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Abstract

The Eden Lake syenite complex is a morzonitic intrusion located in the Trans Hudson
orogenic terrane. It intrudes granitic rocks between the Lynn Lake and Leaf Rapids
greenstone belts in northern Manitoba. Although the complex has not yet been dated,
geochemical, textural and mineralogical characteristics support its interpretation as a post-
orogenic, metaluminous pluton with alkaline characteristics. The syenite complex comprises
mafic and felsic monzonite phases and four types of associated pegmatites. The Type I mafic
pegmatites comprise aegirine-augite, magnetite, plagioclase and hornblende; the Type II
granitic pegmatites contain quartz, K-feldspar * plagioclase. Neither of these are rare element
pegmatites and neither contain any REE-bearing accessory minerals. The Type III granitic
pegmatites are rare element pegmatites; they contain REE-bearing accessory minerals
including apatite, titanite and zircon, as well as andradite, aegirine-augite, K-feldspar,
plagioclase, quartz and fluorite. The RBE-bearing phases are among the earliest minerals to
crystallize in the Type III pegmatites; they display a similar stratigraphy of mineral growth,
reflected in zoning patterns. The Type IV radioactive pegmatites are significantly REE-
enriched; they contain REE-bearing minerals including apatite, titanite, zircory allanite and

britholite, as well as aegirine-augite, K-feldspar, plagioclase, quartz and fluorite. In the Type
IV pegmatites, allanite and britholite are interpreted to be the last minerals to crystallize, after
the other REE-bearing phases. Britholite has a number of unusual characteristics that suggest
that it has been amorphized, annealed and altered by a hydrothermal fluid. Apatite, titanite and
zircon display the same sequence of mineral growth as the crystals in the Type III pegmatites.

The Type I and Type II pegmatites represent crystallization of a liquid derived from
a melt that had not undergone significant differentiation; this melt was not related to the
syenite complex melt, but to a younger intrusion in the Eden Lake area. The Type III
pegmatites were produced by crystallization of a residual liquid slightly enriched in
incompatible trace elements formed by the fractional crystallization of the mafic and felsic
monzonite phases ofthe syenite complex. The lack of significant REE-enrichment in the Type
III pegmatites is the result of separation of a REE-, F-enriched immiscible vapour phase

during the crystallization ofthe main phases of the syenite complex. The Type IV pegmatites
are genetically related to the Type III pegmatites; they represent Type III pegmatites that
have been altered by reaction with REE-enriched fluids. These fluids were introduced along
shear zones and reacted with the pegmatite minerals before crystallizing first allanite, then
britholite. The most likely source for these fluids is the REE -and F-enriched immiscible
vapour phase that separated from the syenite melt during crystallization. Alteration of
minerals within the Type III and IV pegmatites indicates both have been affected by late
meteoric or magmatic fluids at elevated temperatures. The Eden Lake syenite complex and

the associated REB-bearing pegmatites have undergone a long and complex history of fluid
movement and alteration, similar to other REE deposits.

lll
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Chapter 1: Introduction

The Eden Lake syenite complex is located approximately halfway between the towns

of Leaf Rapids and Lynn Lake in northern Manitoba, about 1000 km north of Winnipeg

(Figure l.l). The Eden Lake area is accessible from Provincial Highway 39T; the main

outcrops of the syenite complex are accessible from Eden Lake, approximately 6.5 km by

boat south from the highway.

At its present level of erosion, the Eden Lake syenite complex covers an area of 15

square km. It is located in the western part of the Leaf Rapids domain, which is itself part of

the Trans Hudson orogenic terrane. The intrusion was informally termed a syenite based on

field data, but modal analysis indicates that it is, in fact, a monzoniteto quartz monzonite

body; however, it will be refened to as a syenite complex for traditional reasons in agreement

with existent literature (eg. McRitchie, 1988; 1989; Fedikow et aI.,1993;1994;Halden and

Fryer, submitted). The syenite complex is composed of two main intrusive phases, a mafic

monzonite and a felsic monzonite. In addition, there are several late pegmatite phases, which

are the focus of this thesis. The complex is exposed in three topographically high, north-

south, linear ridges on a peninsula on the eastern side of Eden Lake (Figure 1.2); exposure

of the Eden Lake syenite complex on the ridge tops is generally good, although moss and

lichen gowth are prevalent in low lying areas. Shoreline outcrops are very limited, but a few

locations on the shores of Kwaskwaypichikun Bay have relatively good exposure.

Previous studies have focussed on the field relations of the Eden Lake syenite



ss'-+-

;f
Í,? -,_-,
5.1:

Seal River

Chipewyan

Paleozoic

Southern Indian

Flin Flon

Paleozoic

REINDEER ZOn-

/".Ê

{*

Pikwitonei

__L
SI'PERIOR PROVINCE ol,.

I.I. }dap of part of the Reindeer Zone of the Trans Hudson Orogenic terrane and the
adjacent Superior Province in northern Manitoba, showing the principlã geological domains
and the location of the Eden Lake syenite complex, marked with ^ (aft". Zlanzig et al.,
1e8s)



aô

^a
,oæ
a

l9 ê

€,

Õls
o

o

\, KWASKWAY-
PICHIKTJN BAYBI 23
2t

22

EDEN LAKE

F^
I

I

t:
\

KWASKWAYPICHIKUN

a
LAKE

a I

\

0 1.0 2.0
ffi

Kilomctrcs

\¡

I

I

I

Coarse grained
monozogranite

!! v.gu"*stic.quanz
monozodlonte

ffi y;::l PorPlrYriric

[I Ë"g*u,itic granite

- 
Outcrop boundarv

¡ Sample location

./ rault

Figure 1.2. Detalled geological map of the Eden Lake syenite complex and the surrounding
country rocks (after McRitchie, 1988). Numbered sample locations are shown by O.



complex to the other rocks of the Eden Lake region (Cameron, 1978; 1988) as well as on

some petrologic aspects of the syenite complex itself (McRitchie, 1988; 1989) The

geochemical evolution of the main syenite phases has been described by Halden and Fryer

(submitted) and other work has shown that the complex is associated with uranium, thorium

and potassium anomalies, field work has established that zones with high levels of

radioactivity are associated with some of the pegmatite phases (McRitchie, i988; 19S9)

Many ofthe pegmatites are also charactenzed by high rare earth element (REE) contents and

the presence of accessory rare-element minerals, such as fluorite, titanite, apatite, zircon,

britholite and allanite.

Intrusive complexes with alkaline or A-type affinities are not uncommon in the Trans

Hudson orogen; examples occur at Burntwood Lake, Brezden Lake and McVeigh Lake

(McRitchie, 1988) Each of these intrusions contains multiphase intrusive assemblages

indicating a complex and extended intrusive history, with an early alkaline phase (McRitchie,

1988). These intrusions represent a late, compositionally distinct magmatic event in the Trans

Hudson orogen that postdates major orogenic activity by 10 Ma (Halden and Fryer,

submitted). Of all the alkaline intrusions in Manitob4 the Eden Lake syenite complex shows

the most exotic mineralogy, hosted within the pegmatite phases, and perhaps the best

potential for economic development. AREE-Th deposit with a similar mineralization has been

the focus of exploration activity at Rodeo de Los Molles, in Argentina (Lira and Ripley,

1ee2).



1.1 Previous Work

The Eden Lake area was first investigated by Henderson et al. (1936) during

reconnaissance mapping of the Granville Province. They identified a number of granitic

intrusive phases, some ofwhich contained rafts of gneissic and volcanic rocks. The first map

ofthe Eden Lake area, at a scale of one inch to four miles, was published in 1936 as part of

the east half of the Granville Lake Sheet (Henderson et al., T936).

Much regional-scale mapping has been done by the Manitoba Department of Energy

and Mines. Zwanztg(T974) conducted reconnaissance traverses from Highway 391 and from

the shores of Eden Lake. He identified a number of foliated and porphyritic granitoid

intrusions, rangrng in composition from tonalite to quartz morzonite. McRitchie (1976) began

preliminary examinations of granitic rocks in the Outlaw Bay region, to the southeast of Eden

Lake. Cameron (1978) mapped the Eden Lake area at a scale of 1:50 000; he found that most

ofthe region was underlain by granitoid intrusions with minor supracrustal rafts. He mapped

more than 18 intrusive complexes that ranged in composition from gabbro/diorite to

monzogranite (Cameroq 1988) Lenton (1982) examined granitic, two feldspar-biotite-quartz

pegmatites associated with granodiorites in the south part of Eden Lake.

The FederalÆrovincial Uranium Reconnaissance Program (Geological Survey of

Canada, 1977) identified uranium, thorium and potassium anomalies in the Eden Lake area

during an airborne gamma-ray spectrometer survey in 1917. These anomalies are

concentrated over the syenite complex and monzonites to the east of Eden Lake. Cameron

(1988) suggested that the anomalies may be related in part to late local potassium

metasomatism that resulted in lenticular microcline megacrysts in a fine- to medium-grained



granitic groundmass within the monzonites. A¡omalously high uranium and fluorine contents

have also been detected in the water of Eden Lake (Schmitt et al., 1989).

McRitchie (1988) conducted a detailed study of the Eden Lake syenite complex as

part of a study of syenitic alkaline intrusions within the Lynn Lake Belt of the Churchill

Province. He summarized the major geological characteristics of the complex and

documented the occurrence of elevated REE concentrations in pyroxene-enriched pegmatites

(McRitchie, 1988). Field work, using a ground scintillometer, showed that some of the

anomalously high radioactive measurements associated with the syenite complex were related

to pegmatite patches and veins (lvlcRitchie, 1989).

A detailed study of the geochemical characteristics of the Eden Lake syenite complex

was undertaken by Halden and Fryer (submitted) in order to constrain the origin of the

complex. They concluded that (1) the Eden Lake syenite complex is an alkaline intrusion with

elevated REE and fluorine contents that are associated with REE-en¡iched pegmatites; (2) the

complex was derived from a LREE-enriched source; (3) the source was mafic in composition,

probably the upper mantle; and (4) crystal fractionation was important for the chemical

evolution of the complex, but physical segregation of an F-enriched vapour phase may

account for the LREE-enriched pegmatites (Halden and Fryer, submitted).

Fedikow et al. (1993; 1994) began geochemical and radiometric studies of vegetation

near the occuffence of a highly radioactive pegmatite vein. Tree twigs and bark were analyzed

for rare earth and trace elements in order to assess the potential for using vegetation samples

as a medium to locate rare earth element mineralization (Fedikow et al., 1993). The results

indicate that the LREE concentrations in alder twigs can be used to delineate the occurrences



of some of the REE-enriched pegmatites associated with the complex (Fedikow et al., 1994).

This study is the first detailed mineralogical description of pegmatites associated with

the Eden Lake syenite complex. The objectives are to. (1) charactenze the mineralogy of the

pegmatite phases associated with the intrusive complex; (2) determine the relationship of the

pegmatites with the rest of the syenite complex; (3) characterize the distribution of the REEs

and other trace elements such as fluorine, uranium and thorium within the pegmatites; and (4)

characterize the alteration events that affected the pegmatites after crystallization. The

paragenesis of the pegmatites was examined through field and petrographic studies, as well

as detailed chemical analyses of the minerals within the pegmatites.



Chapter 2: Regional Geology

2.1 General Geology

The Eden Lake syenite complex is located in northern Manitoba, within the juvenile

Reindeer Zone of the Trans Hudson Orogeny (Figure 1.1). It is a non-foliated to slightly

foliated post-orogenic intrusive complex with alkaline characteristics, and it intrudes granitic

rocks of the Leaf Rapids domain.

The Trans Hudson orogenic terrane is the largest early Proterozoic orogenic belt on

the earth (Meyer et al., T992); it extends for 5000 km from the north central United States

through the Canadian Churchill Province and into Greenland and Labrador (Figure 2.I;Lewry

and Collerson, 1990). It is 350 km wide, bounded on the east by the A¡chean Superior

Province and on the west by the Archean Hearne Province (Hoffinan, i988)

The Trans Hudson orogen resulted from collisional and accretionary events between

the Superior and Hearne provinces; this collisional event occurred between 1850-1830 Ma

(Floffinaq 1988) The sedimentary, structural, metamorphic and magmatic asymmetry of the

Trans Hudson terrane suggest that subduction of oceanic lithosphere occurred during

collision (Hoffrnan, 1988) The Trans Hudson orogenic terrane contains foredeep basins,

thrust and fold belts and sparse mafic magmatism with low metamorphic grades in the

forelands, as well as high metamorphic grades, calc-alkaline magmatic belts and ductile

deformation patterns in the hinterlands (Iloffinan, 1988). This assemblage is typical of Early

Proterozoic mobile belts, including the Thelon and Wopmay orogens in northern Canada

(Hoffrnaq 1988).



Figure 2.1. Precambrian tectonic elements in North America. Note the large extent of the
Trans Hudson orogenic terrane from the south central United States to northern
LabradorÆ.Q. Abbreviations: BII, Black Hills inlier; BL, Belcher belt, Ctl Cheyenne belt;
CS, Cape Smith belt, FG, Fox River Belt; GL, Great Lakes tectonic zone; GS, Great Slave
Lake shear zone;KL, Killarney magmatic zone;KP, Kapuskasing uplift; K\ Keweena\ryan
rift zone; LW, Lapland-White Sea tectonic zone; tr4lÇ Makhovik orogen; MO, Mistassini-
Otish basirx; MRV, Mnnesota River Valley terrane; SG, Sugluk terrane; TI! Thompson belt;
TS, Transscandinavian magmatic zone; VT, Vetrenny tectonic zone; W\ Winisk River fault
(after Hoftnan, 1988).

9



The Reindeer Lake Zone comprises part of the Thelon Segment of the Trans Hudson

orogen (Figure 2.2; Syme, i990). It consists of a number of intra-oceanic domains that are

bounded by ensialic belts (Stauffer, 1984; Syme, 1990). The ensialic belts comprise basal rift

valleys overlain by post rift shelf strata (Hoffinan, 1988). The ensialic belt rocks are

unconformably overlain by foredeep sediments and volcanic rocks that record the transition

from continental to oceanic crust (Van Schmus et al., 1987; Hoffrnan, 1988; Meyer et al.,

1992). These structurally dismembered, submarine, mafic through felsic, metavolcanic rocks

have island-arc cha¡acteristics (Van Schmus et al., 1987; Hoffinan, 1988; Meyer et al., 1992).

Intrusive rocks comprising synvolcanic gabbro/diorite and tonalite sheets commonly intrude

the island-arc volcanic rocks (Hoffrnan, 1988). Sedimentary rocks are intercalated with, and

unconformably overlie, the volcanic piles (IIoffrnan, 1988; Syme, 1990) Most of the granitic

and related magmatism in the Trans Hudson orogen is related to supra-subduction cordilleran

and volcanic magmatic arcs, with the peak of activity at 1840-1870}l/La (IIalden et al., 1990;

Halden and Fryer, submitted). However, there are several plutons with younger ages>

including the Burntwood syenite at i830 Ma (Gordon et al., 1990) and the Thorsteinson

batholith at I7I0 Ma (F{alden et al., i990), which define an anorogenic magmatic pulse that

began a minimum of l0 Ma after the main calc-alkaline magmatic activity (Halden and Fryer,

submitted).

