TiO, indicates release of Ca and Si, but relatively low mobility of Ti at
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this stage. Reaction of the residual Ti with a REE- and Y-bearing hydrothermal fluid could
produce aeschynite-(Y). Textural evidence from the grain of altered chevkinite (Fig. 6) also
indicates that REE were mobilized prior to Ti, as discussed earlier. Thus, we suggest that the
formation of aeschynite-(Y), which requires REE mobility, occurred prior to the replacement of
titanite by TiO,, which would require increased Ti mobility.

The alteration of allanite-(Ce) to hydroxylbastnésite-(Ce) (Figs. 3a and 3b) and the
presence of fluorite suggest that the late evolution of the Wentworth granites involved their
interaction with F-rich fluids. Furthermore the presence of secondary REE-rich epidote (Table 2)
indicates removal of LREE from the primary host during alteration (Rolland et al., 2003). The
mobility of REE is affected by HCO;™ and SO4> concentrations in the fluids. Even though the
presence of hydroxylbastnisite-(Ce) indicates the presence of CO; in the hydrothermal fluid, the
relative importance of CO; to REE mobility in the Wentworth pluton is uncertain. The analyzed
grain has low La/Nd ratios (1.3 to 1.4, Table 9); such low ratios are typically observed in low-
CO fluids (Rolland et al. 2003). It is therefore more likely that SO,* anions were responsible for
REE complexing and transport at that stage. The presence of abundant pyrite in the Folly Lake
gabbro (Hilton 1998) and Byers Brook Formation (Piper et al. 1999) indicates that sulfate could
be derived from oxidation of pyrite and released into the hydrothermal system facilitating REE
mobility.

Zirconium is generally considered an immobile element and is highly stable in
nonmagmatic environments; however, it can be mobile under hydrothermal conditions and high-
pressure metamorphism (Tomaschek et al. 2003; Rubatto et al. 2008). High F concentrations can
also promote Zr mobility (Rubin et al. 1993). An indication of Zr mobility in the Wentworth

granites is the distinct optical and compositional zoning of the zircons in sample 6518 (Figs. 7c-
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e). The rims of these zircons have less Zr than the core (Table 4) and appear porous and
fractured. These overgrowths record Zr mobility in the presence of a F-rich fluid. Furthermore,
the enrichment in Th in the fractured rims of these zircon crystals is interpreted as a result of
hydrothermal alteration and, together with the presence of thorite-inclusions, observed in
fractured magmatic zircons (Figs. 7a and 7b), implies the presence of Th in the fluids.
Relationship of REE minerals to host-rock chemistry
Chevkinite-(Ce) is interpreted to occur in rocks produced from evolved peralkaline

magmas (Troll et al. 2003; Vlach and Gualda 2007). In contrast, allanite-(Ce) is the typical phase
of metaluminous and peraluminous granites (Vlach and Gualda 2007). The Shand’s index of all
samples from the Wentworth pluton that contain chevkinite-(Ce) ranges between 1.00 and 1.10,
very similar to that of the allanite-bearing samples, ranging between 1.00 and 1.16 (Table 1). All
of the samples containing either chevkinite-(Ce) or allanite-(Ce) plot in the lower part of the
metaluminous field, close to peralkaline field, with no significant variation. This indicates that
the alkalinity of the parent magma was not the major factor that determined which of these two
minerals was crystallized. Magmatic allanite-(Ce) and chevkinite-(Ce) are not known to coexist
(Vlach and Gualda 2007), and this general rule applies to the Wentworth granite.
Fluorine abundance

Fluorine abundance appears to be an important factor in the formation of rare-metal
minerals. Uher et al. (2009) related the presence of REE- and Nb-rich minerals like hingganite
and samarskite to the presence of late-stage, F-rich fluids. The separation between HREE and
LREE depends on their affinity to form complexes with F (Gramaccioli et al. 1999; Aurisicchio
et al. 2001). Fluorine complexes of HREE are more stable compared to LREE complexes, which

can be mobilized by SO,*-rich fluids (Rolland et al. 2003). According to Aurisicchio et al.
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(2001), as the activity of Y and HREE decreases, the LREE precipitate from the fluid to form
LREE-enriched, late minerals (Fig. 13).

The presence of F-rich fluids is also suggested by the compositional characteristics of
amphiboles from the Wentworth pluton (Pe-Piper 2007). Magmatic amphiboles from the early
HLBL granites differ from those from the late granites only in having a higher F content.
Breakdown of magmatic amphiboles can lead to the release of F as a volatile phase
(Schonenberger et al. 2006). The lack of fluorine in the magmatic amphiboles from the late
granites suggests that the anatectic process resulted in loss of incompatible F to hydrothermal
circulation, so that it was less concentrated in the magmas that produced the syn- and post-
gabbro granites (Fig. 13). These late F-rich fluids are presumably related to the mobilization of
rare metals and HREE and the precipitation of fluorite.

The high level of F in the early magmatic amphiboles (Pe-Piper 2007) also indicate this
element was in enriched in the parental magma. Fluorine increases the solubility of zircon,
monazite and xenotime in granitic systems (Keppler 1993). Zircon is the major sink for rare
metals like Th facilitating their retention in the melt until the late stages of magma evolution.
Relationship to pluton evolution

The evolutionary history of the minerals described above, started with the crystallization
of the early HLBL granite of the Wentworth pluton. This was followed a few million years later
by partial melting, which led to the anatexis of some of the early granite by the Folly Lake
gabbro intrusion (Fig. 14). During the crystallization of the syn- and post-gabbro granites, the
availability of heat from the gabbroic magma resulted in the crystallization of chevkinite-(Ce)
rather than allanite-(Ce). Partial melting of the early granites resulted in the syn- and post-gabbro

granitic melt depleted in F, Nb, Th and Rb (Koukouvelas et al. 2002; Pe-Piper 2007). These
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differences suggest that during the partial melting, some volatiles were released to form a
hydrothermal system that was able to transport certain incompatible elements (Fig. 14). These
volatiles included fluorine released from the breakdown of amphibole, and sulfur from the
decomposition of pyrite. Their release may have resulted from reheating of the crystallized early
granite, which was not sufficient to cause anatexis.

