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The penological evolution of the Late Paleozoic A-type granites of the Wentworth 
plutonic complex of the Cobequid Shear Zone 

By 

Angehki Papoutsa 

Abstract 

The Wentworth Pluton is a bimodal intrusion which consists principally of a 362 Ma, A-
type granite, part of which was remelted by a major gabbro intrusion, resulting in the 
formation of late granites REE- rare metal mineralization is widespread in and around 
the Wentworth Pluton The Wentworth granites were examined geochemically and 
petrographically in order to determine the geological processes responsible for their 
distinct geochemistry The granites were derived from partial melting of subduction-
related trondhjemites, in the lower Avaloman crust, triggered by asthenosphenc 
upwelling in the Late Paleozoic The parent, REE-enriched magma formed early granites 
with REE-magmatic minerals Anatexis of these granites resulted in the release of 
volatiles and rare metals in hydrothermal fluids, reflected by a variety of hydro thermal 
REE-rich minerals This study has introduced new evidence on the petrogenesis of A-
type granites and demonstrated the genetic relationship between the REE mineralization 
and the granites of the Wentworth Pluton 

December 12,2011 
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CHAPTER 1: INTRODUCTION 

1.1. Purpose of the study and objectives 

The Wentworth Pluton is a complex bimodal intrusion, the felsic part of which 

consists of two generations of granites and is the most alkaline magmatic body, in a series 

of late Devonian to early Carboniferous plutons, related to the Cobequid Shear Zone The 

petrology and geochemistry of the late plutons in the Cobequid Highlands has been 

thoroughly studied over the last few decades and the regional tectonic setting is well 

understood However, it is still unclear why the Wentworth Pluton presents such a 

distinct geochemical character The purpose of this study is to investigate this 

complicated magmatic system and identify the cause of the principal variations in the 

geochemistry of the late Devonian Wentworth granites Some questions this research 

aims to answer are the following 

1) Do syn- or post-gabbro granites and early granites in the Wentworth pluton have the 

same source and geochemistry as each other? If not what are the geochemical 

processes that created the syn- and post-gabbro granites9 Examine mechanisms of 

a) Anatexis of pre-existing granite at middle to upper crustal levels 

b) Chemical diffusion of elements between mafic and felsic magmas 

c) Mechanical mixing 

d) Continuation of lower crust melting 

2) Within the observed geochemical variability, what are the implications for 

mineralization? 

a) Are there REE accessory minerals in the granites9 Do they relate to the igneous 

system? 

b) How Th is distributed in the pluton and how does this relate to mineralization? 
l 



1.2 Thesis organization 

The mam body of this thesis consists of chapters 4 and 5 In chapter 4, the 

accessory minerals present in the Wentworth granites that contain rare earth elements and 

rare metals are investigated This study reveals that there are significant amounts of REEs 

in this intrusion, reflected in a wide variety of magmatic and hydrothermal mineral 

phases Significant evidence is provided from this study for several stages of REE-

mmeral crystallization/precipitation during the geological evolution of the granites and 

also illustrates the REE-nch nature of the original granitic magma from the presence of 

primary magmatic REE phases 

Chapter 5 investigates the petrogenetic history of the Wentworth Pluton granites 

through their whole-rock geochemistry Specific geochemical characteristics and isotopic 

data from these rocks provide evidence about the origin and evolution of the granites In 

this study a petrogenetic model is proposed for the granites that suggests a possible 

source for the granitic magma and explains a) the REE enrichment of the original granitic 

magma, b) the distinct alkaline character of the intrusion reflected in the presence of 

sodic amphiboles, c) the geological processes responsible for certain geochemical 

differences between the early and late granites, and d) the implications of this model to 

the tectonic environment 

Both chapters were prepared as separate manuscripts for publication Therefore it 

is unavoidable that some repetition of key figures and text occurs in this thesis, 

particularly in the introductory parts of these chapters since each one was written as to 

stand-alone 
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CHAPTER 2: REGIONAL GEOLOGY 