The LeafRapids domain comprises Precambrian metavolcanic and metasedimentary

belts that are separated by younger tonalitic, granitic and minor mafic intrusions (Zwanzig,

1974). The Eden Lake area is bordered to the east by the Rusty Lake

10
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greenstone belt, to the north by the Lynn Lake gïeenstone belt and to the west and south by

the Kisseynew metasedimentary belt (Figure 2.2).

The Rusty Lake greenstone belt comprises metamorphosed volcanic and sedimentary

rocks as well as subvolcanic plutons @aldwin, 1988). Three major faults divide the belt into

four blocks; the lithologies across the blocks are not consistent and therefore a regional

stratigraphy cannot be determined (Baldwin, 1988).

The Lynn Lake greenstone belt is 35 Ma older than the Rusty Lake belt (Baldwin et

aJ.,1987); they are separated by l0 km of older plutonic orthogneisses (Batdwin, 1988) into

which the Eden Lake syenite complex was intruded (Figure 2.2). Aregional stratigraphy for

the Lynn Lake belt has been established (Syme, i990). The older Wasekwan Group consists

of a mafic platform of tholeiitic and magnesian calc-alkaline basalts, overlain by felsic

complexes and an andesitic calc-alkaline suite (Sy*e, 1990). In places, tholeiitic basalts

overlie the felsic complexes. The Sickle Group unconformably overlies the Wasekwan Group;

it comprises alluvial sandstones and conglomerates (Syme, 1990).

The Kisseynew gneiss belt consists of both metasedimentary and meta-igneous rocks

(Zwanzig, 1990). A general stratigraphy of the belt, from oldest to youngest, is: (1) fine-

grained amphibolite and felsic gneisses; (2) Sherridon gneisses, quarrz-nch with an uncertain

origin; (3) Burntwood Suite, metamorphosed greywacke-mudstone turbidites; (4) Sickle

Suite, metamorphosed alluvial sandstones and conglomerates; and (5) Missi Suite,

sedimentary gneisses and metavolcanic rocks (Zwarnig, 1 990).
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2.2 Geology of the Eden Lake area.

The Eden Lake syenite complex is located at the western end of the Leaf Rapids belt

(Zwanzig et al., 1985). The geology of the Eden Lake region is dominated by granitoid

intrusive rocks, although a few occurences of supracrustal rocks have been documented

(Figure 2.3).

The supracrustal rocks comprise metavolcanic and metasedimentary rocks; these

occur only as rafts and discontinuous screens in the vicinity of Eden Lake (Figure 2.3). The

metavolcanic rocks consist of sheared mafic to intermediate flows and flow breccias with

some dacitic tuffinterlayers, as well as rafts ofbasalt flows and flow breccia mixed with tuffs,

iron formation, greywacke and arkose. The metasediments consist of psammitic greywacke,

amphibolite, iron formatio4 arkosic gneiss and grey biotite gneiss of unknown affinity (Figure

2.3; Cameroq 1988). Metamorphism has destroyed many of the primary textures of these

supracrustal rocks (Cameron, 1988).

Intrusive complexes in the Eden Lake area range in composition from diorite/gabbro

to quarrz diorite to tonalite to granodiorite (Figure 2.4). The complexes are of varying ages

and many of the intrusions have multistage intrusive histories (Table 2.I; Cameron, 1988).

The oldest intrusive rocks in the Eden Lake region comprise an early quartz diorite

suite that ranges in composition from diorite/gabbro to quartz moruodiorite (Figure 2.4;

Table 2.1; Cameron, 1988). These intrusions are scattered throughout the region and range

in size from small xenoliths in younger rocks to large "inclusions" up to 10 km2 in area

(Cameron, 1988). These rocks are higtrly foliated and altered.
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Table 2.1. Geologlcal formations exposed in the Eden Lake area (from Camerorq 1988)

Ple¡stocene
and Recent Sand. gravel. day and tílf deposits

19 Pegmatite. pegmatitic granile. graphic gfanit€,

ap{i1e

18 Coarse gra¡ned monzogranite
t7 Fine gralned blot¡t€ monzogranite. aplitic granlte;

(17a) llne grslned. weakly porphyrttlc monzogranlte
t6 Megacryslic monzogranlte
15 Muscovtte granodlorlte
14 Fìne- to medium€(ained. weakly porphyritic

granodiorite
13 Fìn€ grained. aegirine-auglte-bearing monzonite

12 [vþgacrysÍic granodiorite (to quartz monzo'dioríte)
1f Seriate to megacrylic granodiorite; (1la! sheared.

ep¡dote5earing megacrystic granodiorlte; (l 1b)

coarse graíned. weakly porphgitíc granodiorite

10 G(anodiodte to tonalite
9 Granodiorile to granile

I E|iotite granodiorite + hornblende;
(8a) porphyroblalic granodlorlte

7 Eliotite lonafite + ho(nbleftde;
(7a) porphyroblastlc tonaf lte

6 Coarse grained to megacrystic quartz diorile,
(6a) megacrystic quartz monzodiorite

5 Ouartz monzodiorile. high{y {ectonized
4 Dio(il€. gabb(o. (4a) feldspar cumufrcphyric

metagabbroi (4b) coarse grained gabbro.
ultramalic rock; (4c) quartz diorite

f NTRUSIVE

3 Paragneiss ol unknown affinily, grey biotite gneiss

schlieren (subordinale lithology not occtrrring as

Metased¡mentary rocks: (2a) psammitic
metagreywacke a garnet: (2b) amphibolite, fine
graìned.layered; (2c) iron lormation: (2d) arkosic
gneiss + hornb{ende + magnetile
Melavolcanic rocks: (1a) malic volcanic rocks,

basaft lfows and flow breccia; (1b) felsic vo{canic
rocks. dacile. dacilic tufl
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The tonalite suite is the second oldest suite of intrusive rocks in the Eden Lake area

(Figure 2.\;it comprises both biotite tonalite and biotite granodiorite (Table 2.I). These

massive to weakly foliated plutons dominate to the south and east of the Eden Lake syenite

complex (Figure 2.4). In general, contacts between the tonalite and granodiorite are

gradational and are defined only in terms of chemistry (Cameron, 1988)

The granodiorite suite is the third oldest suite (Figure2.4; Table 2.I).It consists of

massive to well foliated, coarse grained to megacrystic granodiorites that outcrop to the south

and west-southwest of Eden Lake. These rocks intrude the older tonalite suite and contain

rafts of both the tonalite suite and supracrustal rocks; (Camerorl 1988)

The Eden Lake syenite complex is the second youngest intrusion in the Eden Lake

area (Table 2.1) andwill be discussed in detail in Chapter 4. The youngest group of intrusive

rocks is a monzogranite suite that surrounds both the syenite complex and Eden Lake (Table

2.1;Figure2.4).The monzogranite forms azoned complex with textures ranging from aplitic

to megacrystic; it is massive to non-foliated and is associated with pegmatites and pegmatitic

granites (Cameron, 1988). Rafts ofthe quartz diorite, tonalite and granodiorite suites as well

as supracrustal rocks are present within some of the moruograrute plutons.
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Chapter 3: Research Methods

3. 1 Field work

Field work at Eden Lake was done during the summer of 1993; the principle focus of

the work was to establish the relationships between the intrusive complex and the surrounding

country rocks; between the intrusive phases within the syenite, between the complex and

associated pegmatites and between the different pegmatites. A sample suite, comprising24

stations and 63 samples, was collected. The sample locations were based partially on previous

work (Cameron, 1988; McRitchie, 1988, 1989) and partially on field observations; the

locations of the stations are shown on Figure 1.2. Sampling of the radioactive pegmatites was

basedontheearlierworkdonebyMcRitchie(1988; 1989); radioactiveanomalieswereused

as a general guide. In additioq pegmatites with no reported radioactivity were sampled from

various sites throughout the syenite complex.

The bulk of the sample suite (49 samples) was obtained from the aegirine-augite

quartz monzonite to monzonite and associated pegmatites (Table 3.1). Of the remaining

samples, two were taken from the quartz monzodiorite to the north of the Eden Lake syenite

complex @igure 7.2;Tab\e 3 1), eight from the porphyritic granodiorite to the north (Figure

1.2; Table 3.1) and four from the monzogranite to the north (Figure 1.2;Table 3.1); these

include both representative "whole rock" and pegmatite samples.

3 .2. Laboratorv analvsis

Fifty-four polished thin sections and twenty-five polished mineral mounts were
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Table -1.1. List of statiort locatiotls, sarnple nutnbers and lithologies. Station locatio¡s are s¡own
on Figure 2.1.

Station
number

Sample
number

Lithology

KA-93- I IA
IB
IC

Felsic monzonite unil
Feìsic monzonile unil
Felsic monzonite unit

KA-93-2 ) Pegmatite Type I

KA-93-3 3A
3B
3C

3D
3E

3F

3G
3H

Felsrc monzonite unit
Pegmatite Type II
Pegmatite Type III

Mafic monzonite unit
Mafic monzonite unit
Mafic monzonite unit
Mafic monzonite unit
Mafic monzonite unif

KA-93-4 I Pegmatite Type III

KA-93-5 5.A

5B

Pesmatite Type III
Pegmatite Type III

KA-93-6 6A Peematite Type IV

K A-93-7 1A

7B

7C

7D
7E

7F

/(J

7H

\{afic & lelsic monzonile
N4ahc nronzonitc unit

Pegmatite Type III
Pegmatite Type III
Pegmatite Type III
Felsic syenite unit
Pegmatite Type I

Pegmatite -Iype 
t

KA-93-8 8A
8B

Pegmatite Type III
Peqn.ratite Type III

KA-93- r0 OA

OB

OC

OD

Felsic monzonife unit
Pegmatite Type lll
Pegmatite-type III
Pegmalite Type III

KA-93-t I llA
ilB

Pegmatife Type III
Pegmatite Type III

KA-93-t2 l2A Pegmatite Type II

KA-93-13 t3A Pegmatite Type II

KA-93-t4 t4A Pegmatite Type III

KA-93- t 5 t5A
t5B

Mafic monzonite
Pegmatite Type

unlt
ITI
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1'able 3.1 continued.

KA-93- t8 l8A
r88

Porphvrrric granodiorite
Pegmarite from granodiorite

KA-93- I 9 9A
9B

9C

9D
9E

9F

Porph_r, riric granodiori te

Ir{on zogran ite
Pegmatite lrom monzogranitc

Porphr riti c granodiorite
Porpht rrric granodiorire
Porphvritic granodiorite

KA-93-20 20A Coarse grained monzogranite

KA-93-21 2tA
2tB

Mafic monzonite unit
Pegmatite Type III

KA-93-22 22A
228

Pegmatite Tvpe III
Mafrc rnonzonite unit

KA-93-23 23A
238

Quartz rnonzodiorite
Pegmatite from monzodiori te

KA-93-24 24A
248

l\,lonzogranire
l\,1o n zog ran ite

KA-93-25 25A N,f onzogranite

KA-93-26 264
268
26C
26D

Carbonate from ELSC
Felsic monzonite unit
Carbonare from ELSC
Carbonate from ELSC

KA-93-27 27A
278
27C
27D

Pegnrarite Ty¡re III
Pegmarire Type III

Pegmatite Types II and Ill
Pegnratire Type III
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prepared for lurther study. The polished thin sections were examined using a transmitted light

microscope; the grains mounts were examined under a reflecting microscope. The textures

and minerals present were determined and recorded and sites for chemical analysis of each

mineral were selected.

Chemical analysis ofthe minerals were obtained by several methods. The bulk of the

chemical data was obtained using the electron microprobe; several minerals were selected for

detailed trace-element analysis using proton induced x-ray emission (PDG) . X-ray diffraction

patterns were collected for one mineral (zircon); structural information for one mineral was

collected using a precession camera (britholite). Scans of back-scattered electron images of

all minerals analyzed were collected by the IBAS image analyzer during EMPA Water

contents in one mineral (britholite) were determined using a moisture meter.

EMPA was done on the Cameca SX50 electron microprobe at the University of

Manitoba for apatite, titanite, zircon, britholite, allanite, fluorite, andradite, aegirine-augite,

K-feldspar and plagioclase. Major and minor elements (Si, Fe, AI, Na, ca, Ti, Mn, Mg, Sr,

Ba, V, Zr, Hf, K, P, Cl, F) were analyzed with a specimen current of 20 nd an excitation

voltage of 15 KV and a peak count time of 20 seconds. Rare earth and some trace elements

(L4 Ce, Pr, Nd, Sn1 Eu, Gd, Dy, Yb, Lu, Y, Th, U) were analyzedwith a specimen current

of40 n{ an excitationvoltage of 20 kv and a peak count time of 40 seconds. For apatite, F

was analyzed with a specimen current of 40 n{ an excitation voltage of 10 KV and a peak

count time of 40 seconds. Standards and spectrometer crystals used are listed in Table 3 .2.

Overlap corrections were used to resolve the peaks

21



Table 3.2" Standards and crystals used during microprobe analyses.

Analyte Lnle Crystal Standard
Sr Kd TAP Diopside,

Pyrope
le Kc LIF. Alrnaudrne,

Fayalite
AI Kû TAP Kyanrte,

Anorthite,
Pyrope

Na Ka LIF Albrte
Ca Ko PE'I Dropsrde,

Anorthite
I Ka PET )plìene

K Kc¿ PET Orthoclase
Mn Ka LIF Spessartrne
Mg Kcr TAP Olrvrne, Pyrope
Sr Ka PEI SrI r0,
Ba Ld LIF Sanidine

Ko LIF vP2o7
Lr La PH'I Ltrcon
Hf Mq TAP Lrl),
P Kq PET Monazrte

CI Ka PEI Tugtup
F Ko. IAP Krebecklte

La La PET La V(J.r

Ce La PET CeO,
Pr LfJ LIF REE glass
Nd La L F l<lrl. glass
Sm Lp LIF REE glass
Eu Lcr LIF REE glass
Gd La L F Kti,b. glass
Dy Lp LIF REE glass
Yb La LIF REE glass
Ltr Lþ L F Kh..E glass
Y Lû TAP Kl,l. glass
U Mfl PET UO,

Th Mcr, PET IrL),
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of the rare earth elements.