The observation that HREE-rich minerals such as samarskite-(Y) are altered to LREE-
rich minerals (Figs. 9d and 9¢) suggests preferential F-complexing of HREE, promoting
crystallization of HREE minerals, and leading to retention of the less-compatible LREE
(probably as sulfate complexes) in the hydrothermal fluids (Fig. 14). It is likely these S-rich
fluids that removed LREE from chevkinite (Fig. 6). Resetting of mica ages along the Rockland
Brook Fault persisted for about 15 million years after the last major gabbro intrusion (Pe-Piper et
al. 2004), suggesting that the observed sequence of mineral alteration could have occurred over a
period of tens of millions of years (Fig. 14).

The evidence for hydrothermal alteration within the pluton cannot be precisely correlated
with the dated phases of hydrothermal circulation. Nevertheless, some tentative interpretations
can be made. Only the 320-315 Ma hydrothermal event in the Cobequid Shear Zone appears
associated with significant carbonates (e.g., siderite and ankerite deposits at Londonderry,
immediately south of the Folly Lake gabbro: Wright 1975). Thus, alteration of aeschynite-(Y)
and titanite to TiO; could occur during the same event, when the amount of CO, in the fluid was
sufficient to promote Ti mobility. Evidence from the carbonate hydroxylbastnisite-(Ce) is
ambiguous. The presence of carbonate implies high HCOj", but the La/Nd ratios indicate low

HCOs", suggesting that the formation of this mineral was not necessarily related to any late
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hydrothermal overprint, but possibly to an earlier hydrothermal system linked to the granite
emplacement.

The major characteristics of many REE-rare metal systems are their association with
alkaline magmatism and metasomatism, the presence of sodic amphibole and close or direct
association with carbonate and metasedimentary rocks. Only a few reported systems involve the
effects of more than one intrusive phase. In the Bergslagen mining region in Sweden, the
mineralization is restricted to marbles and felsic metavolcanic rocks that have been intruded by
at least two generations of plutonic rocks and hydrothermally altered (Holtstam and Andersson
2007). Similarities with the Wentworth pluton are the occurrence of sulfide mineralization and
the association of REE with F-rich minerals. The Amis complex in Namibia is another example
of a mineralized, late phase that intruded older anorogenic granites (Schmitt et al. 2002). As the
mineralization is hosted only in that late phase, the relationship between the development of the
mineralizing system and the evolution of the Amis anorogenic granites is not clear. At
Wentworth, on the other hand, rare-metal minerals are hosted by the granites of both the older
and younger phases and produced by a combination of anatexis (principally silicate minerals)
and later hydrothermal processes (mostly oxide minerals). To our knowledge, this type of
granite-hosted rare-metal mineralization has no analogues in the literature.

CONCLUDING REMARKS
The present work shows the variety of rare-metal accessory minerals in the Wentworth granite,
formed in several stages during the evolution of the pluton. The presence of F in the parental
magma facilitated the retention in the melt of such rare metals as Zr, Y, Th and Nb. Furthermore,
the presence of F affected the behavior of REE so that monazite-xenotime saturation was not

achieved and instead, allanite-(Ce) formed in the early Wentworth granite. Heat supplied by the
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Wentworth gabbro led to the formation of chevkinite-(Ce) in the syn- and post-gabbro granites.
Fractionation of allanite-(Ce) and chevkinite-(Ce) led to magma enrichment in middle and heavy
rare earths, leading to the crystallization of hingganite-(Y) during the late magmatic stages.
Remelting of the early granite caused F and S release due to the breakdown of amphibole and
pyrite. These volatile components were incorporated in hydrothermal fluids that may have
circulated for at least 15 Ma. Yttrium and middle to heavy REE, mobilized by F-complexing,
were the first rare metals to precipitate from these fluids, forming samarskite-(Y) in late to post-
magmatic stages. This caused relative LREE enrichment in the fluid that was enhanced by the
presence of sulfur. Post-magmatic precipitation of LREE accounts for REE-rich epidote, fersmite
and probably, hydroxylbastndsite-(Ce). Carbonate and S-rich fluids were involved in regional
hydrothermal circulation along the Cobequid-Chedabucto fault at 320-315 Ma. These fluids may
have been responsible for late-stage Ti and REE mobilization. Alteration of aeschynite-(Y) and
titanite to TiO, could be related to this late event. Correlation between mineral formation and the
evolution of the Wentworth pluton provide a record of a unique mineralizing system affected by
anatectic processes and evolving from primarily magmatic parageneses to hydrothermal ones.
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List of captions

Figure 1: (a) Regional location of Wentworth Pluton. (b) Geological map of the Wentworth
pluton area showing the geographic distribution of the studied samples (modified from
Koukouvelas et al. 2002). (¢) Geochronological data from the studied formations
combined with the stratigraphy of the associated volcanic rocks (Arf= arfvedsonite, Bt =
biotite, Hbl = hornblende). Ages from Doig et al. (1996) and Pe-Piper et al. (2004),
recalibrated as in Murphy et al. (2011).

Figure 2: Compositional variation of the analyzed samples from the Wentworth pluton (fields
after Maniar and Piccoli 1989). Open symbols represent probable samples of the
mentioned types. Sample numbers in italics are allanite-bearing samples. Underlined
numbers indicate chevkinite-bearing samples.