2.1. Regional Setting 

The Cobequid Highlands are located on the northern part of the Appalachian 

orogenic belt, just north of the boundary between the Avalon and Meguma terranes 

(Calder, 1998, Pe-Piper and Piper, 2002) This boundary is marked by the northern part 

of the Cobequid-Chedabucto fault zone, in which strike-slip motion took place during 

Late Paleozoic Distributed shear on this zone in Late Devonian and Early Carboniferous 

has been termed the Cobequid Shear Zone (Pe-Piper et al, 2002) 

Within the Cobequid Highlands the Cobequid Shear zone consists of a series of 

faults The Cobequid Fault marks the margin of the Cobequid Highlands horst (Pe-Piper 

and Piper, 2002) The Rockland Brook Fault was the major fault during Late Paleozoic 

and is located in the eastern part of the Highlands whereas the Kirkhill Fault is in the 

western part and is considered to be an offset continuation of the Rockland Brook Fault 

(Koukouvelas et al, 2006) The northwestern margin of the Cobequid Highlands 

coincides with the Spicers Cove Fault (Pe-Piper and Piper, 2002) 

The Cobequid Highlands are underlain by Neoproterozoic rocks, Silurian to 

Lower Devonian sedimentary rocks and Late Paleozoic plutons and their extrusive 

equivalents (Pe-Piper and Piper, 2002) The emplacement of the Late Paleozoic plutons is 

related to the development of Cobequid Shear Zone The plutons are mainly granite, 

gabbro and diorite bodies In the western Cobequid Highlands the plutons appear to be 

related to the Kirkhill and Cobequid Faults These intrusions are the Cape Chignecto, 

Hanna Farm, West Moose River and North River plutons (Pe-Piper and Piper, 2002) In 
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the eastern Cobequid Highlands the Late Paleozoic plutonism is represented by the 

Pleasant Hills, Wyvern-Gilbert Hills and Wentworth plutons 

The intrusion of the Late Paleozoic plutons m the Cobequid Highlands is related 

to the extension of the Magdalen Basin, which led to the underplating of gabbroic melts 

beneath the central and eastern part of the highlands, during Middle to Late Devonian and 

Early Carboniferous (Marilher and Reid, 1990) The large volume of mafic rocks 

indicates that the extension of the basin played an important role in the pluton 

emplacement The intrusion of the plutons was synchronous with the deposition of the 

Horton Group (Piper et al, 1993, Dunning et al, 2002) 

The igneous activity in the Cobequid Highlands during Latest Devonian 

(Strunian) to Early Carboniferous (Early Toumaisian) was focused along the Rockland 

Brook Fault and the Kirkhill Fault (Dunning et al, 2002) The mafic magmatism of Late 

Toumaisian to Early Visean resulted to the intrusion of mafic dykes which cut Horton 

Group near the Cobequid Fault 

The Neoproterozoic rocks of the Avalon terrane evolved along the active margin 

of Gondwana and during the Middle Paleozoic were involved in Appalachian orogen 

(Nance et al, 2002) The evolution of the Avalon terrane is characterized by the 

development of an arc (760-650 Ma), its transition to a platform, rifting from Gondwana 

in early Ordovician, and the accretion of the Avalon terrane to Laurentia during the 

development of the Appalachian orogen m late Ordovician-early Silurian The evolution 

of the Avalonian arc took place upon a juvenile basement comprising mantle-derived 

material, the isotopic signature of which was inherited by successive generations of 
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magmas which represent a mixture of juvenile basement and Avalonian crust (Nance et 

al, 2002) 

2.2 Geological setting of the Wentworth pluton 

East of the Pleasant Hills and the Wyvern plutons lies the Wentworth plutonic 

complex (Fig 2-1) Pe-Piper (1998) introduced the term Wentworth Pluton to include the 

Folly Lake gabbro/dionte pluton in the southwestern part and the Hart Lake-Byers lake 

granite pluton of Donohoe and Wallace (1982), located in the northeastern part This was 

done because it is not possible to map them as two distinct units Rather there are 

extensive areas where the two rock units show mingling and cross-cutting relationships 

(Pe-Piper et al, 1997) 