Samples of zircon, titanite, apatite, britholite and allanite were selected for detailed

trace element analysis using the PD(E, at the University of Guelph. Point and line analyses as

well as area scans were collected. For all minerals, the proton beam was set to 3 MeV; the

beam current was typically about 2.86 nÃ. For zircon, a 125 pm mylar beam filter was used,

for the other minerals, a 106 pm Al filter was used in addition to the L25 pm mylar filter to

reduce x-ray counts from major elements in the mineral. For titanite and apatite, data was

collected to an accumulated charge of I 5 ¡rC, for zircon, 0.2-0.5 ¡rC and for britholite and

allanite, 2.5 pC. Data was processed using GUPIX (Guelph thin/thick targetPDG program;

Maxwell et al , 1989); for titanite, apatite, britholite and allanite, matrix elements were entered

from previous EMPA analyses and trace-element abundances were calculated. For zircon, a

matrix calculation was performed using the GUPIX software.

Continuous scan X-ray diffraction data from a zircon sample were collected on a

Philips automated diffractometer system PW17l0, using a PWi050 Bragg-Brentano

goniometer equipped with incident- and diffiacted-beam Soller slits, 1.0 divergence and anti-

scatter slits, a 0.2 mm receiving slit and a curved graphite diffracted-beam monochromator

at the Universþ of Manitoba. The normal-focus Cu X-ray tube was operated at 40 KV and

40 n\ using a take-offangle of 60. The pattern was collected using a step v/idth of 0.010o

20,witha counting time of 0.40 sec/step, over a range of 10-500 20.

BSE images of all the minerals examined were taken with the electron microprobe;

these images were edited and enhanced using the IBAS system at the University of Manitoba.

Prints and slides were obtained of these images using aDatagraph computer image recorder
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CIR-300 series.

The degree of crystallinity ofbritholite was determined qualitatively using the Buerger

Precession Camera at the University of Manitoba. Experimental conditions were set to 40 KV

and 20 nA. Britholite samples \¡/ere exposed to unfiltered radiation and slowly rotated for ten

minutes while photographs were exposed.

Water analysis of five britholite samples was performed on a Mitsubishi Moisture

Meter, Model CA-06, at the University of Manitoba. This instrument uses the coulometric

Karl Fischer titration method which is based on a quantitative reaction of water with iodine.

Samples of the radioactive pegmatites were crushed and the britholite was separated. Five

samples were placed in an oven at 1iOo C for at \eastT2 hours to remove any external water

and then run through the moisture meter.
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Chapter 4: Local Geology

4.1 Geology of the Eden Lake s)¡enite complex.

The Eden Lake syenite complex comprises a number of intrusive units with complex

inter-relationships and irregular distributions, the relative ages of the various units can be

determined from cross-cutting field relationships. The complex was named inforrnally in the

field as a syenite (N4cRitchie, 1988); subsequent modal analysis indicated that it is monzonitic

(lt4cRitchie, 1988, Cameroq 1988). However, as mentioned in Chapter l, the intrusion will

be referred to as a syenite complex in keeping with existent literature. An earlier weakly-

foliated mafic monzonite and a late non-foliated felsic monzonite are the two dominant

intrusive units ofthe syenite complex. Contacts between the mafic and felsic monzonitic units

ofthe complex are irregular and vary from sharp to gradational over several metres. Several

latg coarse-grained pegmatitic units intrude both of the syenite phases; these pegmatites have

the same mineralogy, with a few exceptions, as the syenite complex. The syenite complex

displays a strong marginal foliation, caused by regional metamorphism (McRitchie, i988).

The contacts between the Eden Lake syenite complex and the country rocks are not observed.

The oldest intrusive unit is a medium grained, homogeneous, equigranular monzonite

with a slightly mafic composition. This mafic monzonite contains T5-40o/o ferromagnesian

minerals, dominantly aegirine-augite pyroxene with minor amphibole (hornblende) and

magnetite (Table 4 1) The aegirine-augite crystals form clots 1-4 mm in size. In places, I to

100 cm thick layers of mafic minerals, comprising aegirine-augite
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Table 4.1. Nfineralogy ofthe ma-fic and felsic monzonite units of the syenite comple4 mineral
abundance was determined at the outcrop scale.

Minerals Abundallces

Mafic
rnonzonite

Felsic
rnonzonite

Aegirine-augite
I s-40% 5-1s%

Homblende

Magnetite

K-feldspar ts-30% 40-s0%

Plagioclase (albite
to andesine)

t0-25% 20-3s%

Quartz <1-5o/o s%

Titanite <1o/o <1o/o

Apatite <lYo <loio

Zircon 0% <loio
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Figure 4.1. Photograph of layers of mafic minerals (aegirine-augite and magnetite) within the
mafic monzonite unit ofthe syenite complex (a) The layers are offset by a Type II pegmatite
vein (b). Note darker coloured diorite inclusion (c).
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and hornblende, are present (Figure 4.1). Mafic segregations form dyke networks 1-4 cm in

length (N4cRitchie, 1988); in a few locations scattered ferromagnesian schiieren l-3 cm thick

and 30-40 cm long are present (N4cRitchie, 1988). Pink-weathering K-feldspar and white

plagioclase grains constitute the remainder of the mafic monzonite mineralogy: quartzgrains

arerare (Table 4.1). Accessory minerals comprise titanite and apatite. In massive phases,

oikocrystic microcline grains containing inclusions of ferromagnesian minerals have been

observed (lt4cRitchie, 1988). Fine-grained amphibolitic or dioritic rafts and schlieren are rare

but are locally abundant, especially at the southern end of the western ridge; these form

hybridized contamination zones (McRitchie, I g8 8)

The felsic monzonite contains 5-I5yo ferromagnesian minerals, comprising aegirine-

augite, amphibole and magnetite, as well as pink K-feldspar, white plagioclase and minor

quartz (Table 4.1). Accessory minerals comprise zircon, titanite and apatite. Pyroxene

megacrysts, ranging in size from 2 to 3 cm, are present in some coarser-grained areas. This

unit is also homogeneous and equigranular, but is finer-grained than the mafic monzonite. In

places, blocþ and angular mafic monzonite inclusions with sharp contacts with the felsic

monzonite are present; rare rafts and schlieren of amphibolite or diorite are also observed.

Several faults a¡e associated with the Eden Lake syenite complex (Figure I 2). North-

south faults are inferred to exist between the three north-south outcrop ridges due to the

presence ofvertical clifffaces at the ridge edges (lr4cRitchie, 1988) and field observations of

horizontal slickensides on the cliff faces. In addition, several north- and west-trending

fractures are exposed on the outcrop ridges @igure I 2). These are 30 cm to 1.5 m long with

splayed terminations and are recessively weathered, rusty coloured and contain pyrite and
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magnetite as well as fluorite (McRitchie, 1989; Fedikow et al., 1993). Narrow, I mm to 20

crq vertical, north trending cataclastic zones, exposed in the centre of the complex, contain

finely ground quartz and cryptocrystalline crushed granite (McRitchie, 1988). An extensive

subhorizontal, 20 cm thick, recessively-weathered fault zone with intensely microbrecciated

granite suggests that the intrusion may in large part be structurally bound and allochthonous

(McRitchie, 1988). This zone is exposed for 50 m in a 15 m high vertical face in the south-

east part of the syenite complex (Figure 1.2;McRitchie, 19gg).

4.2. Pegmatites associated with the s)¿enite complex,

There are four pegmatite units associated with the Eden Lake syenite complex,

chatacterized on the basis of mineralogy. These include mafic pegmatites, two types of

granitic pegmatites and radioactive pegmatites.

4.2.1: Type I: Mafic Pegmatites.

These pegmatite stringers cross-cut both the mafic and felsic monzonite units, and in

places, are cut by the Type II pegmatites; all observed contacts are sharp. The stringers are

up to 2 m long and20 cm wide but are discontinuous and commonly pinch out. The stringers

contain coarse-grained aegirine-augite up to 2.5 cm long, with hornblende and magnetite as

well as K-feldspar and quartz (Figure 4.2).
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Figure 4.2. Photograph of a Type I
pegmatites (b).
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4.2.2: þpe II: Grønitic pegmatites.

These pegmatites are the second most abundant pegmatitic unit of the syenite

complex, they crosscut both the mafic and felsic monzonite units with sha¡p contacts. Field

relations indicate that the Type II pegmatites are younger than the Type I pegmatites, but

their ages relative to the Type III and IV pegmatites are unknown. Type II pegmatites occur

as patches and veins that range in size from a few cm wide to 50 cm wide, they can commonly

be traced across outcrop exposures and have exposed lengths from i0 to 30 m. Type II

pegmatites contain blocþ quartz and K-feldspar (Figure 4.2), commonly with a graphic

intergrowth. Occasionally, albitic plagioclase is present. Some of the veins are zoned, with

pink K-feldspar at the margins, buff coloured K-feldspar closer to the centre and blocþ

quartzin the centre of the vein. The minerals have a variable size range, up to a maximum of

2 cm. Some of these pegmatite veins are associated with a few cm of displacement of linear

features such as layering within mafic and felsic monzonite units (Figure 4.1).

4.2.3: Type III: Granitic pegmatites.

These pegmatites are the most abundant type associated with the Eden Lake syenite

complex. They comprise irregularly shaped pegmatitic patches that are found in both the

mafic and felsic monzonite units, but they predominate in the felsic monzonite. Contacts with

the main monzonite units are gradational over a few cm, and the patches range in size from

a few cm2 to 10 m2. These pegmatites differ from the Type II pegmatites in that in addition

to K-feldspaÍ, quarlz and plagioclase, they contain aegirine-augite, magnetite, fluorite, zircory

andradite, apatite, titanite, strontianite and burbankite; the abundance of each mineral species
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varies between pegmatites (Table 4.2) The grain size within the pegmatites is variable, with

a maximum of 3 cm.

4.2.4: Type IV: Radioactive pegmatites.

The Type IV pegmatites are the least abundant of the pegmatite units and are found

only on the easternmost outcrop ridge, associated with shear zones. The veins crosscut both

the mafic and felsic monzonite units of the complex; contacts are sharp but irregular. These

pegmatites are particularly prominent on radiometric maps of the Eden Lake area, due to their

radioactive character. In general, the veins are discontinuous with maximum widths from 30

to 40 cm (Figure 4.3). One pegmatite vein was traced 80 m along a shear before it

disappeared into the overburden; most veins pinch out after a length of about t0 m. The

minerals found in Type [V pegmatites include aegirine-augite, quartz, K-feldspar, plagioclase,

magnetite, titanite, britholite, allanite, apatite, fluorite, zircon and weloganite (Table 4.3) The

grain size is variable, with a maximum size of 3 cm.

The geochemical character of the Eden Lake syenite complex has been described by

Halden and Fryer (submitted); this work has highlighted some unusual geochemical

characteristics. It is one of several plutons in the Reind eer Zone of the Trans-Hudson Orogen

that display alkaline geochemical characteristics; others include the intrusions at
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Table 4.2. Abundance of minerals within the Type III granitic pegmatites; abundance
determined at the outcrop and thin section scales.

Mineral phase Abuudauce

Aegirine-augite < I <O./J-!J /O

K-feldspar
Microcline
Orthoclase

5-55%

Plagioclase (albite
to andesine)

0-30%

Quarlz 0-20%

Fluorite 0-s%

Andradite 0-10%

Apatite 0-5%

Ztrcon 0-2%

Titanite 0-10%

Allanite 0-trace

Thorite 0-trace

Burbankite 0-trace

Strontia¡r ite 0-trace
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Figure 4.3.Photograph of a Type IV pegmatite vein. The darker areas are concentrations of
mainly britholite, allarute and aegirine-augite.
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Toble 4.-1- Mineral abundance in the Type IV radioactive pegmatites; abundance determined
at both the outcrop and thin section scale.

Mineral phase Abundance

Aegirine-augite s-30%

K-feldspar
Microcline
Orthoclase

0-30%

Quarlz l-10%

Plagioclase (albite
to oligoclase)

0-2s%

Fluorite 0-5%

Apatite 0-35o/o

Zircon 0-trace

Titanite 0-s%

Britholite 0-10%

Allanite 0-20%

Weloganite 0-trace
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BrezderyMcVeigh and Burntwood Lakes (N4cRitchie, 1988; Halden and Fryer, submitted).

The Eden Lake syenite complex has many characteristics that support the view that

it is an A-type granitoid These include high NarO+KrO values (11-13 weight %), significanr

F abundances (200-4000 ppm), relatively consta¡t YAJb and Yb/'laratios and a characteristic

mineral assemblage consisting of magnetite, fluorite, titanite, aegirine-augite, apatite and

zircon. The Shand Index for samples from the syenite complex is shown in Figure 4.4;

samples plot close to the peralkaline field but would be classified as metaluminous (Halden

and Fryer, submitted).

The SiO, content of the syenite complex ranges from 57-76 weight percent with a

continuous fractionation trend from low to high silica phases (Halden and Fryer, submitted).

Major-element trends for CaO, MgO, TiO, and FerOrr (total iron) show continuous decrease

with increasing silica (Figure 4.5); AIrO, and total alkalies increase with increasing SiO, until

64 weighto/o SiOr, whereupon the abundances decrease (Figure 4.5). These element trends

indicate an early fractionating assemblage dominated by a mafic mineral such aegirine-augite;

the inflection point suggests that at alater stage, the fractionating assemblage consisted of

aegirine-augite and K-feldspar.

The rocks of the Eden Lake syenite complex can be divided into three groups based

on trace element characteristics and silica content (FIalden and Fryer, submitted): (t) a low

silica group (LSG) with SiO, contents ranging from 57-62 weight Yo thathas elevated U, p

and total REE contents; (2) the main phase syenite 0\æS) with 64-71weight %o SiOr; and (3)

a high silica group (HSG) \Mth7I-77 weight o/o SiOz, rhat has
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Figure 4.4. ShuÅ Index for samples from the Eden Lake syenite complex (from Halden and
Fryer, submitted). Field boundaries and designatiors after Maniar and Piccoli (1989). Samples
from the LSG are shown by O, samples from the MPS are shown by n and samples from the
HSG are shown by l.
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similar trace element patterns as the LSG but with lower trace element and REE abundances.