Figure 3: Microphotographs (a and ¢) and BSE images (b and d) of allanite-(Ce) (Aln). Images
(a) and (b) show euhedral magmatic allanite-(Ce) replaced by hydroxylbastnésite-(Ce)
(H-bas) from sample 7658. Images (c) and (d) show inclusions of magmatic allanite-(Ce)

in an amphibole crystal (Amp) surrounded by quartz (Qz) and feldspar (Fsp).
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Figure 4: Chondrite-normalized REE patterns for (a) allanite-(Ce), (b) chevkinite-(Ce), (c)
hingganite-(Y), (d) samarskite-(Y), (e) fersmite, (f) aeschynite-(Y) and (g)
hydroxylbastnisite-(Ce).

Figure 5: Microphotographs (a, ¢ and ¢) and BSE images (b, d and f) of chevkinite-(Ce) (Che)
from sample 7710. Images (a) and (b) show a discrete grain, whereas images (c) and (d)
show a chevkinite-(Ce) inclusion in amphibole.

Figure 6: X-ray compositional maps (a-e¢) and BSE image (f) of an altered (?) chevkinite-(Ce)
(sample 6490). The crystal shows zoning involving variations in Ti and Ca (images ¢ and
d, respectively), whereas Fe shows a patchy distribution within the crystal.

Figure 7: Microphotographs (a, ¢ and d) and BSE images (b and e) of magmatic zircon (Zrn).
Figures (a) and (b) show zircon crystals from the HLBL granite (9832) containing Th-
rich inclusions (bright areas in BSE image). Images (c- ) show zircon inclusions in
feldspar (sample 6518). Zrn I represents a clear zircon core whereas Zrn II indicates a Th-
rich zircon overgrowth (Rc Fsp = recrystallized contact between the two feldspar crystals,
Fr = fractures). Numbers indicate spot analyses in Tables 4 and 6.

Figure 8: REE-rich epidote enclosing two hingganite crystals (Hing).

Figure 9: Image (a) is a BSE image of samarkite-Y grains associated with a thorite-like phase
(Trt) from sample 6490. Images (b and d) are microphotographs and images (c and d) are
BSE images of samarskite-Y (Sam-Y) and fersmite (Fers) grains. Images (b) and (¢) are
from sample 9827A. Images (d) and (e) are from sample 9831. Numbers indicate spot
analyses listed in Table 7.

Figure 10: Microphotograph (a) and BSE image (b) of a Nb-oxide mineral that resembles

fersmite occurring as an inclusion in fluorite (F1) (sample 7658).
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Figure 11: Microphotograph (a) and BSE image (b) of aeschynite-(Y) (Aes-Y) in a clot of
titanite (Tnt) crystals associated with TiO, mineral (Tna) in sample 9832 (analysis 237,
Table 8.

Figure 12: Plot of canonical variables CV1% vs. CV2% for Nb oxides from the Wentworth
granite, in a three-group model introduced by Ercit (2005). CV1 =0.106Ca- 0.077Fe+
0.220Y+ 0.280LREE+ 0.137HREE+ 0.100U+ 0.304Ti+ 0.097Nb+ 0.109Ta- 12.81.
CV2=-0.013Ca- 0.371Fe- 0.395Y- 0.280LREE- 0.265HREE- 0.182U- 0.085Ti-
0.166Nb- 0.146Ta+ 17.29.

Figure 13: Summary of the magmatic processes during the evolution of the Wentworth pluton
related to the formation of the studied minerals. Fed = ferro-edenite, Fwn =
ferrowinchite, Ktp = Katophorite, Arf = arfvedsonite, Tnt = titanite, Trt = thorite, Ep =
epidote, Aln = allanite (abbreviations as in Whitney and Evans, 2010). Sam-Y =
samarskite-(Y), Hing = hingganite-(Y), Che = chevkinite, Fers = fersmite, H-bas =
hydroxylbastnésite (abbreviations as in Orris and Grauch, 2002). Aes-Y = aeschynite-Y,
Tna = TiO, mineral.

Figure 14: Summary of the geological evolution of the Wentworth pluton combined with the
paragenetic sequence of the rare-metal accessory minerals described in the present work.
Geological evolution synthesized from Pe-Piper and Piper (2002), Koukouvelas et al.

(2002), Pe-Piper et al. (2004) and Murphy et al. (2011).

31

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am.2013.3972

Table 1: Petrology and geochemistry of the studied samples from the Wentworth pluton.