The southwestern Wentworth plutonic complex consists of gabbro-dionte cut by 

medium-grained granite in globular pods, irregular sheets, net-veined zones, and linear 

dykes, some of which are pegmatitic The northeastern part of the pluton narrows 

eastwards and consists principally of equigranular alkali granite which (Fig 2-1), passing 

to a kilometer-wide zone of Fountain Lake rhyohtes (Koukouvelas et al, 2002, Pe-Piper 

and Piper, 2002) The gabbroic and granitic parts of the Wentworth pluton are separated 

by a zone in which granite and gabbro occur in sub-equal abundances (Koukouvelas et 

al, 2002, Pe-Piper, 2007) 

The presence of mafic enclaves in the granites, with mixing and mingling textures 

at the contact with the granite, indicates that there was a period when the two magmas 

were immiscible (Koukouvelas et al, 2002) Furthermore, in the transition zone it is the 

granite that most commonly intrudes the gabbro, indicating that this late granite post

dates the gabbroic intrusion It is argued, by the presence of hybrid rocks, that the later 
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Figure 2-1 Detailed (a) and simplified (b) geological map of the late Paleozoic 

Wentworth Pluton of the Cobequid Highlands Inset in map (a) shows the location of 

Avalon and Meguma terranes 
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gabbroic magma remelted and assimilated parts of the early granite, resulting in the 

formation of the late granites with slightly different composition (Koukouvelas et al, 

2002) 

Field relationships show that the gabbro of the Wentworth pluton is younger than 

the main Cobequid shear zone plutons This is sustained by a 357±2Ma Ar-Ar 

(hornblende) age and two Ar-Ar biotite ages of353±2 Ma and 355±2 Ma for this mafic 

intrusion (Pe-Piper et al, 2004) On the other hand, the granite yielded a 360-365 Ma U-

Pb (zircon) age (Doig et al, 1996) and Ar-Ar (sodic- amphibole) age of 368±4 Ma (Pe-

Piper et al, 2004) (Table 2-1) The original reported Ar-Ar ages of Pe-Piper et al (2004) 

have been corrected in this thesis for recent improvement in the intercahbration of U-Pb 

and Ar-Ar time scales (Kuiper et al, 2008) (Table 2-1) 

2.3 Petrography and geochemistry of the Wentworth pluton 

2.3.1. Gabbro 

The Folly Lake gabbro of the Wentworth pluton is fine to coarse grained with 

subophitic texture and contains augite, plagioclase and amphibole as major minerals The 

augite grains are anhedral to subhedral and commonly rimmed with actinolite (Pe-Piper, 

1998) Actinolite alteration of the pyroxene is variable The plagioclase crystals are 

euhedral to subhedral, appear zoned and moderately to strongly altered to clay minerals 

The amphibole is either hornblende or actinolite The hornblende, where present, occurs 

as anhedral to subhedral olive-green grains with biotite overgrowths and actinolite 

alteration around the edges Greenish-blue actinolite fine-grained aggregates, are also 

common in some types of gabbros These aggregates probably formed at the expense of 

hornblende, since hornblende relics can be seen in these aggregates Opaque minerals 
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consist of magnetite and pynte while accessory minerals include apatite, titanite, biotite, 

zircon, quartz, chlorite and epidote (Pe-Piper, 1998) 

Compositionally, the mafic rocks in the Wentworth plutonic complex possess 

composition which classifies them as ferro-gabbro (Koukouvelas et al, 2002) On an 

AFM diagram (after Irvine and Baragar, 1971), they plot in the Fe-nch and Mg-nch 

tholeate field and the calc-alkaline field (Pe-Piper, 1998) The gabbros plot in the within 

plate basalt field of aTi02 vs Zr/P2Os diagram (Floyd and Winchester, 1975), similar to 

the olivine-normative continental tholentes of the West Moose River pluton (Pe-Piper, 

1998, Pe-Piper et al, 1991) 

2.3.2 Granite 

The Hart Lake-Byers Lake granite of the Wentworth pluton consists mainly of 

medium grained alkali feldspar granite which contains 50-60% K-feldspar, biotite, 

amphibole, and quartz never less than 25% Some granites appear to be plagioclase-nch 

and relatively equigranular, while others contain at least 20% amphibole and are mostly 

medium to coarse grained (Pe-Piper, 1998) 