Chondrite-normalized REE plots for the syenite complex are shown in Figure 4.6; the

plots are light REE-erniched and lack europium anomalies. Of importance is the fact that the

totalREE content decreases with increasing SiO, content. This is somewhat unexpected as

the main mineral phases dominating major element fractionation (K-feldsp ar and aegirine-

augrte) have a bulk distribution coefficient less than one, which would result in incompatibility

of the REEs. The early stages of crystal fractionation have also been influenced by the

separation of a significant amount of REE-compatible accessory minerals, including titanite

and apatite;the result is that the more evolved, silica-rich rocks of the syenite complex tend

to be depleted in REEs (Halden and Fryer, submitted). There is a distinct compositional gap

between the main phase syenites and the silica-rich rocks where the latter are significantly

depleted in REEs; this is inconsistent with a smooth uninterrupted liquid line of descent

dominated by crystal fractionation. The spatial association of the pegmatites with the syenite

comple4 and their compositional similarities to the syenite complex, suggest there is a genetic

association (tlalden and Fryer, submitted). The compositional gap in terms of REE content,

between the main phase and the more evolved silica-rich rocks, might be explained by the

physical separation of a REE-en¡iched vapour phase. Such a REE-enriched phase will also

have been rich in F and P, therefore the REEs would have been scavenged as ionic complexes

(Halden and Fryer, submitted).
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Chapter 5: Pegmatite Mineral Phases

To constrain (i) the origin of the pegmatites associated with the Eden Lake syenite

complex and (ii) the distribution ofthe trace elements within these pegmatites, petrologic and

chemical data were collected from the accessory, REE-bearing mineral phases. The study

focuses on the minerals in the Type III and IV pegmatites as they contain the more complex

mineralogy;minerals examined include apatite, titanite, zircon, britholite, allanite, andradite,

fluorite, aegirine-augite, K-feldspar, and plagioclase. A suite of REE-bearing carbonates was

also observed; preliminary microprobe and diffraction analyses suggest this suite includes

burbankite, weloganite and strontianite.

5. L Anatite

Apatitg CqGOJ, (OH, F, Cl), is a common accessory mineral in syenitic rocks and

associated pegmatites, as well as hydrothermal veins and cavities (Deer et al., 1986; Ronsbo,

1989). It is the most abundant P-bearing mineral in syenites; fluorapatite is usually host for

the majority of the REEs (up to 16 weight Yo in alkaline rocks; Clark, 1984; Ronsbo, I989).

Apatite is present in both the Type III and Type IV pegmatires.

Apatite occurs in the Type III pegmatites as both separate grains and as inclusions

within aegirine-augite and titanite. In thin section, the apatite crystals are clear, euhedral to

anhedral (Figure 5 1) AnÏedral grains have rounded shapes with curved grain boundaries;

euhedrai grains tend to have straight boundaries (Figure 5. 1). Grain size ranges from 0. 18 to

0 45 mm, where present, apatite abundance varies from trace amounts
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Figure 5.1. Photomicrograph of euhedral to subhedral apatite in the Type III pegmatites.
Field ofview is 0.7 mm. Mineral abbreviations are as follows: AP - apatite, KF - K-feldspar,
TI - titanite, AA - aegirine-augite.
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lo 5Yo. Apatite inclusions within titanite are anhedral, with slightly curved irregular margins

(Figure 5.28).

Examination of back-scattered electron (BSE) images of apatite grains indicates that

they are compositionally homogeneous; however, a few grains appear to have a faint

oscillatory zoning while others have a patchy discontinuous zoning (Figure 5 ZA) Contacts

between the oscillatory zones are straight and regular; contact between the patchy zones are

curved (Figure 5 2L) BSE images of apatite inclusions within titanite crystals reveals that the

inclusions have a patchy discontinuous zoning (F gure 5 .28). The presence of unzoned apatite

grains as well as two different zoning patterns within apatite suggests that there was several

different stages of apatite crystallization.

The chemistry of apatite grains in the Type III pegmatites is shown in Table 5 l. The

oscillatory zoning reflects changing trace-element contents; the bright zones have higher

abundances of Si, Na, REEs but lower Cl than the dark zones (Table 5.1). The unzoned

apatite crystals have the same range of element abundances as both the bright and dark

oscillatory zones (Table 5. i). The light patches within apatite inclusions within titanite have

a higher REE content that the dark patches (Table 5.1). Apatite inclusions have higher Ca and

lower Si contents than the oscillatory zoned and unzoned apatite grains (Table 5 l) REE

plots for apatite grains from the Type III pegmatites are shown in Figure 5 3. The plots are

LREE-enriched and they are similar for both the separate apatite grains and the inclusions.

In the Type IV pegmatites, apatite crystals are euhedral to anhedral, with curved to

straight edges (Figure 5 a). Anhedral grains commonly have curved or scalloped

43



#Ër

Figure 5.2. A. Photograph of a BSE image of separate apatite grain in the Type III
pegmatites. Note the slight colour variation suggesting patchy zoning. Field of view is 200
microns in the long dimension. B. Photograph of a BSE image of an anhedral apatite inclusion
within titanite. The apatite has patchy, iregular zoning and iregular, slightly curved grain
boundaries. Bar scale is 500 microns long.
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chemical cornpositions for samples from
compositions are presented in Appendix
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0.022
0 039
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MnO
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La
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Yb
Pb

Bi
Th

3 9. s68

045t
0 024
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494
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0
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It8
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3528
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24t
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4t0
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6934
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0 0003
00
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2. Total iron expressed as FeOr
3 Sum of REE abundance
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Figure 5.3. A. Chondrite-normalized REE plots for separate apatite grains in the Type III
pegmatites. REE values are from EMPA. Dark oscillations are shown by I; bright
oscillations a¡e shown by O B. Chondrite-normalized REE plots for apatite inclusions within
the Type Itr pegmatites. REE values are from PDG, analysis. Dark patches are shown by n;
bright patches are shown by O
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Figure 5.3. continued. C. Chondrite-normalized REE plots for apatite grains from the Type

fV pegmatites. REE values are obtained from PD(E analysis. Unaltered apatite are shown by

v; altered apatite are shown by a. Normalization values are from Sun (1982).
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Figure 5.4. Photomicrograph of anhedral apatite with irregular grain boundaries from the
Type IV pegmatites. Apatite near britholite is commonly fractured. Field of view in the long
dimension is 2.8 mm. Mineral abbreviations are as follows: AP - apatite, AL - allanite, B ­
britholite, F - fluorite.
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margins whereas euhedral grains have straight edges and occur only as inclusions within

britholite and aegirine-augite. Apatite crystals are generally cloudy due to the presence of very

fine grained, irregularly shaped fluid inclusions (Figure 5.4); small corrosion pits of britholite

are observed in some grains. Apatite crystals range in size from 0.45 mm to 5.4 mm and range

in abundance from 5 to 35Yo. Apatite grains commonly contain subparallel cracks, some of

which are filled by fluorite and others withREE-erniched apatite (Figure 5.4, 5.5); these

cracks are more numerous close to britholite (Figure 5.4) and in places, radiate away from

britholite grains.

Chemical compositions of apatite grains from the Type IV pegmatites are presented

in Table 5.1. There are differences in grey level within apatite grains near britholite and

allanite and associated with the subparallel cracks that are observed in BSE images (Figure

5.5); these areas are irregular and patchy with slightly curved margins. These most likely

result from chemical alteration of the apatite, which may be related to metamictizationof the

adjacent britholite. There may be some primary igneous zoningin some of the apatite grains,

defined by light and dark regions with sharp straight contacts, but this is partially to

completely overprinted by the irregular alteration. The ranges of element abundances are

similar in both the darker, altered and lighter, unaltered apatite; however, altered apatite has

a higher amount of Fe and total REEs and a lower Si content than the unaltered apatite grains

(Table 5 l). REE plots for the Type fV apatite crystals are shown in Figure 5.3; they are very

light REE-enriched and are not the same as the plots for Type III apatite crystals.

The major element abundances in the Type IV apalite grains are, in general,
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Figure 5.5. Photograph of a BSE image of an apatite grain from the Type IV pegmatites. The
patchy colouring within the apatite is due to alteration; the bright fractures are filled with
REE-enriched apatite. Field of view is 300 microns in the long dimension. Mineral
abbreviations are as follows: AP - apatite, B - britholite.



similar to those in the Type III apatite grains, except that Si contents are higher in the Type

rv apatite grains. Trace element abundances CNi, Mn, zn, As, Ba, Pb, y and REEs) are also

significantly higher in the Type IV apatite crystals, only Sr and Bi have similar abundances

(Table 5.1). The significance of the different trace element abundances in the apatite crystals

will be discussed in Chapter 6.

5.2. Titanite.

Titanite, CaTiOSiOo, is a common accessory mineral in syenitic rocks, where it is an

important host for the REEs (Henderson, 1980; Clark, 1984; Deer et al., i989; Hawthorne

et al., 1990; Pan et al., 1993). Pegmatitic titanite grains tend to have higher LREE content

than titanite crystals from any other location (Clark, 1984; Russell et a1., l9g4). Titanite

grains are found in both the Type Itr and IV pegmatites associated with the syenite complex;

they are also present as an accessory mineral in the main units of the syenite complex where

titanite is an important host for the REEs.

Titanite in the Type III pegmatites.

Titanite crystals within the Type III pegmatites appear euhedral to subhedral and

typically have a brown to black colour. In thin sectiorl the titanite grains are tan to red brown

to brown in colour with a tan to red-brown pleochroism. Titanite occurs both as separate

grains (Figure 5 6A) and as inclusions within andesine (Figure 5.68), indicaring co-

crystallization oftitanite and andesine. Where present, titanite ranges in abundance from trace

amounts to 10o/o. Titanite grains a¡e subhedral to anhedral, have straight crystal faces (Fþre

5.64) and have a size range from 0.1 to 6.5 mm. Titanite grains within
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Figure 5.6.A. Photomicrograph of titanite and aegirine-augite crystals in the Type III
pegmatites. The titanite grains have euhedral to subhedrallozenge-shapes; the aegirine-augite
has subhedral shapes. Field of view is 2.8 rnm in the long dimension. B. Photomicrograph of
titanite inclusions within andesine plagioclase. Field of view is 2.8 rnm in the long dimension.
Mineral abbreviations are as follows: AA - aegirine-augite, KF - K-feldspar, M - magnetite,
PG - plagioclase, TI - titanite, Q - quartz.
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plagioclase are euhedral to subhedral with straight grain boundaries and range in size from

0-12 to 0.8 mm. Inclusions present within titanite crystals comprise apatite, thorite, oscillatory

zoned allanite and strontianite.

Examination of BSE images of titanite grains from the Type III pegmatites reveals

that the grains are chemically zoned. There are four types of zoning observed: (1) apatchy

zoning defined by discontinuous, randomly distributed bright and dark patches, roughly

circular to oval in shape (Figure 5 7A); (2) oscillatory zonng defined by alternating light and

dark linear bands with sharp margins; the width of the bands ranges from 1 to 70 microns

(Figure 5.7d8); (3) sector zomng of crystal gro'u¡th planes (Figure 5 7C); the { 1 I i } form

of titanite crystal faces appear darker in BSE images while the { 100} and {001} forms are

lighter; contacts between the sectors are sharp and straight; and (4) discontinuous rims or

overgrowths characterizedby a bright rim around crystal margins (Figure 5 7)

Within the Type Itr pegmatites, we can define two types of titanite grains on the basis

of zoning patterns; this suggests that there have been several stages of titanite growth and

resoqption. Type A titanite grains contain three major growth regions, separated by irregular

undulatory surfaces (Figure 5.7AsB). The first region is characterizedby patchy zoning, the

second region by oscillatory zoning and the third by an overgrowth (Figure 5.7ArB) Some

Type A titanite crystals contain only the oscillatory zorung and the overgrowth, but this may

be a result of the section orientation and cut. Type B titanite grains contain two major growth

regions (Figure 5.7C), again separated by irregular undulatory contacts. The first region is

characterized by sector zontng and the
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Figure 5.7. A & B. Two photographs of BSE images of a Type A titanite grain in the Type

Itr-pegmatites. Patchy discontinuous zoning, oscillatory zorung and a bright overgrowth are

atl visibte; these are separated by irregular, sutured contacts. Scale bar is 2 mm long.



Figure 5.7. contirrued C. Photograph of a BSE image of a Type B titanite grain in the Type

Itr pegmatites. Sector zonngand a bright overgrowth are visible, separated by an undulatory
contact. Field of view is 200 microns in the long dimension.
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second by an overgro\Àith (Figure 5.7C). Table 5.24 lists representative chemical

compositions for the different growth regions in the Type A titanite grains. Chemical

differences exist between the different growth regions as well as different brightness zones

within each growth region. Chemical variations in the patchy growth zones are related to Fe,

St, Zr, Pb, Th, U, REE and F abundances. The darker patches have significantly higher Sr,

Z¡ Nb, Pb and F contents whereas the lighter patches have higher Fe, y, La, ce, Sm, Th and

U contents (Table 5 2A). Oscillatory zoning reflects variation in Ti, Sr, Fe, Cu, Zn, Zr,Nb,

Nb, Pb, Th, U, REE and F contents. The dark oscillatory zones have higher concentrations

of Ti and Sq while Fe, Cu, zryzr,Nb, Nb, Pb, Tb U, y, REEs and F are concentrated in the

light oscillatory zones (Table 5 2A). Regions with patchy zorungcontain higher abundances

of Zr and Nb than either of the other two regions and the overgrowths have the highest

concentration of La and F.

Table 5 2B lists representative chemical compositions for each of the growth regions

in the Type B titanite grains. Differences in brightness levels within the sector zoned regions

are related to variations inMn, Na, REE and F. The darker sectors, {111}, have a high

concentration of Sm and F and the brightest sectors, { 100}, have the highest amounts of Mn,

Na and Y. In comparison with the regions with sector zoring, the overgrowths have higher

REE, Mn, Sn, Na and Sr contents but lower Al contents (Table 5.ZB).

While the major element chemistry of the overgrowths in the Type A and B titanite

crystals is similar, there a¡e some differences in terms of trace element chemistry (Table 5.2).

The overgrowths of the Type A titailte crystals have higher sr, REE, Fe, zr,
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Table 5.2.A. Chemical compositions for Type A titanite crystals from rhe Type III
pegrnatites. Additional compositions are presented in Appendix II.

(weight
percent)

Oscillatory Oscillatory
Zone Zone

Sr0. ' 29 869
Tto"
CaO

FeOr:
Al.o.
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27.435
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34t3
I 305

528
82

303

240

122

956

ì20
5

2

3045

I528
t2t
l2

452
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8
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Formulas calculated on basis of 4 oxygen + I F
si{- 0999 l0ll t0o9
Tir' 0919 0873 089
Ca:- o 983 0.983 o.gg4
Fe:- oo54 0086 oo7
Alr- 0 035 0 055 0.04
Na' 0 008 0.004 0 001

Ce3'6 oo27 o.ozi oo2t
Cation sum 3.024 3 038 3.026

F- 0 063 0.078 0 09

I0l
0 834

0 995
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0 00s
0 029
3.034
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I
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0 989
0 08s
0 079

0 002
0.Q44
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0.1 56

l. 51, lr, Ua, l.e, At, Na, f were determrned by EMPA
2. Total iron expressed as FeO.
3. Sum of REE abundance.
4. Mn, Sr, Co, Cu,Zn, Zr, Nb, Ta Pb, Y, La, Ce, Nd, Sm, Gd,
5. Element abundance in ppm,
ó. Total REEs expressed as Ce3'.