Sample Type (Based on Mineral association ANK  Fe-index Minerals analyzed
relative age)
4636  HLBL granite, definite  Qgz,Pl,Kfs, Amp (s,s-c),Zrn, gz 1.16 0.75 Allanite-(Ce), ilmenite, titanian
(sec), clay minerals (sec), REE- magnetite, titaniferous magnetite,
ep, llm, Mag. fersmite
9831 HLBL granite, Qz,Pl,Kfs, Bt, Amp (s,s-c),Zrn, 1.04 0.98 Allanite, samarskite, fersmite
probable Opq, Ap, Aln, Sam-Y, Fers,
Qz(sec), mica (sec), clay
minerals (sec)
9832 HLBL granite, Qz,Pl,Kfs, Bt, Amp (s,s-c),Zrn, 1.06 0.95  Allanite-(Ce), zircon, aeschynite-(Y),
probable Opg, Ap, Aln, Aes-Y, Sam-Y, samarskite-(Y), fersmite, TiO,
Fers, Tna, Qz(sec), mica (sec), mineral
clay minerals (sec)
7658  Granite intruding the Qgz,Pl,Kfs, Bt, Amp (s,s-c),Zrn, 0.98 0.91 Allanite-(Ce), fersmite,
Byers Brook Fm.,  Opq, Ap, Qz(sec), Aln, Aes-Y, H- hydroxylbastnasite-(Ce)
definite Bas, mica (sec), clay minerals
(sec)
5056 Syn-gabbro granite  Qz,PI,Kfs, Bt, Amp (c),Zrn, llm, 0.84 0.83 limenite, titaniferous magnetite,
definite Mag, Ap, Qz(sec), mica (sec), magnetite
clay minerals (sec)
6490 Syn-gabbro granite  Qz,PI,Kfs, Amp (s,s-c),Zrn, Che, 1.04 0.97  Chevkinite-(Ce), thorite, titaniferous
definite Mag, Qz (sec), clay minerals magnetite, magnetite, samarskite-
(sec) (Y)
6419 Large post-gabbro  Qgz,PI,Kfs, Amp (s),Zrn,Che, REE- 1.11 0.99  Chevkinite-(Ce), allanite-(Ce), zircon,
bodies of granite, ep, Hing, Opg, mica (sec) hingganite-(Y)
probable
6518 Large post-gabbro  Qgz,PI,Kfs, Amp (s,s-c),Zrn, Che, 1.14 0.99 Chevkinite-(Ce), zircon, ilmenite,
bodies of granite, IlIm, Mag, Bt (sec), Chl (sec) magnetite
probable
7710 Late fine grained  Qz,Pl,Kfs, Amp (s,s-c), Che, Zrn, 1.08 0.96 Chevkinite-(Ce), ilmenite, titanian
granite dyke, IlIm, Mag, Ep (sec) magnetite, titaniferous magnetite
definite
9827 a Late fine grained Qz,Pl,Kfs, Bt, Amp (s,s-c),Zrn, 0.94 0.9 Allanite-(Ce), samarskite-(Y)
granite dyke, Opg, Ap, Qz(sec), Aln, Sam-Y,
definite mica (sec), clay minerals (sec)
9827b Late fine grained Qz,Pl,Kfs, Bt, Amp (s,s-c),Zrn,  1.02 0.92 Magnetite, hematite
granite dyke, Mag, Ap, Qz(sec), mica (sec),
definite clay minerals (sec), Hem.
Notes:

1) ANK=Shand's index [Al,0,/(Na,0+K,0)], used as in Maniar and Piccoli, (1989); 2) Fe-index = FeOt/ (FeOt+MgO,)
after Frost et al. (2001); 3) Mineral abbreviations (after Whitney and Evans 2010): Qz = quartz, Pl = plagioclase, Kfs = K-

feldspar, Bt = biotite, Amp = amphibole, Zrn = zircon, Opq = opaque minerals, Ap = apatite, Chl = chlorite, Ep = epidote,

Hem = hematite, Mag = magnetite, IIm = ilmenite. Aln = allanite, Che = chevkinite, Aes-Y = aeschynite-Y, Sam-Y -
samarskite-Y, Hing = hingganite, H-bas = hydroxylbastnasite, (sec) = secondary mineral, (s) = sodic, (s-c) = sodic-calcic,
(c) = calcic.
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Conditions and standards used for microprobe analyses.