The granite of the main phase of the Hart Lake-Byers Lake granite contains sodic 

amphibole, contains about 76% S1O2, high F (> 500 ppm), and moderate Li (>20 ppm) 

(Koukouvelas et al, 2002) A few granites, interpreted as synchronous with the gabbro 

have particularly high Zr contents (>500 ppm) Many of syn- and post-gabbro granites 

are alkalic, with >75 ppm Y Some granites that occur as pods within the gabbro are 

geochemically distinct, with a wide range of S1O2 contents, relatively low Y, Zr, Li and F 

and the amphibole, where present, is hornblende Similar low-Y, low-Li granites occur 

within the Hart Lake-Byers Lake granite and have rather higher T1O2 contents than the 
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alkali Hart Lake-Byers Lake granites of the main phase, with the same S1O2 content 

(Koukouvelas et al, 2002) 

2.4 Deformation associated with the emplacement of the Late Paleozoic plutons 

The Late Paleozoic plutons of the Cobequid Highlands are bounded by major 

faults Structures within the plutons suggest that movement in the Cobequid Shear Zone 

played an important role in the pluton emplacement (Pe-Piper et al, 1998, Koukouvelas 

et al, 2002) The plutons adjacent to the Cobequid Shear Zone show vertical boundaries 

in map view, and in cross-section most plutons are generally southward dipping 

(Koukouvelas et al, 2006) 

All Late Paleozoic plutons are asymmetric and developed within the north fault 

block of a component fault of the Cobequid Shear Zone Many of these plutons show 

evidence of ductile deformation, some of which is syn-magmatic (Pe-Piper et al, 1993) 

Within the plutons, steeply dipping foliation planes are found close to the plastic zone of 

the fault and moderately dipping foliation planes to the north (Koukouvelas et al, 2002) 

All plutons are defined by tectonic south-dipping contacts with the southern contact 

steeper that the northern (Koukouvelas et al, 1996) Structural data support intrusion by 

wedging, and many intrusive zones have been affected by sinistral strike-slip shear zones 

Internal hthological contacts are parallel to major faults 

Syn-mtrusion deformation, with foliated plutonic phases cut by less deformed 

phases, is largely restricted to two faults within the Cobequid Highlands, the Kirkhill 

fault in the west, and the Rockland Brook fault in the east (Koukouvelas et al, 2002) 

Ductile foliation in the fault zones is cut by brittle shears, principally along the Cobequid 
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Fault, which experienced major late Carboniferous dextral strike-slip motion (Murphy et 

al, 2011) 

The Wentworth pluton is in direct contact with the Rockland Brook Fault at its 

southern margin Deformed granites and gabbros show evidence of deformation resulting 

from dextral shear (Miller et al, 1995) Rare sinistral kinematic indicators in the 

deformed portions of these plutons, reflect antithetic shearing, local folding, or complex 

ductile deformation within an overall dextral regime (Miller et al, 1995) Syn-magmatic 

deformation of the Wentworth pluton resulted in the development of small scale shear 

zones in the central and southern part of the pluton and most of which are dextral Syn-

magmatic foliation is related to the finite flattening by the magma emplacement whereas 

the lmeation relates to the finite stretching during this event (Koukouvelas et al, 2002) 

In contrast with the regional scale shear zones, the small scale ones are neither cross cut 

nor related to brittle faults (Koukouvelas et al, 2002) Wrench deformation along the 

contact between the early granites and the gabbros controlled a horizontal gabbroic 

magma flow reflected in areas of almost horizontal lineations north of the Folly Lake 

gabbro (Koukouvelas et al, 2002) The syn-magmatic foliation close to the southern 

boundary of the pluton dips southward almost parallel to the solid-state foliation of the 

Rockland Brook Fault Almost all major contacts of different units in the pluton were 

active faults The plutonic complex was compartmentalized into smaller blocks with 

faults parallel to the Rockland Brook Fault during the final stages of emplacement 

(Koukouvelas et al, 2002) 



Table 2-1 Ages of rock units within the Wentworth Pluton 

Rock Unit 
Geochronology 

control 

Wentworth granites 

U-Pb (Zrn) 