Yb, Th, U were determined by PIXE.
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Tahle 5.28. Chemical cornpositions for Type B
pegmatites. Additional compositions are presented

(weight {l ll} {t00}or{001}
percent)

titanite crystals from the Type III
in Appendix II.

Tio. 32.3s7
CaO 28 028

Feor : 2 476
Al.o, 2 001

Na^O 0
REE"Oì i 0.744

F 1.697

32 300
27.879
3.942
2 tlo

062
I 666

32.500
27 837

I 360

I 422
0 002 0 028

I 4t6
I 805

r 0l AL 88.803 e8re

Co0
Cu l0

Ta ló0

Zn 17

Zr 257
Nb l7l0

Mn
Sr

239
74

379 488
'154

58

54

42
t50
l3t3
t22
t7t
358

0

5t72
3338

0

682

I 003

687
82t
t7

1.029

0.836
1.02

0 039
0.057
002

0.018

3 00t
0.1 95

Pb 59
Sn I ì0
Mo 33

Y 505
La 2790
Ce 1985
Nd 634

Car-
Fe:'
AI3-
Na=

Cel' ó

t390
490
540

24t0
360

I 0t7
0 814

I 001

0il
0.083

0

0.08
3 035

0.176

U68-4:-

Sm 297
Gd 50
Yb 52
Th 40

Si4' |.oz2
Ti'- 0.823

I 015
0.07
0.08

0

0.09
Cation sum 3.019

F- 0.182
l. Si, Ti, Ca, Fe, A
2. Total iron expressed as FeO
3. Sum of REE abunda¡rce.
4. Mn' Sr, co, Cu,zn, Zr, Nb, Ta pb, y, La, ce, Nd, Sm, Gd, yb, Th, u were derermined by pIXE
5. Element abundance in ppm.
6 Total REEs expressed as Ce3'.
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T'able 5.2C. Chemical cornpositions for titanite crystals from the Type IV pegrnatites.
Additional cornpositions of titanite crystals from the Type IV pegmatites aie given in
Appendix II.

Oxrde Dark
(weight Oscillatory
percent) Zone

Bright TTXtr
Oscillatory Analysis

Zone
sio2 '

Tio"
CaO

FeO r:
Al,or
Na-O

F

REE.Oì

29.807
34 558

27.597
3.258
I 003

0 02ì
0 875

I 057

29.426
33 554

26 509

3 230
3 340
0 043

I 010

25

3 3t9

5 496
IOIAL 98 176 99 6t2
(ppm)
Mn t-'

Sr
Co
Cu
Zn
Zr
Nb
Sn

Ta
Pb

Y
La
Ce

Nd
Sm
Gd
Yb
Th
U

¿!

I03 5

93

457

940
2700
8260
7977
| 437

2345
2463
t7t
25

38

2028
t48 5

62

70

| 173

2045
t2275
ì8014
I 0996
2363

998

t39
56

935

655

600

2t30
411 5

840

lìormulas calculated on basis of 4 oxygen + lF -sio'
Ti4'
Car'
Fe:'
Al3' 0

I 019 0.98 s

0 888 0 84s

I 024 0 951

0093 009
0 132

Na'
Ce3'6

Cation sum
F-

0.00 r 0 003
0.013 0.03 I

304 3037
0.094 0107

2. Total iron expressed as FeO.
3. Sum of REE abundance
4. Mn, Sr, Co, Cu,Zn, Zr, Nb, Ta, Pb, Y, La, Ce, Nd, Sm,
5. Element abundance in ppm.
6. Total REEs expressed as Cer'.
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Nb, Th and U contents whereas the overgrowths of the Type B titanite grains have slightly

higher Mn, Y and F contents. The similarity of the compositions suggests that the

overgrowths are cogenetic, this will be discussed further in Chapter 6.

Rare earth element plots for titanite from the Type III pegmatites are shown in Figure

5.8. The plots for Type A titanite grains are light RBB-enriched (Figure 5 8A), Type B plots

are relatively flat and have lower LREE and higher HREE contents (Figure 5.sB)

Titanite in the Type IV pegmatites.

In the Type tV pegmatites, titanite grains are red-brown to light brown to light tan in

colour with a tan to red-brown pleochroism (Figure 5.9). Grains are euhedral, lozenge-shaped

to subhedral, oval shapes (Figure 5.9). Where present, titanite crystals range in abundance

from trace amounts to 3Yo, and they have a size range from 0. 13 to 2.25 mm. Some clusters

of titanite grains up to 0.3 mm ¿ìre visible. Titanite crystals are associated with aegirine-augite,

britholite, apatite and allanite and they are commonly included within britholite grains. Rarely,

titanite grains contain "inclusions" of welogarnte, a REE-bearing Sr, Zr carbonate. Some

grains are completely fractured and contain subparallel cracks that are filled with britholite

(Figure 5.9; 5. i0).

Examination of these titanite grains using BSE imaging reveals that they are zoned.

The zoning appears to be oscillatory in nature, with thick compositional bands up to 75

microns thick; sector zoning similar to that observed in the Type B titanite grains in the Type

Itr pegmatites is also visible (Figure 5.10). Bright overgrowths are observed in some grains,

but no patc,hy-zoned titanite crystals are observed.
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Figure 5.8. A. Chondrite-normalized REE plots for Type A titanite crystals in the Type III
pegmatites. REE values from PD(E analysis. Dark patches are shown by O, bright patches
are shown by O, Da¡k oscillatory zones are shown by [, bright oscillations are shown by I
and bright overgrowth are shown by a. B. Chondrite-normalized REE plots for Type B
titanite crystals. REE datâ from PD(E analysis. Dark sectors are shown by i, bright
overgrowths are shown by O.
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Figure 5.8. contimted C. Chondrite-normalized REE plots for titanite grains in the Type IV
pegmatites. REE data from PD(E analysis. Normalization values are from Sun (1982).
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Figure 5.9. Photomicrograph of a titanite crystal in the Type IV pegmatites. The grain is
euhedral, with a lozenge-shape and is pervasively cracked. Field of view is 2.8 mm in the long
dimension. Mineral abbreviations are as follows: AA - aegirine-augite, AP - apatite, AL ­
allanite, B - britholite, TI - titanite, Q - quartz.
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Figure 5. /0. Photograph of a B SE image of a titanite grain from the Type IV pegmatites. The
brightness differences represent oscillatory zorung. The bright veinlets are filled with
britholite. Field of view is 400 microns in the long dimension. Mineral abbreviations are as

follows: AL - allanite, TI - titanite.
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Chemical data for the titanite crystals in Type IV pegmatites are presented in Table

5.2C. The oscillatory zoning observed within the titanite crystals from the Type IV

pegmatites is related to variable Fe, 41, Na, Y, REE and F abundances. Dark zones contain

higher Al, Fe, Y and F contents and bright zones have higher Na and REEs. REE plots for

Type tV titanite grains are shown in Figure 5.8C; they show light REE-enrichment and the

slopes and abundances are similar to plots of the Type A titanite crystals in the Type III

pegmatites.

Chemicai compositions for the Type IV titanite grains are remarkably similar to those

of the Type A titanite grains (Table 5.24 and 5.2C). The mosr significant difference is that

Y, REE and some trace elements are more abundant in the titanite grains of the Type IV

pegmatites (Table 5.2); this may be due to a higher degree of fractionation in the Type IV

pegmatites or may be an artifact of alteration of the Type IV titanite crystals. In general, the

bright zone of each growth pattern has the highest REE contents (Table 5.2). The similarity

of the chemical composition of titanite grains from the two pegmatites suggests that the

titanite grains within the two pegmatites have a similar genesis; this will be discussed further

in Chapter 6.

5.3. Zircon.

Zaconis a common accessory mineral in atkaüne and peralkaline rocks and associated

pegmatites (Deer et al., 1989) The chemistry of zircon is relatively simple; usually ZrOr,

HfO, and SiO, comprise more than 99 weightYo (Flinton and Upton, 1991). However,

substitution of Zr by LREEs, Y, Th, U and POo are conunon, according to the reaction y3*
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(or REE3") * P5* - zr4* + Sia* (Romans et al., 1975; Speer, 1980; clark, 1984). zircon

crystals are found in both the Type III and IV pegmatites as well as in the main units of the

complex where they may have played a role in concentrating the REEs in the early crystallized

phases.

Zitcon grains are present only in amounts up to 2%o in the Type III pegmatites. They

are red to red brown in colour with a maximum size of 0.5 cm; shapes are euhedral to

subhedral, with straight crystal faces (Figure 5.1 1). Examination of these zircon grains using

BSE imaging reveals that they are zoned. There are two patterns observed: (1) oscillatory

zoning (Figure 5 12Ã); and (2) discontinuous overgrowths similar to those observed in the

Type Itr titanite crystals (Figure 5.128). Some zircon grains also have core regions that are

chanúeized by a slightly different brightness in BSE images (Figure 5.12C). These cores are

less fractured than either the interior or the overgrowth. Both the oscillatory zoned regions

and the overgrowths have embayed margins, indicating several stages of zircon growth and

resorption. The similarity of titanite and zircon zoning patterns within the Type III pegmatites

indicates a stratigraphy of mineral growth that may be applied to more than one mineral

phase, this will be discussed further in Chapter 6. Mottled patterns within zirconcrystals are

also apparent from BSE imaging @igure s.Iz);these patterns suggest alteration of the zircon

grains that might be related to metamictization.

Chemical compositions of zircon crystals from the Type III pegmatites are presented

in Table 5 3A The oscillatory zoning reflects changing abundances of both major and trace

elements (Table 5.34) The darker zones have higher Mo, Ba, Ca and Na
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Figure 5.11. Photomicrograph ofa square section across a euhedral zircon crystal in the Type
III pegmatites. Field of view is 0.7 rnm in the long dimension. Mineral abbreviations are as
follows: M - magnetite, H - hornblende, Q -quartz, Z - zircon.
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Figure 5.I2. Photograph of a BSE image of a zircon crystal in the Type III pegmatites. A less

fractured core (a), oscillatory zorung (b) and a bright overgrowth (c) are visible. The zircon
crystal is i00 microns wide.



Table 5.3.A. Chernical cornpositions of zircort graitts frorn the Type tll pegrnatites. Major
element data were obtained using EPMA; trace eletnent data are frotn PIXE analysis.

Additonal cornpositions are presented in Appendix III.

Oxide Brieht Core Dark Medium Bright Dark Brrght
(weight
percent)

Oscillatory Oscillatory Oscillatory Overgrowth Overgrowth
Zone Zone Zone

sio.
CaO

FeOrr
Hfo:
AI-O,
It4gO

28951
1.545

2.226
0 256
0 501

0

I 838

2 182

30 020
0 822
0 232
0.202

1.040

0.605

29'730
2 2t6
0 657

0 l6-s

3 r 035

0 239
0.002
0 207
0 026

0.531

0.1 59

0.3 40

I 789

0.76

Na.O 0

Tio. 0

P.O. 0

0.042 0 427

0593 0

0 0.005
0012 0

0 0.558 0

0 0026 0

0 0t7 0

29.444 28 900

2 662 | 577

I _41t

0 356

0 088

0 021

0 715

r t06

0 0017 0 0003 0

ub,
REE-Oì r

2 895

l 328

0.1 58

0 088

TOTAL 96 214 95.759 93 059 97 76r 92 044 95 428

Cìr' 41 0 23 0

Mn
Co

Ni
Cu

Zn
Br
Sr

lr4o

Ba

Y
La
Ce

Nd
Sm

Gd
Dy
Er
Yb
Ti
Pb

Th

t3t4
578

94
73

59

67

5286
0

I t33
3926
3 583

83 93

0

0

406
0

766

ì 281

il8
471

t230

865

60?
44
70

86

t3
273

I 956

t87
2954

0

93

l6
59

t79
242

370
I 055

56

2412
r 007

t6-79

642
52

8l
lt6
42
657
t827

0

666 r

0

92t
244
84

326
513

771
1325
79

5045

4654

7

514
46

76

1

7

22

0

134

ó35

0

0

2t
l6
l7
7

l

0

43

449

0

0

3483

492
27
62
5ó

53

89r
2t 57

65

3 589

0

261

t26
t84
284
368

430
I 000
83

t853
r 788

0

1748
396
52

98

23

25

It4l
0

t42
2529
704

3 057
l laa

184

t63
0

53t
372

0

440
295

Formula calculated on basrs of 4 oxygen
Zrt'
si'-
La-
Fer-

Hfl
Alr-
Mgt-
Na-
Ti¡-
P5-

0 959
0.93 5

0.053

0.06
0.002
0.019

0

0

0

0

0.988
0 969
0 028

0 006
0.002
0 002

0

0.037
0

0

0.919
0.984
0 078

0.01 8

0.002
0.017
0.00 t

0
0

0

1.014

0 977
0.008

0

0 002
0 001

0

0

0

0 001

092
0 983

0 09-5

0.01 5

0.002
0013

0

0 036
0.001

0

0.99
0 941

0 055

004
0.003

0 003

0

0

0

0.001
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u{' ool3 o.oo7 oo2l ooot ool3 o.oo5

Ce'- o 0026 0.007 0016 000t 0.009 0013
Cation sum 2 068 2.047 2.057 2 OO4 2 088 2.051

l. Total rron expressed as FeO.
2. Total REE abunda¡rce expressed as REE-O.
3. Trace element abundance in ppm.
4. Total REEs expressed as Cer-.
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'l.able 5.3.A. a¡nt inued.

Oxrde Dark part of Bright part of
(weight Mottled Area Mottled Area
percent)

ZrO^
sio.
CaO

FeO r

Hfo:
Al.o.
Mgo
Na-O
Tio.
P.o.
Uo.

REE.O.:

ó0 l17
28 659

I 263
l 4t4
0 178

0 058

0

0

0

0

I 578

| 09'l

54 288
28 291
3 9s9
3 712

0 ró6
0.53 5

0

0

0

0

I 494
|.597

IOIAL 93.267 92 445
Cr' 70

Mn
Co

Ni
Cu
Zn
Br
Sr

Mo
Ba
Y
La
Ce

Nd
Snr

Gd

Dy
Er
Yb
TI
Pb

Th

lormula calculated on basis of 4 oxygen

t551
945

0

0

82

JJ

I538
0

379
53-s8

0

213
236
323

457
0

t049
t352
37

2168
2140

0

1626
655

t29
l19
70
86

5798
I 606
666

26-50

3227
4975

0

0

830
0

785
I 005

0

287
4908

Zr'-
si'-
Ca:'
Fe:'
Hl*
Al:-

Ps-

u{-
Ce3' j

0 987

0 96s

0.045

0

0 002

0 002

0

0 012

0 0t3

0 9r
0 973

0.146
0

0 002

0 02t
0

0

0

0

0 0l I

0.02

Mgt' o

Na- 0

Tir- 0

7T



Cation sum 2 027 2.083

l. Total rron expressed as FeO.
2. Total REE abundance expressed as REE-O..
3. Trace element abundance in ppm.
4. Total REEs expressed as Cet'.
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7'uble 5.3. B. Chernical cornpositions of zircon grains from
element data were obtained using EPMA; trace element
Additonal cornpositions are presented in Appendíx III.

the Type IV pegmatites. Major
data are frorn PIXE aualvsis.