Element Peak Detection Correction Factors (peak overlap
measured Line Position Standard Crystal limit (wt%) correction)
P Kat 197.327 Monazite PETJ 0.02
Nb La 183.487 Columbite PET) 0.05
Ta La 106.200 Tantalite LIFH 0.07
Si Ka 77.531 Sanidine TAP 0.01
Ti Kau 88.207 Kaersutite PETJ 0.03 Ti-Hf 0.05429
Th Ma 132.606 ThO,_MAX PETJ 0.04
U MB 119.104 uo, PETJ 0.04
Zr La 194.590 Zirconia PETJ 0.04 Zr-P 0.00110
Hf La 109.527 Zirconia LIFH 0.14 Hf-Ho 0.05675 and Hf-Er 0.53361
Y La 70.180 YAG TAP 0.02
Al La 90.712 Sanidine TAP 0.01
La La 185.485 LaPO,_MAX LIF 0.05
Ce La 178.226 CePO,_MAX LIF 0.04
Pr LB 157.292 REE3 (Drake and Weill, 1972) LIFH 0.08
Nd LB 150.924 REE2 (Drake and Weill, 1972) LIFH 0.08
Sm LB 139.251 REE2 (Drake and Weill, 1972) LIFH 0.08
Eu La 147.767 REE1 (Drake and Weill, 1972) LIFH 0.04
Gd LB 128.794 REE1 (Drake and Weill, 1972) LIFH 0.12
Dy La 132.811 REE4 (Drake and Weill, 1972) LIF 0.06
Ho La 128.629 REE4 (Drake and Weill, 1972) LIFH 0.06
Er La 124.120 REE4 (Drake and Weill, 1972) LIF 0.08 Er-Nb 0.08450 and Er-Hf 0.00263
Yb La 116.276 REE2 (Drake and Weill, 1972) LIF 0.08
Fe Ka 199.338 Magnetite53 LIF 0.02
Mn Ka 146.214 Pyrolusite LIF 0.02
Ca Kot 107.711 F-apatite PETJ 0.01
F Kot 199.338 F-apatite TAPH 0.03 F-Ce 0.05096
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Sample 6419 6419 7658 9827A 9827A 9831 9832
Mineral ep ep ep aln aln aln aln
Analysis 87 88 73 239 240 215 230
Sio, 34.97 35.87 33.88 31.13 31.05 33.15 32.73
TiO, b.d b.d 0.10 0.05 0.34 0.11 0.23
ThO, b.d 0.11 b.d 0.13 0.11 0.06 b.d
Al,04 14.49 19.42 16.14 14.71 14.45 16.79 18.29
Y,03 0.29 1.40 0.11 0.50 0.73 0.04 0.24
La,03 2.88 2.24 3.25 5.16 4.44 4.68 5.26
Ce,04 5.72 3.63 7.66 11.10 11.27 14.10 9.83
Pr,0; 0.53 0.41 0.88 1.18 1.26 1.09 0.95
Nd,0, 2.15 1.56 2.61 4.09 4.23 2.56 2.57
Sm,03 0.43 0.33 0.35 0.64 0.82 0.13 0.22
Eu,03 0.13 0.13 0.22 0.31 0.28 0.23 0.19
Gd,03 0.25 0.52 0.12 0.48 0.59 b.d 0.11
Dy,0; 0.08 0.33 0.20 0.47 0.66 0.22 0.17
FeOt 18.16 14.39 16.48 15.93 14.81 14.31 12.20
MnO 0.07 0.12 0.34 0.77 1.19 0.42 0.42
Ca0 15.77 16.77 14.33 10.15 10.26 10.81 12.67
Total 95.90 97.23 96.68 96.78 96.50 98.69 96.07
Norm. Si=3 Si=3 Si=3 =8 =8 Si=3 Si=3
Si 3.000 3.000 3.000 3.029 3.036 3.000 3.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000
T 3.000 3.000 3.000 3.029 3.036 3.000 3.000
Ti 0.000 0.000 0.007 0.004 0.025 0.007 0.016
Al 1.538 1.970 1.727 1.687 1.665 1.854 2.010
Fe 1.368 1.036 1.252 1.297 1.211 1.122 0.951
Mn 0.005 0.008 0.026 0.063 0.099 0.034 0.033
IM 2.911 3.014 3.012 3.050 3.000 3.017 3.011
Ca 1.522 1.546 1.394 1.058 1.075 1.085 1.265
La 0.096 0.071 0.109 0.185 0.160 0.162 0.181
Ce 0.189 0.114 0.255 0.396 0.403 0.484 0.336
Pr 0.017 0.013 0.029 0.042 0.045 0.037 0.032
Nd 0.069 0.048 0.085 0.142 0.148 0.086 0.085
Sm 0.013 0.010 0.011 0.021 0.028 0.004 0.007
Eu 0.004 0.004 0.007 0.010 0.009 0.007 0.006
Gd 0.007 0.015 0.004 0.015 0.019 0.001 0.003
Dy 0.002 0.009 0.006 0.015 0.021 0.007 0.005
Ho 0.000 0.002 0.000 0.000 0.003 0.000 0.000
Er 0.001 0.000 0.004 0.003 0.006 0.000 0.000
Yb 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Th 0.001 0.002 0.000 0.003 0.002 0.001 0.000
u 0.000 0.000 0.002 0.000 0.000 0.001 0.000
Nb 0.002 0.000 0.000 0.002 0.001 0.000 0.004
Ta 0.000 0.000 0.000 0.000 0.000 0.001 0.000
Zr 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Y 0.014 0.064 0.005 0.026 0.038 0.002 0.012
SREE 0.400 0.290 0.510 0.830 0.840 0.790 0.660
IA 1.938 1.899 1.910 1.917 1.958 1.877 1.937
Notes:

b.d=below detection limit. Elements calculated in the basis of 8 cations . When calculations yielded
Si>3.05 then itis normalized to Si-=3 (Armbruster et al. 2006).
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Table 3: Representative electron-microprobe analyses and formulae of chevkinite-(Ce) (A,BC,D,Si40,,)

Sample 6518 6518 6518 6518 6518 7710 7710 7710
Analysis 71 72 74 80 82 70 89 122
P,0q 0.04 0.02 0.05 0.04 0.05 0.05 0.05 0.37
Nb,Os 0.75 0.80 0.78 0.79 0.55 2.16 0.97 3.10
Sio, 20.06 19.97 20.43 20.37 20.32 19.82 20.38 18.26
TiO, 19.15 18.72 18.30 18.66 18.62 16.88 18.09 19.89
Zr0O, 0.70 0.40 0.66 0.46 0.55 0.33 0.38 0.46
ThO, 0.41 0.16 0.45 0.34 0.30 0.88 0.38 1.72
Al,04 0.12 0.13 0.13 0.11 0.10 0.11 0.12 0.21
Y,05 0.56 0.58 0.59 0.63 0.67 0.76 0.76 1.02
La,03 10.69 10.90 10.67 10.69 10.81 10.90 10.32 10.20
Ce,03 21.03 21.06 20.32 20.90 20.53 20.77 21.12 18.23
Pr,03 1.95 1.74 1.87 1.85 1.92 1.85 2.10 1.67
Nd,0, 8.83 8.98 8.96 8.54 8.64 7.76 9.22 6.28
Sm,03 1.20 1.00 0.92 0.94 0.88 0.90 1.24 0.82
Eu,04 0.60 0.55 0.61 0.52 0.57 0.63 0.67 0.43
Gd,03 0.57 0.54 0.72 0.73 0.46 0.57 0.70 0.61
Dy,0; 0.17 0.30 0.26 0.30 0.31 0.33 0.30 0.33
FeOt 11.07 11.61 10.88 10.79 10.86 11.62 11.58 11.98
MgO b.d 0.04 0.05 0.02 0.01 0.08 0.07 b.d
CaO 2.78 2.61 2.61 2.69 2.64 2.56 2.43 3.16
F b.d b.d b.d b.d b.d b.d b.d b.d
Total 100.66 100.10 99.23 99.35 98.79 98.93 100.88 98.72
Y 0.060 0.064 0.065 0.069 0.073 0.084 0.083 0.111
Th 0.019 0.007 0.021 0.016 0.014 0.042 0.017 0.080
La 0.802 0.823 0.809 0.808 0.822 0.838 0.776 0.769
Ce 1.566 1.580 1.529 1.569 1.549 1.585 1.577 1.364
Pr 0.144 0.130 0.140 0.138 0.144 0.140 0.156 0.124
Nd 0.641 0.657 0.658 0.625 0.636 0.577 0.671 0.458
Sm 0.084 0.071 0.065 0.066 0.062 0.064 0.087 0.058
Eu 0.041 0.038 0.042 0.036 0.040 0.045 0.047 0.030
Gd 0.039 0.037 0.049 0.050 0.031 0.039 0.047 0.042
Dy 0.011 0.020 0.017 0.020 0.020 0.022 0.020 0.022
Ca 0.605 0.573 0.575 0.590 0.583 0.571 0.531 0.692
SumA 4.019 3.999 3.972 3.991 3.979 4.007 4.016 3.748
Fe 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Sum B 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Fe 0.881 0.998 0.870 0.850 0.872 1.024 0.975 1.047
Mg 0.000 0.012 0.014 0.006 0.003 0.026 0.021 0.000
Ti 0.928 0.884 0.828 0.878 0.885 0.645 0.775 1.057
Al 0.029 0.030 0.031 0.025 0.025 0.027 0.028 0.050
Zr 0.070 0.040 0.066 0.046 0.055 0.034 0.038 0.045
Nb 0.069 0.074 0.073 0.074 0.052 0.204 0.090 0.286
Ta 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sum C 1.976 2.038 1.881 1.879 1.892 1.959 1.926 2.485
Ti (D) 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Si 4.077 4.090 4.199 4.177 4.186 4.130 4.157 3.731
Zcations 13.072 13.128 13.052 13.048 13.057 13.096 13.099 12.965