U-Pb (Zrn) 

U-Pb (Zrn) 

U-Pb (Zrn) 

U-Pb (Zrn) 

Ar-Ar (amph) 

Wentworth sabbros 

Late dvkes 

Late gabbro 
dvke 

Ar-Ar (bt) 

Ar-Ar (hbl) 

Ar-Ar (bt) 

U-Pb (Zrn) 

U-Pb (Zrn) 

U-Pb (Zrn) 

Coeval volcanic rocks 

Upper Byers 
Brook rhyolites 

Upper Diamond 

Brook Fm 

Mid-Diamond 
Brook Fm 

Lower 
Diamond Brook 

Fm. 

U-Pb (Zrn) 

U-Pb (Zrn) 

U-Pb (Zrn) 

U-Pb (Zrn) 

Original 
age 

365 

361 

360 

364 

362 

365 

350 

354 

352 

360 

362 

345 

358 

354 

354 

350 

Corrects 
age* 

368 

353 

357 

355 

J Sample Position 
(UTM) 

Northing 

n a 

n a 

n a 

n a 

5048870 

n a 

n a 

n a 

n a 

5044814 

5044305 

5043380 

5047821 

5049804 

5050458 

5050749 

Easting 

n a 

n a 

n a 

n a 

449984 

n a 

n a 

n a 

n a 

457020 

457394 

453375 

474489 

470847 

470586 

470780 

Reference 

Doige t a l , 1996 

Doige ta l , 1996 

Do ige t a l , 1996 

Doige ta l , 1996 

Pe-Piper and Piper, 1998 

Pe-Piper et a l , 2004 

Pe-Piper et a l , 2004 

Pe-Piper et al , 2004 

Pe-Piper et a l , 2004 

Pe-Piper and Piper, 1998 

Pe-Piper and Piper, 1998 

Pe-Piper and Piper, 1998 

Dunning et a l , 2002 

Pe-Piper and Piper, 1998 

Dunning et a l , 2002 

Pe-Piper and Piper, 1998 

Notes Corrected ages (*) refer to all Ar-Ar ages as a result of new mtercalibrations in Ar-
Ar dating (Kuiper et al, 2008, Murphy et al, 2011) 
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CHAPTER 3: METHODOLOGY 

The Cobequid Highlands have been studied and mapped for several years In this 

study, the majority of the samples from the Wentworth Pluton are located in the 1 50000 

scale geological maps of Pe-Piper and Piper (2005) and their geochemical data are 

reported in Pe-Piper (1998) The archived samples are located in Saint Mary's University 

and include, thin sections, polished thin sections, hand specimens, rock slabs and 

powders Additional fieldwork was done for this thesis for certain areas of the Wentworth 

Pluton that were lacking sample representation 

The Wentworth Pluton includes mafic, intermediate and felsic rocks Since the 

subject of this thesis is the penological study of the granitoid rocks of the Wentworth 

pluton, only intermediate to felsic samples are included (Si02> 64%) These rocks, using 

archived field notebooks, were further classified into types based on their relative age 

according to field relations A few granite outcrops in the northern part of the pluton ha\e 

been dated at -368 Ma (Doig et al, 1996, Pe-Piper et al, 2004) Similar uniform 

outcrops of granite cut by gabbro are considered to be part of the early granitic phase 

Granites with lobate contacts with the gabbro and abundant mafic enclaves are taken as 

synchronous with the mafic intrusion Bodies of granite that either cut the Wentworth 

gabbros or occur in it as globular pods or irregular sheets are considered to post-date the 

gabbroic intrusion When field relations for a sample were sufficiently clear for its 

classification then the sample is characterized as a "definite" sample of one of the 

previous types When the relative age of a sample was not clear from field relations in the 

same outcrop, but its age was assumed from the geology of nearby outcrops, then the 

sample is classified as a '"probable'" sample of a certain type 
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3.1. Geochemical analyses 

A total of 98 analytical samples were used for the purpose of this study The 

analytical samples were prepared for geochemical analyses in the Geology Department of 