Oxrde tsnght Core
(rveight
percent)

tsflûhl tsnght
Overgrowth MottledArea

Unzoned
Interior

sio.
CaO

32 145

0.049
3t.044
0 303

0 044
0.200
0 038

0

0

0.008
0.027
0 07r
0 886

32.361
0 t79
0 017
0 173

0 026
0

0

0.025
0 044
I l4t
2 521

3t 294
0 358

0 069
0 r98
0 0t2

0

0

0 009
0 040

0 165

I 403

Feorr o

Hfo. 0 r80
0 008

0.004
0

0 032

0 042
0.100

Al-o,
Ir4gO

Na-O
Tiol
P.o.
uo-

REE^O. ' 0 312
-r'()'t AL 100.571 97.507 to4. 69 99.475

Cr
Mn
Co
i\I

Lu
Zn
Br
Sr

l\40

Ba
Ta
Y
La
Ce

Nd
Snr

Gd

Dy
Er
Yb
Lu
Pb

Bi
Th

7t5
75

86s
650
4Q

70

200

0

2445
486

2433
I t93
lt5

5t5
200

0

85

23t
0

t3t9
QO

102

0

2t
284 I

0

0

473

t3101
73

480

2t74
I t73
966
6s6
368

369
_s40

3475
383

7935

805

4890
39t5
I 830
t20

2 t-5

r50

20

Fornlula calculated on basis of 4 oxygen
Zr''
si''
Cal
Fe:'
IJf '

Alr-
\4s'

r.009
0 983

0 002
0

0 002
0

0

0 996
0 969
0 006
0 00t
0 001

0.00 t

0

I 002
0.975
0.0t2
0 002

0 002
0

0

t0
0.982 . . .

001
0 001

0 002
0.001

0
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0

0.00 r

0 001

0_001

0 003

Cation sum 2.002

Na-

Ti'-
Ps.

ur.
Cet- '

0

0

0 00r
0

0.01

2 008

0

0

0.001

0.008
0 028

2 0r

0

0

0 00t
0.00 t

0 016

2 Oil
I. Total rron expressed as FeO.

2. Total REE abundance expressed as REE,O.
3. Trace element abundance in ppm.
-4 Total REEs expressed as Cej-.
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and the analysis totals are lower than those of the bright or medium bright zones in BSE

images. Bright oscillatory zones have the highest Zr contents, while medium bright oscillatory

zones have the highest Mn, Fe, Sr, Y, REEs, Pb, Th and U contents. The overgrowths have

variable trace-element chemistry (Table 5 3A), dark overgrowths have higher Ca, Na, Mn,

Mo, Y, Pb, Th and U contents, while bright overgrowths have higher P, H{ Zr,Fe, Sr and

REE contents. The bright overgrowths have the highest compositional totals (96%), whereas

the dark overgrowths have the lowest totals (9I%), probably resulting from considerable

alteration or metamictization due to the high U and Th contents (Rubin et a1., 1989).

Chemical differences are also apparent in the mottled regions of zircon grains (Table 5.34)

The dark parts ofmottled areas have higher Si, Na, Hl Pb, U and heavy REE contents while

the bright parts of mottled areas have higher Fe, Ca, Th and light REE values. The

compositional totals for both of the mottled areas are generally low (-90%).

If we compare the chemistry of the different growth regions, it is apparent that (i) the

highest REE contents are in the bright centres of the ztrconcrystals; (ii) the overgrowths have

high Al, P,L4 Ce, Nd, Sm and low Yb concentrations; (iii) the mottled areas have the lowest

overall Zr andFIf contents; and (iv) the highest abundances of Zr are in the oscillatory zones

(Table 5 3A) Metamictization of zircon is usually associated with high U and Th contents

(Rubin et al., 1989); these range from I400 ppm to 30 000 ppm in zircon grains from the

Type Itr pegmatites (Table 5.34). X-ray diffiaction data obtained from a zircon crystal from

the Type III pegmatites lacks any recognizable peaks in the spectrum (Appendix III),

suggesting that the zircon grains are metamict, and that the structure has been completely

destroyed. The REE abundances range from 5000 ppm to 18 000 ppm (Table 5 3A). REE
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plots are shown in Figure 5.13; plots from both the different growth regions and from

different zones of brightness within each region have different slopes, suggesting that the

zoning cannot be directly related to REE distribution.

Zircon crystals are less corrunon in the Type IV pegmatites than in the Type III

pegmatites and are present only in trace amounts. The zircon crystals appear square to slightly

rhombic in shape, highly fractured (Figure 5.14), and range in size from 0.18 to 0.4 mm.

Zircon crystal boundaries are generally straight but contacts with allanite and britholite are

irregular and embayed @igure 5.14). The Type IV zircon grains contain irregular patches of

britholite and apatite (Figure 5.14). The zircon grains are not isotropic in cross-polars as

suggested by chakoumakos et al. (1987) for metamict zircon crystals.

Examination of Type IV zircon grains using BSE imaging reveals that the zírcon

grains display a sequence of intemal growth stratigraphy similar to that observed in the Type

III zircon crystals (Figure 5 . i 5): (i) a core region that is slightly brighter in B SE images and

is generally less fractured than the rest of the grain; (ii) an unzoned interior; and (iii)

overgrowths. Mottled areas are also present within the unzoned interior of zircon grains

(Figure 5.15), suggesting alteration due to metamictization.

Chemical compositions of the Type fV zrcongains are presented in Table 5.38 The

core regions are characterized by low REE, U, Fe and Ca concentrations, the unzoned

interiors have high concentrations of Fe, Ca, III Y and Yb concentrations, whereas the

overgrowths have the highest La, Ce, Nd, Sm, Lu, U and Zr concentrations. The mottled

parts of zircon crystals have the lowest zr and the highest ca contents.
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Figure 5.13. A. Chondrite-normalized REE plots for zircon crystals from the Type III
pegmatites. REE values from PD(E analysis. Bright centres are shown by l, dark oscillatory
zones are shown by O, bright oscillatory zones are shown by O, medium bright oscillatory
zones are shown by O, dark rims are shown by n, bright rims are shown by I, dark parts
of mottled areas are shown by r, and bright parts of mottled areas are shown by ^. B.

Chondrite-normalized REE plots for zircon crystals from the Type W pegmatites. REE values
from EMPA. Centres are shown by l, dark interiors are shown by I, and bright rims are
shown by O. Normalization values are from Sun (1982).
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Figure 5.14. Photomicrograph of two zircon grains from the Type IV pegmatites. The
crystals are very similar to the zircon crystals in the Type III pegmatites (see Figure 5. 11).
The crystal margins are straight to irregular. Field of view is 2.8 rom in the long dimension.
Mineral abbreviations are as follows: AL - allanite, AP - apatite, B - britholite, Z - zircon.
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Figure 5.15. Photograph of a BSE image of a zircon crystal in the Type IV pegmatites. The
grain contains a less fractured core and a brighter overgrowth. The mottled pattern suggests
alteration of the zircon. The grain is 225 microns in width. Mineral abbreviations are as
follows: AP - apatite, B - britholite, Z - zircon.
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Comparing the chemistry of zircon gains in the Type Itr and IV pegmatites, the range

of abundances of Si, Ti, Mg, c4 P, Hr, zr and REEs are similar. However, y, Th, U and Na

abundances are lower in the Type fV zircon crystals than in the Type III. In general, the bright

zones of each zonngpattern have the high REE contents. The similar chemistry between the

Type III and IV zircon crystals suggests that zircon crystals from the two pegmatites are

genetically related.

5.4. Britholite.

Britholite, (c4ce,\)r(sio4,po4)3(F,oH), is a member of an isomorphous series with

apatite (Khudolozhkin et al., 1973). Britholite is a rare mineral; most of the documented

occurrences are in alkaline intrusions (nepheline syenite complexes) in Russia, in the Oka

carbonatite, and in a quartz monzonite in Argentina, the Rodeo de Los Molles deposit

(F{ughson and Sen Grptq 1964;Khudolozhkin et al., 1973; Lira and Ripley, 1990; Mariano,

1989). REE abundance can be up to 60Yo (Hughson and Sen Gupta, 1964)

Britholite is only found within the Type IV pegmatites, where it occurs as anhedral

irregularly-shaped masses with no observed cleavage. Britholite is brown, with a resinous to

vitreous lustre, and a conchoidal fracture. It varies in abundance from 2 to 7O%o within the

Type IV veins. In thin section, the britholite is yellow to light orange in colour, non-

pleochroic and isotropic; some grains have a darker orange-coloured edge (Figure 5.164).

The britholite forms anhedral and irregular grains; within some grains, a polygonal pattern
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Figure 5.16. A. Photomicrograph ofan anhedral, cracked, irregularly-shaped yellow britholite
grain. The contacts with all other minerals are irregular and embayed. Field of view is 2.8 m
in the long dimension. B. Photomicrograph of part of a britholite grain. Darker coloured,
fractured areas highlight a polygonal pattern. Field ofview is 0.7 mm in the long dimension.
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Figure 5.16. continued C. Photomicrograph of part of a britholite grain. The contacts with
allanite are very irregular and sutured, although on a smaller scale they appear straight. Field
ofview is 0.7 mm in the long dimension. Mineral abbreviations are as follows: AP - apatite,
AL - allanite, AA - aegirine-augite, B - britholite, Q - quartz.
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can be observed @igure 5.168). Margins of the anhedral grains vary from straight to sutured,

whereas the margins of the polygons are straight (Figures 5.i648). The britholite grains

range in size from 0.6 mm to 5 cm. Britholite is intimately associated with apatite, allanite and

fluorite and surrounds grains of apatite, titanite, aegirine-augite, allanite, fluorite and a U-pb

phase. Britholite grains are commonty rimmed by allanite (Figure 5 16C); the contacts

between britholite and alianite crystals tend to be straight along the edges of polygons, but

are sutured where polygons cannot be distinguished. Britholite is commonly pervasively

cracked and associated minerals, including aegirine-augite, titanite, quartz,K-feldspar, apatite

and allanite, are also commonly cracked (Figure 5.16A)

Examination of the anhedral britholite grains using BSE imaging reveals that grains

are made up of a number of smaller polygons (Figure 5.I7); this is the same pattern that is

apparent in thin sections. The poþons range in size from 20 to 200 microns, averaging from

50 to 100 microns. Polygon boundaries intersect at triple junctions with interfacial angles

ranging from 60-180o, although an average triple junction has angles of 1200 (based on

measurements from 87 triple junctions; Appendix IV) This suggests that the polygons are in

a stable arrangement where growth occurred during conditions of equal free energy of the

grain surfaces (Vernon, 1976); this will be discussed further in Chapter 6. In some britholite

poþons, a faint oscillatory zonngpattern concentric about a central core is apparent, while

in others, a patchy discontinuous pattern is observed (Figure 5.L7). Anhedral to subhedral

crystals of apatite occur ubiquitously in the margins between the britholite polygons (Figure

5.17). These range
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Figure 5.17. photo,graph of a BSE image of part of a britholite grain (B). Britholite polygons

arã separated by boundaries that appear brighter due to topographic effects. All boundaries

intersåct attriplô junctions. Some pòtygont contain oscillatory zorúng, others patchy zomng'

Apatite (Ap)-gråins occur in the poiygonal boundaries. Field of view is 200 microns in the

short dimension.
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in size from 10 to 100 microns, and lack well defined crystal margins (Figure 5.I7).

Further examination of the BSE images reveals that many of the britholite polygons

are altered (Figure 5.18). The alteration has a vermicular to colloform appearance and is

concentrated along the margins of the britholite polygons (Figure 5 l8A). The alteration

advances from the polygon boundary to the centre, polygons range from partially to

completely altered (Figure 5.18) In the most altered samples, the polygonal boundaries are

completely obliterated, but in partially altered grains, the boundaries can still be seen (Figure

5-18) The less altered polygons tend to be in the centre of the anhedral grains, whereas the

more altered britholite tends to be in contact with other pegmatite minerals, near the margins

ofthe anhedral grains. In some polygons, more than one alteration front is apparent (Figure

5. i8C); fractures in the altered britholite closest to the polygon interior are cut offby younger

alteration fronts (Frgu." 5.18C). The shapes of the interstitial apatite grains do not appear to

be affected by the alteration. In thin section, the altered britholite has a darker tan colour and

is more fractured (Figure 5 168).

The altered britholite has a different brightness in BSE images suggesting a different

composition than the unaltered britholite. In order to characterize these compositional

differences, chemical compositions were obtained for both the altered and unaltered britholite

polygons. These compositions are summarized in Table 5 4. The major element oxide

abundances in both the unaltered and altered britholite are similar to those reported in the

literature (Table 5 4). The britholite contains both U and Th; the amount of Th is 5 times

lower than that reporred by Hughson and Sen Gupta (r96a; Table 5.4).
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Figure 5.18. Photographs of BSE images showing altered britholite. A. Yery slightly altered
britholite; note the control of the polygonal boundaries on the alteration. Field of view 400
microns in the long dimension. B. Complete alteration of the britholite poþons; boundaries
have been completely destroyed. Field of view 200 microns in the long dimension.
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Figure 5.18. continued. C. Detail of altered polygonal boundaries; two fronts of alteration
are visible along the boundary. Fractures within the older front are cut off by the younger

front. Field of view is 150 microns in the long dimension.
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T'able 5.J. Representative chernical cornpositions of britholite grains from the Type IV
pegrnatites, all data were obtained using EPMA. Additional cornpositions are presented

in Appendix IV.
Oxide Pegmatite IV
(weight Altered

Pegmatite IV -

Unaltered

019
084
1.92

8 7l
).192
t3 I0
192
030

052

Boggrld Hughson and Sen Nash

(1905) Gupta (1964) (1972)

percent)

FeO 0.005 I

Fe.O.
CaO
Al.o.
Tio.
BaO

SrO
Pbo
Mgo
K,o
Uo,
Tho"
Y.o,
La.O.
Ce-O.
Nd.o.
Sm.O.
Eu.O.
Gd.o,
Dy,o,
Ho-O,
Er.O.
Yb-o,
Nb"o.
P.o.