Notes:

b.d= below detection limit. Analysis 122 represents a yellowish alteration halo around chevkinite. Formula
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Table 4: Representative electron-microprobe analyses and formulae of zircon (ATO,)

Sample 6419 6419 6518 6518 6518 9832
Analysis 120 121 154 155 157 197
P,0s b.d 0.28 b.d 0.21 0.51 0.39
Sio, 30.31 30.58 32.61 31.69 30.16 30.99
ZrO, 67.34 63.88 63.74 59.40 54.79 60.47
HfO, 0.81 1.24 0.85 0.92 2.52 1.66
ThO, 0.00 0.13 b.d 0.44 4.01 1.22
uo, 0.11 0.10 0.03 0.35 0.22 0.36
Y,0; 0.23 1.28 0.18 2.68 2.96 2.42
Gd,0; 0.22 0.10 b.d 0.08 0.17 0.35
Dy,0; 0.10 0.09 0.14 0.31 0.25 0.43
Er,03 0.03 0.36 0.10 0.43 0.44 0.66
Yb,0; 0.04 0.32 0.13 0.37 0.48 0.96
FeOt 0.04 0.06 0.06 0.17 0.60 0.19
Cao 0.02 0.04 b.d 0.05 0.08 0.10
Total 99.25 98.45 97.85 97.09 97.18 100.21
P 0.000 0.007 0.000 0.006 0.014 0.010
Si 0.952 0.967 1.016 1.009 0.988 0.976
Total (T) 0.952 0.974 1.016 1.014 1.002 0.986
Zr 1.032 0.985 0.969 0.922 0.875 0.929
Hf 0.007 0.011 0.008 0.008 0.024 0.015
Th 0.000 0.001 0.000 0.003 0.030 0.009
U 0.001 0.001 0.000 0.003 0.002 0.003
Y 0.004 0.022 0.003 0.045 0.052 0.041
Gd 0.002 0.001 0.000 0.001 0.002 0.004
Dy 0.001 0.001 0.001 0.003 0.003 0.004
Er 0.000 0.004 0.001 0.004 0.005 0.007
Yb 0.000 0.003 0.001 0.004 0.005 0.009
Fe 0.001 0.002 0.002 0.005 0.017 0.005
Ca 0.000 0.001 0.000 0.002 0.003 0.003
Total (A) 1.049 1.031 0.985 0.999 1.014 1.028
Total 2.001 2.005 2.001 2.013 2.016 2.014
Notes:

1)b.d= below detection limit. Formula calculated in the basis of 4 oxygen atoms.
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Table 5: Representative electron-microprobe analyses and formulae of hingganite-(Y) (A,Be,T,05(0OH),)

Sample 6419 6419 6419 6419
Analysis 86 143 145 146
Sio, 26.38 25.98 24.61 25.03
Y,05 26.43 31.30 18.22 18.29
La,0, 0.82 0.26 0.95 1.05
Ce,05 4.40 1.77 7.56 7.84
Pr,0, 0.83 0.33 1.68 1.73
Nd,05 5.50 3.37 1036 10.77
Sm,03 2.27 1.59 2.62 2.66
Eu,0, 031 0.14 0.68 0.72
Gd,0, 4.46 5.01 4.50 4.56
Dy,0; 4.56 5.04 3.83 3.83
Ho,0, 1.59 161 137 1.38
Er,0; 1.90 2.72 1.38 1.62
Yb,0, 1.04 1.42 0.35 0.35
FeOt 4.95 3.85 6.01 6.06
cao 117 0.91 0.81 0.81
Total 86.61 85.30 84.93 86.70
Si 2.000 2.000 2.000 2.000
Sum T 2.000 2.000 2.000 2.000
Y 0.97 1.16 0.70 0.69
La 0.02 0.01 0.03 0.03
Ce 0.11 0.05 0.20 0.20
Pr 0.02 0.01 0.04 0.04
Nd 0.14 0.08 0.27 0.27
sm 0.05 0.04 0.06 0.06
Eu 0.01 0.00 0.02 0.02
Gd 0.10 0.12 0.11 0.11
Dy 0.10 0.11 0.09 0.09
Ho 0.04 0.04 0.03 0.03
Er 0.04 0.06 0.03 0.04
Yb 0.02 0.03 0.01 0.01
Fe 0.29 0.23 0.36 0.36
Ca 0.09 0.07 0.06 0.06
Sum A 2.000 2.000 2.000 2.000