Saint Mary's University The samples were first cut into slabs using a Contempo 

Lapidary 18-mch slab saw and they were trimmed using a Felker AR-40 trim saw to 

remove weathered surfaces The slabs were cut into chips of approximately 1 cm 

diameter, using a Wards hydraulic rock trimmer and then were washed with de-ionized 

water, using a 75-1970 Ultramet sonic cleaner to remove any loose contaminants The 

chips then were dried and pulverized, using a shatter box with an iron bowl at the 

Minerals Engineering Centre of Dalhousie University 

All the major elements and certain trace elements (Ba, Rb, Sr, Y, Zr, Nb, Th, Pb, 

Ga, Zn, Cu, Ni, V, Cr and Co) of the analytical samples were determined by X-ray 

fluorescence analyses (XRF), whereas instrumental neutron activation analyses (INAA) 

were performed for the REEs and specific trace elements (Ba, Co, Cr, Cs, Hf, Sb, Sc, Ta, 

Th, and U) During this study 25 selected, previously analyzed, samples were sent for 

trace element analyses and 9 new samples were sent for complete whole-rock 

geochemical analyses The major and trace elements of the new analyses reported here 

were performed by Activation Laboratories according to their code 4Lithoresearch and 

Code 4B1 packages Code 4Lithoresearch combines lithium metaborate/tetraborate 

fusion ICP whole rock analysis for major elements (code 4B) with trace elements 

determination by ICP-MS (code4B2) Code4Bl includes total digestion ICP (TD-ICP) 
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for certain trace elements such as Ni, Cu, Sn, Ag, Cd and S for analysis with better 

precision than those of ICP-MS 

Furthermore, 35 archived rock powders were sent for fluorine analyses These 

powders were fused with sodium carbonate and potassium nitrate flux in nickel crucibles 

The crucible and fused melt were leached with distilled water and filtered into 100 ml 

volumetric flasks The filtrate solution was buffered and the fluoride was measured b> 

standard addition using a specific ion electrode 

Most of the Sm-Nd data used in this thesis and the way they were analyzed are 

reported by Pe-Piper and Piper (1998), but eight additional Sm-Nd analyses were made of 

selected granites from the Wentworth Pluton on the basis of relative age, at Activation 

Laboratories For these samples, rock powders were dissolved in a mixture of HF, HNO3 

and HCIO4 Before decomposition, the sample was totally spiked with l49Sm-146Nd mixed 

solution REE were separated using conventional cation-exchange techniques Sm and Nd 

were separated by extraction chromatography on HDEHP covered Teflon powder 

Accuracy of the measurements of Sm, Nd contents is ±0 5% 143Nd/144Nd ratios are relative 

to the value of 0 511860 for the La Jolla standard Analyses were performed on Triton-MC 

mass-spectro meter 

3.2. Optical microscopy 

Thin sections and polished thin sections are available for the majority of the 

studied samples However new ones were cut in Saint Mary's University for all the 

samples that lacked either a thin or a polished thin section To produce small pieces for 

the thin sections, slabs of these rocks were cut by an Ingram I37-U thin section cut-off 

saw and then by an Ingram 400-U thin section grinder to achieve the desirable thickness 
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of 30 urn. The thin sections were polished using a Logitech LP30 optical lapping and 

polishing machine 

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 rock textures of the samples The microscope is a Nicon Eclipse E400 

POL microscope, with a PixelINK PL-A686C camera Images were processed using 

Pixellnk Capture OEM imaging software Coordinates of the grains located on the 

petrographic microscope were recorded as to allow relocation of the grains on the 

scanning electron microscope (SEM) and the electron microprobe (EMP) 