F

CI

OIJ
S

t5 23

0.04
001

0 8t
0.94
t9l
8.23

23 94

l2 94

r90
0.3 I

049

0-
- 0.43

t579 ll 28

013
0 0t

013

Ioo.s¿'

0 t4
28.84

047

s.62

U)3.4:

008
t6 60

0.09

007
046
024
0.02
007

0.40
t6 3

22 50

6.92
1.66

0.6 t

285
0.29
098
026
0.r8
013
1.03

3.80
028

0.07

3.62
2.56
0ll

I 4ó8

3'73
J IJ

004

6.48 16.96

t 33 2.10

t27 054

TOTAL 96.46 99.57 98.23 100 38 98 09

Formulas calculated on basrs of I2 oxygen and I (f ,Cl)
si1- 2.623 2 583 2.291

Fer' oool o 0.044
Ca:- 2.24'7 z.z4'7 I 651

Alì 0.006 0 02 0

Ti'- 0 001 0.001 0

u{- o.oz5 0.023 o

Tho 0 029 0 025 0

Ce'' ' 2.5e7 z 49B 3.027
P:- 0422 o4t9 0.i49

Cation sum 7.862 7 .817 7.762
F- ril5 l3is 0575
cl- 0.026 0 009 0

I 369
0.012
3.446
0 062

0

0

0 143

I 36-5

I60r
7 997
0.741

0

2 061
0.008
2 263

0.0r3
0

0

0

2 597

0 751
7 699
| 529

006
l- lotal lron expressed as FeO.
2. Sum of all REE abundances.

3. Total REEs expressed as Cer-
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Total REE contents in the britholite range from 52.8%o to 54.56yo; these values are similar

to the total REE content reported by Nash (1972) However, the Type IV britholite has

higher Nd and lower La values than the britholite documented by Nash (Tg7z).

Differences in the chemistry between the altered and unaltered britholite are as

follows: (i) The weight present totals of the altered britholite are consistently lower than the

totals for the unaltered britholite (Table 5.4), suggesting a higher volatile content in the

altered britholite. Independent water determinations on bulk britholite samples (ones that

contain both altered an unaltered britholite) indicate the presence of about I.5yo water (Table

5.4; Appendix IV). This suggests that the volatile phase present within the altered britholite

is water. (ii) The ratio of fluorine to chlorine is lower in altered britholite than in unaltered

britholite. (iii) The REE abundance also varies. Although the ratio of Ce to La remains

constant, the amount of La+Ce is lower in the altered britholite (Table 5 4). The REE patterns

for both the unaltered and altered britholite polygons are shown in Figure 5.19 A and B, the

patterns are essentially identical, with LREE enrichment and a small negative europium

anomaly.

Analysis of britholite grains using precession camera methods reveals that the

brithoüte has little to no crystal structure (F gur. 5.20). This suggests that either the britholite

structure has been destroyed by post-crystallization processes such as metamictization or

amorphization, or that the britholite formed without a coherent structure, this will be

discussed in Chapter 6.
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Figure 5'19' Chondrite-normalized REE plots for A unaltered and ,B altered britholite.
unaltered britholite are shown by O; altered britholite are shown by tr. Normalization values
are from Sun (1982).



Figure 5.20. precession camera photos of britholite samples. A. The lack of significant

diffraction spots suggest the britholite is amorphized. B. The presence of a few diffiaction

spors (highlighted by the white circles) indicates that the britholite has some remnant

structure.
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5.5. Allanite.

Allanite, (ca,REE)r@e,Ti,AI)siror2(oFI,F,cl), is a REE and ferrous iron-bearing

member ofthe epidote group (Deer et al., 1986). It is a common accessory mineral in many

granites, granodiorites, monzonites and syenites and occurs in high abundances in some

pegmatites O{onq T977;Clark- 1984;Deer et al., 1986) Allanite has also been documented

from the Rodeo de Los Molles deposit in Argentina where it occurs in association with

britholite (Ripl"y and Lir4 1990) Allanite is a significant host for rhe REEs; it is usually Ce-

rich (Clark, 1984).

Allanite is only found in the Type IV pegmatites associated with the Eden Lake

syenite complex. In hand samples, the allanite cannot be distinguished from the anhedral

britholite masses; in thin sectioq the allanite is red brown to black in colour (Figure 5 l6AbC)

and has brown to black pleochroism. Allanite grains are irregular and anhedral and occur as

rims around britholite and apatite or as inclusions within aegirine-augite (Figure 5.16{C).

Crystal margins are generally scalloped and irregular, although straight contacts have been

observed where allanite rims britholite (Figure 5.16C). Atlanite abundance within the Type

IV pegmatites ranges from I to 20%o.

In BSE images, most allanite grains appear to be compositionally homogeneous

(Figute 5 21AB) Holever, a few grains have a discontinuous and irregular zoning (Figure

5.21A); this is probably a result of metamictization of associated britholite (Morin, 1977;Pan

and Fleet, 1990). Allanite grains associated with britholite contain abundant subparallel

cracks, some of which are filled with britholite (Figure 5.21^). Allanite inclusions within

aegirine-augite are also fractured, but to a lesser degree (Figure 5.218)
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Figure 5.21. Photographs of BSE images of allanite grains. ,4. Allanite associated with

britholite; note the random irregular zorung and prevalent fractures. Field of view is 400

microns in the long dimension. B. Allanite associated with aegirine-augite. This grains appears

compositionally homogeneous and contains less fractures. Field of view is 200 microns in the

long dimension. IWneral abbreviations are as follows: AA - aegirine-augite, AL - allanite, B -

britholite.
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Chemical compositions of allanite grains are presented in Table 5 5. The allanite

compositions, in terms of the major and minor oxides, are similar to those published in the

literature (Smith et aL.,1957; Ghent, L972; Pan and Fleet, 1990). Compositional totals are

about 95 to 96 weight Yo onde; these are similar to totals of altered and metamict allanite

recorded by Ghent (1972) The discontinuous zonng reflects Al, Mg, Ca variations; the

darker zones have higher Ca while the brighter zones have higher Al and Mg values. REE

abundances range from 23-27 weighto/o and are the same in the dark and bright zones (Table

5.5). Rare earth element plots for allanite are shown in Fþre 5.22; these are LREE-enriched.

5.6. Andradite.

Garnets are characteristic of metamorphic rocks, but may also be found in igneous

rocks. Andradite garnet, Car(Fe3*,Ti)2Si2Or2, can occur in alkaline rocks such as nepheline

syenite @eer et al., 1989). Rarely is the pure andradite end-member found, although garnet

with up to 95o/o andradite has been documented (Deer et al., 1989). Andradite generally has

low REE abundances, but it does tend to concentrate the heavy REEs (Henderson, 19g4).

Andradite grains are present oniy in some of the Type III pegmatites associated with the

syenite complex.

In hand sample, the andradite crystals are black in colour, appear euhedral and have

astzetutge of 0 75 mm to 2 cm. They range in abundance from 5 to l}Yowhere present. In

thin section, andradite crystals are brown to tan in colour and isotropic with subhedral to

anhedral, pseudo-dodecahedral shapes (Figure 5.23A). Crystal boundaries are
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Table 5.5. Representative chemical cornpositions of allanite crystals frorn the Type IV
pegrnatites. Major element data were obtaíned using EPMA;trace element data is from
PIXE arralysis. Additional cornpositions are presented in Appendix V.

(weight
percent)

(r9e0):

sio-
FeOt'
Al-o,
CaO
MnO
Mgo
Tio.
Y,o,
La"O,
Ce.O,
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Sm"O,
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Yb2o3
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P,o.'

F
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28 7'7 t

20 563

8 010
9 948
0 570
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0 859
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0.027
0.269
0 006

28.587
20.069
8.236
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0 832

0 034

5 993

8 847

t.'Ì6'7
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0.053

0.005
0 085

0.025

0.t96
0 0ti

28 853

20.249
7.787
9.373

0 715

0 790
r 055

0.1 il
5.3 r5
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2.518
0.145
0.o29
0.012
0 20ì
0 005

0.254
0 003

32 Z0

16.80

t4 l0
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2.40
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0.2
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0.56
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'I O'I AL 93.90 I 85.414 86.528 83.90 89.99

Co
Ni
Cu
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Sr
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Pb

U
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9
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4
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2650
6
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Formula calcuìated on basls of l2 oxygen + I F, Cl
3.223

I 926
r 058

L I94
0 054
0 099
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0 004
0 003

Cation sum 8 624

si+
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Alr'
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Mn:'
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Ce3' s
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0 002

3.343
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t.200
0 055

0.tI7
0.073

0.724
0 002
0.002
8.6t4
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0.002

3.352
I 968

I 067
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0.07
0 t37
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0 741
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0 001

8 s99
0 092

0

3 458

r 509

I .785
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0.009
0 096
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0 413

0.02
0

8.t96
0 068

0

3.t23
0 62t
2 272

t 3l6
0.102
0 t67
0 0l I

0.65
0

0
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0 t48
0.136

L Analysis of portion of altered allanite crystal.
2. Total iron is expressed as FeOr.
3. Average of ì0 analyses of REE-rich margin of allanite crystal
4. Trace element abundance in ppm.
5. Total REEs expressed as Cei'.

95



os_062 095.06-t 095.06û og5.05s 095.058

10000û0

100@

10m

1 000

10û

-13d25"]3fåfurSf_l

Figure 5.22. Chondrite-normalized REE plots for allanite from the Type IV pegmatites. REE
values from PfXE analysis. Normalization values are from Sun (1982).
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Figure 5.23. A. Photomicrograph of subhedral andradite crystals, associated with lozenge­
shaped titanite grains, in the Type III pegrnatites. Field of view is 2.8 mm in the long
dimension. B. Photomicrograph showing part of andradite crystal margin with large
embayment. The darker brown colour within the andradite results from alteration of the
andradite. Field ofview is 0.7 mm in the long dimension. Mineral abbreviations are as follows:
AP - apatite, AN - andradite, KF - K-feldspar, PG - plagioclase, Q -quartz, TI - titanite.
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straight to slightly curved. Rare embayments along the edges of the andradite crystals are

observed; the largest is 0.4 mm wide and extends 0.4 mm into the andradite grain (Figure

5-238). Parts of the garnet grains near the embayments have a darker brown colour (Figure

5.238); these darker areas extend into the crystal and are probably the result of alteration of

the garnet.

Examination ofBSE images of andradite crystals shows that the grains are not zoned

and are compositionally homogeneous Gigtrre 5.24). The darker brown areas associated with

the embayments have a brighter colour in BSE images, indicating they have a different

chemistry than the rest of the garnets. Chemical compositions for andradite grains are

presented in Table 5 6; the altered andradite has higher Fe and lower AI abundances than the

unaltered andradite (Table 5.6) REE plots for andradite are shown in Figure 5.25; as

expected, they are HREE-enriched. However, the REEs are not very abundant within the

garnet; they total only -1000 ppm (Table 5.6).

5 7 Fluorite.

Fluoritg CaF, can be found as an accessory mineral in granites, syenites and related

pegmatites where it occurs as a late stage crystallization, mainly hydrothermal mineral (Deer

et al., 1989). Most fluorite compositions are at least g9o/o CaF2, but the REEs can substitute

for Ca in the mineral structure (Deer et al., 1989). Fluorite grains are present in Type III and

IV pegmatites.

Fluorite grains in the Type Itr pegmatites have an irregular shape and a purple colour.

In thin section, the fluorite is purple to clear in colour, with the darker purple
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Figure 5.24. Photograph of BSE image of andradite grain; it is compositionally
homogeneous, except for the brighter altered areas. Field of view is 600 microns in the long

dimension. Mineral abbreviations are as follows: An - andradite, KF - K-feldspar.
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Table 5.ó. Representative cltemical cornpositions of andradite crystals frorn the Type III
pegrnatites. All chemical data were obtained frorn EPMA. Additional cornpositions are
presented in Appendix VI.

(weight
percent)

CaO
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Al.o.
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MnO
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Fe-t-
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colour at the margins (Figure 5.26). Fluorite grains are subhedral to anhedral, with straight

to slightly curved margins, and range in size from 0.0i mm to 1.0 cm. BSE images from the

Type Itr pegmatites reveal that the fluorite is homogeneous (Figure 5.27) Chemical analyses

indicates the fluorite is pure CaFr.

Fluorite grains in the Type IV pegmatites range in size from O.l to 0.9 mm, and in

abundance from 0 to 5o/o.In thin section, fluorite grains are anhedral and irregularly shaped

interstitial aggregates with curved to slightly curved margins, although contacts with allanite

and britholite are very irregular to sutured. The aggregates are purple to clear in colour, with

the darkest purple in the centre ofthe grain fading to clear at the margins (Figure 5 28). BSE

images from the Type IV pegmatites are shown in Figure 5.29; these indicate that the fluorite

is homogeneous. Again, chemical analyses indicate the fluorite is pure caFr.

5.8. Aegirine-augite.

Aegirine-augite, (N4Ca)(Fe,Mg,Mn)SirOu, is a clinopyroxene that is commonly found

in alkaline rocks such as quartz syenite, syenite and nepheline syenite (Deer et al., 19g9).

Aegirine-augite usually forms as a product of late -age crystallization of alkaline magmas

@eer et al., 1989). The REEs are not common constituents of aegirine-augite (Henderson,

1984) Aegirine-augite grains are found in the Type I, III and IV pegmatites.

In samples of the Type Itr pegmatites, aegirine-augite appears black and anhedral. In

thin section, the pyroxene is green with a dark green to olive green pleochroism (Figure

5 6A). The grains are dominantly subhedral, range in size from 0. i5 mm to 2.0

102



Figure 5.26. Photomicrograph of anhedral fluorite grains from the Type III pegmatites. The
purple colour is darkest near the grain boundaries. Field of view is 2.8 mm in the long
dimension. Mineral abbreviations are as follows: AA - aegirine-augite, F - fluorite, PG ­
plagioclase, Q - quartz, TI - titanite.
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Figure S.27.Photogaph of a BSE image of a homogeneous fluorite grain from the Type III
pegmatites. Field ofview is 250 microns in the long dimension. Mineral abbreviations are as

follows: AN - andradite, F - fluorite, KF - K-feldspar.
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Figure 5.28. Photomicrograph of anhedral fluorite grains from the Type IV pegmatites. The
purple colour is darkest near the grain centres. Field of view is 0.7 mm in the long dimension.
Mineral abbreviations are as follows: AA - aegirine-augite, AL - allanite, AP - apatite, B ­
britholite, F - fluorite.

105



Figure 5.29.Photogaph of aBSE image of a homogeneous fluorite grain from the Type IV

peþatites. Field ofviàw is 175 microns in the long dimension. Mineral abbreviations are as

follows: F - fluorite.
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cm and range in abundance f¡om 5-30%. Commonly, clusters of pyroxene grains, with

magnetite and titanite, up to 2 cm in length a¡e visible (Figure 5.64) BSE images of Type III

aegirine-augite indicate an irregular and discontinuous zoning (Figure 5.30) Contacts

befween the lighter and darker zones are sharp, and the zoning appears to be associated with

fractures and grain boundaries, indicating the zoning is probably the result of alteration

(Frgure 5.30) The chemistry of the Type III aegirine-augite grains is presented in Table 5.7.