Notes:

1)b.d= below detection limit; 2) n.d.= not determined. Formula calculated on the basis of 10
oxygens, Si = 2 atoms, Ca+Fe+Y+REE=2 atoms, Be=2 atoms according to the theoretical
formula of hingganite. However Be was not determined.
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Table 6: Representative electron-microprobe analyses and formulae of thorite-like phase (ABO,)

Sample 6490 9832 9832
Analysis 97 199 210
P,0g 4.47 0.22 0.71
Nb,Os 7.72 6.78 0.15
Sio, 12.83 18.57 17.20
TiO, 3.26 0.32 0.02
ZrO, n.d 11.31 1.39
HfO, n.d 0.47 0.29
ThO, 49.43 40.53 58.67
uo, 0.76 1.41 3.53
Al,O03 1.02 0.33 0.15
Y,05 2.12 2.93 1.64
La,0, 0.12 0.07 0.13
Ce,0; 0.37 0.27 0.20
Nd,0; 0.45 0.18 b.d
Gd,04 0.33 0.17 0.46
Dy,03 0.49 0.39 0.52
Ho,0;, 0.10 0.17 0.18
Er,0; b.d 0.00 0.31
Yb,04 0.14 0.46 0.21
FeOt 9.42 1.38 1.67
Ca0 0.30 1.36 1.86
F b.d 0.34 0.56
Total 93.64 87.62 89.67
[ 0.180 0.009 0.033
Nb 0.166 0.149 0.004
Si 0.608 0.901 0.958
Ti 0.116 0.011 0.001
Al 0.057 0.019 0.010
Sum B 1.127 1.088 1.006
Zr 0.000 0.267 0.038
Hf 0.000 0.006 0.005
Th 0.534 0.447 0.743
V] 0.008 0.015 0.044
Y 0.054 0.076 0.049
La 0.002 0.001 0.003
Ce 0.006 0.005 0.004
Nd 0.008 0.003 0.000
Gd 0.005 0.003 0.009
Dy 0.008 0.006 0.009
Ho 0.002 0.003 0.003
Er 0.000 0.000 0.005
Yb 0.002 0.007 0.004
Fe 0.374 0.056 0.078
Ca 0.015 0.071 0.111
Sum A 1.017 0.966 1.103
Sum 2.144 2.054 2.109

Notes:

1)b.d= below detection limit; 2) n.d.= not determined. Formula calculated on the
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Table 7: Representative electron-microprobe analyses and formulae of samarskite-(Y) (ABO,) and fersmite (AB,Og)

Mineral Sam-Y Sam-Y Sam-Y Sam-Y Sam-Y Fers Fers Fers
Sample 6490 9827A 9831 9831 9832 4636 9832 9832
Analysis 98* 174 242 243 231* 103* 213 214*
Nb,05 48.32 42.25 47.35 47.44 53.06 45.20 53.23 55.56
Ta,05 0.45 2.73 0.29 0.10 0.61 8.22 3.87 3.76
Sio, 0.51 0.37 b.d. 0.02 2.25 8.76 0.17 0.14
TiO, 1.13 1.43 0.31 0.41 1.61 9.51 6.55 6.44
ThO, 5.13 5.77 1.62 1.85 0.18 1.83 0.34 0.38
uo, 2.36 3.04 0.69 0.92 0.59 5.75 3.34 3.34
Y,03 22.27 23.69 21.36 21.16 22.27 1.75 0.32 0.27
La, 05 0.20 b.d 0.27 0.29 0.35 0.57 1.17 1.30
Ce,03 1.97 0.45 1.98 2.18 2.35 2.56 4.22 3.84
Pr,0, 0.30 0.10 0.47 0.55 0.37 0.44 0.43 0.34
Nd,0; 2.06 1.36 3.86 4.08 2.35 1.61 1.95 1.59
Sm,03 0.86 0.99 2.16 2.28 0.95 0.47 0.39 0.36
Eu,0; 0.06 0.01 0.11 0.17 0.23 0.08 0.17 0.14
Gd,04 2.43 3.66 5.91 5.60 1.98 0.41 0.39 0.26
Dy,03 3.23 3.74 5.75 5.73 2.14 0.38 0.42 0.45
Ho,0;3 1.10 1.67 2.56 2.56 0.75 b.d b.d 0.09
Yb,0; 2.67 2.92 1.19 1.13 1.30 b.d b.d b.d
FeOt 0.43 0.67 0.02 0.09 1.78 0.15 2.53 0.60
CaO 1.30 1.51 0.27 0.27 0.92 10.26 14.37 17.68
F 0.09 0.18 b.d 0.23 0.13 0.21 0.81 0.90
Total 96.79 96.37 96.15 96.84 96.03 97.94 93.85 96.55
Nb 0.993 0.900 1.009 1.006 1.004 Nb 1.384 1.476 1.519
Ta 0.006 0.035 0.004 0.001 0.007 Ta 0.151 0.065 0.062
Si 0.023 0.018 0.000 0.001 0.094 Ti 0.484 0.302 0.293
Ti 0.039 0.051 0.011 0.014 0.051 Fe 0.008 0.130 0.030
Sum B 1.060 1.003 1.024 1.023 1.156 SumB 2.028 1.972 1.905
Th 0.053 0.062 0.017 0.020 0.002 Th 0.028 0.005 0.005
V] 0.024 0.032 0.007 0.010 0.005 U 0.087 0.046 0.045
Y 0.539 0.594 0.536 0.528 0.496 Y 0.063 0.126 0.009
La 0.003 0.000 0.005 0.005 0.005 La 0.013 0.026 0.029
Ce 0.033 0.008 0.034 0.037 0.036 Ce 0.063 0.095 0.085
Pr 0.005 0.002 0.008 0.009 0.006 Ca 0.744 0.944 1.146
Nd 0.033 0.023 0.065 0.068 0.035 SumA 0.999 1.242 1.319
Sm 0.013 0.016 0.035 0.037 0.014
Eu 0.001 0.000 0.002 0.003 0.003 Notes:
Gd 0.037 0.057 0.092 0.087 0.028 1)*=analysis with good totals; 2)b.d= below
Dy 0.047 0.057 0.087 0.087 0.029 detection limit; 3) n.d.= not determined; 4)
Ho 0.016 0.025 0.038 0.038 0.010 Sam-Y=samarskite; 5)Fers= fersmite. Elements
Yb 0.037 0.042 0.017 0.016 0.017 calculated in the basis of 4 oxygens for
Fe 0.017 0.026 0.001 0.004 0.062 samarskite and 6 oxygen atoms for fermite.
Ca 0.063 0.076 0.013 0.014 0.041
Sum A 0.921 1.020 0.959 0.963 0.789
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Table 8: Representative electron-microprobe analyses and formulae of aeschynite-(Y) (AB,0¢) and TiO, mineral