3.3. Scanning Electron Microscope (SEM) 

All polished thin sections were carbon-coated at the Regional Electron 

Microprobe Center at Dalhousie University The samples were analyzed by electron 

dispersion spectroscopy (EDS) using a LEO 1450 VP SME scanning electron microscope 

with a maximum resolution of 3 5 nm at 30 kV and a detection limit > 0 1% The SEM 

uses a conventional high vacuum with a cooling system of liquid nitrogen to - 180°C A 

tungsten filament supplies electrons to produce back-scattered electron images of the 

grains A copper standard was used for the calibration of the microscope 

3.4. Electron microprobe 

All WDS geochemical analyses of the studied minerals were done, using a JEOL-

8200 electron microprobe with five wavelength spectrometers and aNoran 133 eV 

energy dispersion detector The operating conditions were at 15kV of accelerating 

voltage with a 20nA beam current, a beam diameter of 1 micron and duration of analysis 

approximately 11 minutes Analyzing REE and rare metals with the microprobe requires 
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avoiding peak interference The peak overlaps observed between the determined elements 

were those of Er-Nb, Ti-Hf, Zr-P, Hf-Ho, Er-Hf, Hf-Er and F-Ce As a first step to deal 

with this problem, the apparent intensities of these elements were measured in standards 

that do not contain the elements whose peaks are being overlapped Using these 

intensities, peak-overlap correction factors were then calculated as to estimate the real 

concentrations of measured elements WDS perform quantitative analyses whereas the 

EDS perform qualitative analyses and along with the fact that the standards used in the 

probe were more similar to the analyzed grains than the copper standard of the SEM, 

make the probe analyses more accurate than those from the SEM 

All geochemical data were processed using MINPET software for Windows, 

whereas calculations for geochemical modeling were done in Microsoft Excel 

Geographic plots were created with ArcGIS software and further editing of maps and 

diagrams was done using Corel software package for Windows 
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CHAPTER 4: THE RELATIONSHIP BETWEEN REE-Y-Nb-Th MINERALS 

AND THE EVOLUTION OF AN A-TYPE GRANITE, WENTWORTH PLUTON, 

NOVA SCOTIA 

4.1 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 hmgganite-(Y) and post-magmatic mineral phases, such as 

REE-epidote, samarskite, aeschynite-(Y), fersrrute, thorite, and hydroxylbastnasite-(Ce), 

were identified The presence of fluorine, kept the rare metals in solution and changed the 

behavior of the REE, increasing the solubility of monazite and xenotime and thus the rare 

earths and rare metals remained in the magmatic system for prolonged periods The 

fractionation of allanite-(Ce) and chevkimte-(Ce) led to a magma enriched in 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 REEs and rare metals Reduction of fluorine 

activity during the late to post-sohdus crystallization resulted in the precipitation of 

HREEs and rare metals in samarskite, thereby enriching the residual hydrothermal fluids 

in LREEs Post-magmatic LREE-minerals such as hydroxylbastnasite-(Ce) either 

replaced earlier minerals or precipitated from these hydrothermal fluids Carbonate fluids 

involved in a late regional hydrothermal circulation along the Cobequid-Chedabucto fault 

(320-315 Ma) resulted in titanium mobility and the formation of titania minerals and 

probably of aeschynite-(Y) This unusual mineral assemblage, in addition to the complex 

geological history of the pluton, provides a unique opportunity to correlate the formation 
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of these minerals to different stages of pluton e\olution and thus provide an insight to the 

conditions under which each mineral was formed 

4.2 Introduction 

A-type granites usually occur in extensional settings and have a distinct alkaline 

geochemical signature (Loiselle and Wones, 1979) Enrichment in rare earth elements 

(REE) and rare metals, such as Y, Nb, Ta, Th and U, is common in these rocks REE and 

rare metal-rich minerals like allanite, monazite, chevkinite, xenotime, cente, synchysite 

and gadohnite 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 and rare 

earth elements Their internal zoning, compositional variations and alterations provide a 

valuable source of information concerning the host magmatic and post magmatic 

evolution including fractionation, rock-fluid interaction and metamorphic overprint (Uher 

et al, 2009) The accessory minerals in granitic rocks 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 the rock in which they are hosted (Wang et al, 2001) 

The Wentworth pluton is known to have REE mineralization (MacHattie, 2009) 

The granites and their volcanic equivalents in the northeast are generally enriched in 

fluorine and uranium (Gower, 1988) Associated mineralization includes fluonte-zircon-

titanite-calcite-allanite veins, with highly anomalous REE concentrations, hosted by the 

granite in the north-eastern part of the pluton (Gower, 1988) 
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