Mineral Aes-Y Aes-Y Aes-Y Aes-Y Tna
Sample 9832 9832 9832 9832 9832
Analysis 232 236 217 218 237
Nb,O5 9.62 6.70 5.06 4.21 2.82
Ta,05 b.d b.d 0.04 0.21 0.08
Sio, 4.45 1.73 1.60 1.45 0.12
TiO, 39.03 42.90 45.36 45.67 91.60
ThO, 1.33 0.39 0.13 0.17 0.02
uo, 0.27 0.19 0.13 b.d 0.02
Al,O03 0.34 0.07 0.11 0.08 b.d
Y,05 20.10 24.45 25.74 25.17 b.d
Pr,03 0.16 0.05 b.d b.d b.d
Nd,03 1.42 0.95 0.68 0.83 b.d
Sm,03 0.95 1.00 0.39 0.61 b.d
Gd,03 4.74 4.43 3.23 3.91 0.04
Dy,03 4.23 4.45 3.69 4.24 0.03
Ho,0; 1.78 1.88 1.36 1.60 0.05
Er,05 1.67 1.78 2.85 2.53 b.d
Yb,0; 1.53 1.55 2.66 2.57 0.02
FeOt 1.85 1.46 1.43 1.45 1.24
MnO 0.15 0.02 0.05 0.02 0.01
CaO 1.12 0.56 0.42 0.31 0.28
F 0.21 0.06 0.11 0.05 0.01
Total 95.10 94.62 95.03 95.13 96.65
Al 0.021 0.005 0.007 0.005 0.000
Y 0.553 0.681 0.704 0.691 0.000
Pr 0.003 0.001 0.000 0.000 0.000
Nd 0.026 0.018 0.012 0.015 0.000
Sm 0.017 0.018 0.007 0.011 0.000
Gd 0.081 0.077 0.055 0.067 0.000
Dy 0.070 0.075 0.061 0.070 0.000
Ho 0.029 0.031 0.022 0.026 0.000
Er 0.027 0.029 0.046 0.041 0.000
Yb 0.024 0.025 0.042 0.040 0.000
Fe 0.081 0.065 0.062 0.063 0.014
Mn 0.006 0.001 0.002 0.001 0.000
Ca 0.062 0.031 0.023 0.017 0.004
Sum A 1.002 1.056 1.043 1.048
Nb 0.225 0.158 0.118 0.098 0.018
Ta 0.000 0.000 0.000 0.003 0.000
Si 0.230 0.091 0.082 0.075 0.002
Ti 1.519 1.688 1.752 1.771 0.964
Th 0.016 0.005 0.002 0.002 0.000
U 0.003 0.002 0.002 0.000 0.000
Sum B 1.993 1.944 1.956 1.949
Total 2.995 2.999 2.999 2.998 1.004

Notes:

1) No=analysis number; 2)b.d= below detection limit; 3) n.d.= not determined; 4)Min=mineral analyzed;
5) Aes-Y=aeschynite -(Y); 6) Tna= TiO,mineral. Calculations for aeschynite were done in the basis of 2 B-
cations and for TiO, mineral in the basis of 2 oxygens.
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Table 9: Representative electron-microprobe analyses and formulae of hydroxylbastnasite-(Ce) (ACO53(OH))

Sample 7658 7658
Analysis 148 149
Ta,05 0.56 0.56
HfO, 0.81 0.88
ThO, 334 4.43
uo, 0.43 0.51
La,05 14.30 13.47
Ce,03 29.00 29.99
Pr,03 291 2.89
Nd,0; 10.25 10.23
Sm,0; 1.40 1.45
Eu,0; 1.16 1.16
Gd,0; 1.27 1.37
Dy,03 0.61 0.59
Ho,0; 0.21 0.24
Ca0 4.48 4.62
F 0.08 0.11
CO,-Calc 23.49 23.29
SUM 94.30 95.79
O=F -0.03 -0.05
Total 99.41 95.96
Th 0.026 0.034
La 0.181 0.168
Ce 0.365 0.372
Pr 0.036 0.036
Nd 0.126 0.124
Sm 0.017 0.017
Eu 0.014 0.013
Gd 0.014 0.015
Dy 0.007 0.006
Ho 0.002 0.003
Fe 0.047 0.042
Ca 0.165 0.168
Total A 0.999 0.999

Notes:

1) No=analysis number; 2)b.d=below detection limit; 3) n.d.= not determined . Calculations
were done in the basis of one cation, carbon concentrations were calculated based on
charge balance (Ridolfi et al. 2006). Small amounts of Si, Fe, Ti, Al and Mn are also present.
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Magmatic and subsolidus evolution of the Wentworth Pluton Hydrothermal Processes
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