The zoning pattern reflects varying amounts of Fe and Mg; the darker zones have lower Fe

and higher Mg than the lighter zones.

The aegirine-augite in the Type IV pegmatites has similar physical and optical

characteristics as that in the Type III pegmatites. In hand samples, the grains are black and

anhedral; in thin section, the pyroxene is euhedral to subhedral, green in colour with a dark

to olive green pleochroism. The aegirine-augite is pervasively fractured where it is associated

with britholite (Figure 5.164). Aegirine-augite grains range in size from 1 cm to 2 mm and

in abundance from 5-30%. Pyroxene grains from the Type IV pegmatites also display the

compositional variations observed in the Type III pyroxene (Figure 5 3l). The darker areas

in BSE images are associated with the grain boundaries, where aegirine-augite is in contact

with apatite, quartz and brithotite/allanite, again suggesting alteration (Figure 5 31). Chemical

compositions of Type fV pyroxene are listed in Table 5 7. The darker zones have a lower Fe

and Na abundance, but a higher Mg abundance than the lighter zones.

The data in Table 5.7 show that aegirine-augite crystals from the two pegmatites have

similar composition, in terms of both major and trace elements. The chemical
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Figure 5.30. Photograph of a BSE image of aegirine-augite in the Type III pegmatites.

Brightness differences indicate either primary zonng or alteration. Field of view is 300

microns of the long dimension. Mineral abbreviations are as follows: AA -aegirine-augite.
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7'able i. Z Cllemical cornpositions of aegirine-augite
iV pegrnatites. All chemical data were obtained frorn
presented in Appendix VII.
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Figure 5.3/. Photograph of a BSE image of aegirine-augite from the Type IV pegmatites.
Note the brightness differences similar to those in Figure 5 30. Field of view is 300 microns
in the long dimension. Mineral abbreviations are as follows: AA - aegirine-augite, AL -
allanite.
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differences caused by alteration are similar in aegirine-augite grains from each pegmatite:

variable Fe, Na and high Mg; this will be discussed further in chapter 6.

5.9. Feldsnar

A-lbite plagioclase and K-feldspar are very common constituents of felsic rocks,

especiaily syenites and associated pegmatites. Typically, they are not important hosts for the

REEs as the distribution coefficients for all the REEs (except Eu) are less than one

(Henderson, 1984).-Plagioclase and K-feldspar are present in the Type I, II, ilI and IV

pegmatites associated with the Eden Lake syenite complex.

In the Type Itr pegmatites, K-feldspar is red to pink in colour and has a maximum size

of 3 cm. Both microcline and orthoclase are observed, with abundances ranging from 5-75%o

(Table 4-2). Grain shapes range from anhedral to subhedral, with straight to curved crystal

margins (Figure 5.1). Some grains appear cloudy due to presence of very fine-grained

inclusions. Perthite with worm-like albite inclusions with a maximum size of 5 mm is visible.

The appearance of K-feldspar in the Type IV pegmatites is similar to that of K-

feldspar in the Type III pegmatites. It weathers red to pink with a maximum size of 3 cm.

Grain shapes a¡e dominantly anhedral with scalloped to straight margins, but some subhedral

shapes are present (Figure 5 16A). Orthoclase and microcline are both present, with

abundances rangmg from 5-40o/o. K-feldspar grains associated with britholite are commonly

fractured (Figure 5. 164).

The composition of K-feldspar from the Type III and IV pegmatites is given in Table

5.8. In terms of the major and minor elements, the compositions are identical, although for
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certain trace elements, the Type Itr K-feldspar gains have a wider range of abundance (Table

5.8) The amount of REEs present within the K-feldspar is the same in samples from both the

Type Itr and fV pegmatites, rangng from 1700 to 1900 ppm with Ce the most abundant REE

(Table 5 8); this REE content is higher than listed in the literature (Deer et al., 1989). In

addition, K-feldspar gains from both the Type III and IV pegmatites contain very low NarO

abundances, from 0-2 weight % to 0.8 weight o/o (Table 5.8; Appendix WII).

Plagioclase in the Type III pegmatites weathers white and has a maximum size of 3

cm. Compositions range from albite to andesine (An7 to 4n35, Michel-Levy method), with

the abundance ranging from 15-50o/o. Both albite and pericline twinning are visible. Grain

shapes range from anhedral to subhedral and crystal margins are straight to curved (Figure

5.68).

The plagioclase in the Type fV pegmatites weathers white, with a maximum grain size

of 2 cm. Grains are mostly anhedral, but there are a few subhedral grains; crystal boundaries

are straightto scalloped (Figure 5.164). Compositions range from albite to oligoclase (An8

to Anl2; Michel-Levy method). Both untwined and albite-twirured plagioclase are present;

the abundance ranges from 0-60%.

Chemical compositions of plagioclase grains in the Type III and IV pegmatites are

listed in Table 5.8; in terms of major and minor elements, the data is very similar for samples

from the two pegmatites. The abundance of some of the trace elements varies slightly between

the pegmatites: Ba contents are higher in the Type III plagioclase, while
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7'able 5-8. Representative cllemical cornpositions of K-feldspar and plagioclase grains irr
the Type III and Type IV pegrnatites. AII chemical data were obtained using EPMA.
Additional compositions are presented in Appendix VIII.
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Fe and Ca contents are higher in the Type IV plagioclase. The REEs total 350-500 ppm and

similar amounts are present in plagioclase crystals from both pegmatites.
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Chapter 6: Discussion

Examination ofthe pegmatite phases associated with the Eden Lake syenite complex

enables us to charactenze the nature and origin of these pegmatites. In addition, models for

the genesis of the RBB-enriched minerals within these pegmatites can be established.

Granitic rare element pegmatites have the most diversified and most en¡iched rare

element assemblages (Cerny, 199La). This class of pegmatites was originally defined by

Gnsburg et al. (1976), attd can be divided into a number of subtypes based on bulk chemistry,

geochemical signature of accessory minerals, internal structure and P, T conditions during

crystallization (Cerny, 1991a). Rare-element pegmatites represent late residual differentiates

that crystallize from volatile-en¡iched and rare-element-bearing melts that form as a result of

granitic differentiation on a plutonic scale (Cerny and Meintzer, 1988). Many rare-element

pegmatites are extensively mineralized and contain high amounts of the rare elements;

however, the main controls on the exploitation of such pegmatites are the shapes and sizes

(Cerny, 1991a).

Anorogenic plutons are comlnonly associated with rare-element pegmatites (Cerny,

1991a). Granite * rare element pegmatite systems of post-orogenic to anorogenic tectonic

affiliation are generaliy related to subvertical dilation structures; the pegmatites are located

eitherwithinthegraniteoralongitsmargins(Cerny, 199la) Mostmodelsforthegeneration

of rare-element pegmatites involve differentiation within the parent granite. Volatiles and rare

elements concentrate in pools or pods of residual melt during crystallization of the pluton; the

pegmatites form as these pools intrude into the already solidified parts of the pluton (Cerny,
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1991b). Emplacement ofthe pegmatites oæurs by three different mechanisms (Cerny, l99lb):

(i) filter pressing and/or gravitation convection, resulting in pegmatite concentration near the

top of the pluton or in a carapace of country rocks; (ii) crystal melt fractionation, resulting

in pegmatite concentration in a somewhat lower part of the pluton; and rarely (iii) buoyant

rise of local pegmatite-melt segregations, resulting in pegmatite concentration at one level

within the pluton.

7.1. Type I and Type II pegmarites.

The Type I and The Type II pegmatites are coarse-grained units with a similar

chemistry as the main monzonites and contain no unusual rare element-bearing accessory

minerals. The lack of a trace-element-enriched mineral population suggests that the melts

from which these pegmatites crystallized did not contain elevated amounts of rare elements,

suggesting (i) they were derived from melts depleted in incompatible elements, or (ii) the

melts had not undergone extreme differentiation that would have concentrated incompatible

elements- In this latter case, later melts were emplaced into a solidified syenite complex

cafapace before they had undergone significant differentiation, and rare-element enrichment

(Figure 6.1). The different mineral assemblages observed in these two pegmatite units

suggests that there were several stages of melt emplacement into the syenite complex,

probably from an external source. The more mafic composition of the Type I pegmatites is

consistent with them representing an earlier and more primitive
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Figure ó.,1. Schematic diagram illustrating the model for the origin of the Type I and II
pegmatites associated with the Eden Lake syenite complex (modified from Simmons et al.,
1987). The Type I pegmatites are shown in black and the Type II in the stippled patrern.
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magma injection. Two stages of melt injection would account for the crosscutting field

relations that indicate that the Type I pegmatites are older than the Type II pegmatites. As

these veins crosscut the mafic and felsic monzonite units, it is suggested that they are derived

from a younger monzonitic melt. A possible magmatic source for these melts is the younger

monzonite suite that surrounds the syenite complex (Figure 2 4; Table 2.L).

7.2 T)¡pe III oegmatites

MINERAL CRYSTALLTZ ATION

The sequence ofmineral crystallization in the Type III pegmatites can be determined

from the relationships between minerals and has important corurotations for the evolving

chemistry of the melt from which the minerals formed. A general paragenetic diagram is

shown in Figure 6.2; the crystallization sequence has been subdivided into early, middle and

late stages of crystallization @igure 6.2)

Early crystallization

The early stages of crystallization are represented by inclusions within minerals. these

include oscillatory-zoned allanite, thorite and apatite @igure 6.2). Strontianite and burbankite

occur as inclusions within titanite. This is somewhat problematic. If these minerals are early-

formed inclusions, it would require an early stage of pegmatite melt saturation with respect

to COr. Alternatively, if they represent alteration products of the titanite grains (cf. Schuiling

and Vint 1967;Pan et al, 1993), it would be consistent with a later period of hydrothermal

alteration by a CO¡rich fluid. Based on the current incomplete evidence of the chemistry and

structure of these carbonate minerals, it is not

118



EARLY LATE

Allanite

Thorite

Apatite

Titanite

Zircon

Andradite

K-feldspar

Plagioclase

Aegirine-augite

Quartz

Fluorite

Strontianite

Burbankite

Figure 6.2- General paragenetic diagram illustrating the sequence of mineral crystallization
within the Type III pegmatites.

i19

patchr' 9

fptchr' , osc/sec ,overp¡oudl

ccfltrc . osc o\.croro\\1h

--- - - t ?-- ---
,



possible to categorically deduce their origin.

Middle crystallization

Titanite and zircon crystals from the Type III pegmatites display a similar internal

stratþaphy of mineral growth. The growth history can be summarized as an early period of

random growth in the core, followed by a period of oscillatory growth followed by

crystallization of an overgrowth; these are separated by inegular contacts. To some degree,

this stratigraphy is observed in apatite crystals; apatiteinclusions have a patchy zoning, while

non-included grains contain oscillatory zoning. Titanite grains also have a sector zorung

pattern not observed in either zircon or apatite. Irregular contacts between areas within

crystals that contain different zornng patterns have been interpreted by Van Breemen et al.

(1987) as representing a period of crystal resorption. The period of resorption occurs as a

result of melt-mineral disequilibrium; the melt chemistry changes as a result of the influx of

new chemical components due to movement \ /ithin the melt. The characteristics of the zoning

patterns observed within apatite, titaîtte and zircon suggest that the zorung patterns

crystallized concuffently. The similarity of the internal growth stratigraphy suggests the

crystal growth mechanism was changing at the same time for all th¡ee minerals.

Apatite occurs both as separate grains and as inclusions within titanite crystals. There

were two stages of apatite growth. the early stage produced small, patchy zoned apatite

crystals that were incorporated into titanite during gowth; the late stage produced oscillatory

and unzoned crystals. The slightly curved grain boundaries of the apatiteinclusions indicate

that these have undergone dissolution; there must have been a period of apatite-melt chemical

disequilibrium between the two stages of apatite crystallization. The chemistry of the apatite
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inclusions within titanite and the separate apatite grains are very similar, suggesting that the

melts from which they formed had a similar chemistry. However, during the early stage of

apatite crystallizatio4 the melt was relatively enriched in Ce and La; at alater stage, the melt

was enriched in Si and CI (see Table 5.1). During the late stage of apatite crystallization,

incorporation ofvarying amounts of Siinto the growing crystal contributed to the oscillatory

zorung pattern.

Titanite gains have a very complicated crystallization history. The Type A and Type

B titanite grains have different internal characteristics with th¡ee consecutive zornngpatterns;

thus, there have been at least three stages of titanite growh. The embayed and irregular

contacts between these growth stages suggests there were at least three stages of titanite-melt

disequilibrium that resulted in partial dissolution of the titanite crystals. The first stage of

titanite growth produced patchy, discontinuously zoned crystals; darker patches incorporated

Sr, Zr, Nb, Pb and F while the brighter patches incorporated REEs, Fe, Th and U. The latest

stage of titanite crystallization produced an overgrowth or rin', with high REE and F contents,

around the margins of pre-existing titanite crystals. The middle stage(s) of titanite growth

produced both oscillatory zorung and sector zonng. The brighter oscillatory zones

incorporated trace elements, REEs and F. The { 111} sectors incorporated F and Sm while

the { 100} and {001} sectors incorporated M4 Na and Y. These two zoning patrerns may

represent either more than one stage of crystallization or coeval crystallization in different

parts ofthe pegmatite melt. The absence of some ofthese mfugpatterns within some titanite

crystals is probably a result of thin section orientation and cut.

Ztrconcontains three types of consecutive zoning patterns, suggesting at least th¡ee
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stages of zircon growth from the melt. The embayed outer margins of each of these zorung

[rpes suggests at least three periods of resorption of the zircon grains. The earliest stage of

zircon growth produced the less fractured cores observed in BSE images; the melt from

which this zircon crystallized was enriched with respect to the REES. The second stage of

zircon growth was charactenzed by the development of oscillatory zoning. Some crystals

appear to lack cores, probably as a result of thin section cut and orientation. The latest stage

of zircon growth is represented by the rims and overgrowths that surround zircon grains;

these rims incorporated Al, P, and REEs. The mottled areas within zirconcrystals are not

related to crystal growth, but rather result from chemical alteration of the zircon grains due

to metamictization The low Zr and IIf contents, and the low analysis totals, within these

zones are consistent with chemical analyses of metamict and altered zircons (Rubin et aI.,

1e8e).

Middle to late crystallization

The minerals in the Type Itr pegmatite that characterize middle to late crystallization

do not display a sequence of internal zorung patterns; these include andradite, K-feldspar,

plagioclase, aegirine-augite, quartz and fluorite. This suggests that there was only one stage

of crystallization from the pegmatite melt for each of these minerals. Andradite grains have

irregular embayments on the crystal faces, suggesting that these crystals were resorbed into

the melt as a result of chemical disequilibrium. The irregular grain boundaries observed for

K-feldspar, plagioclase, fluorite and quartz are likely a result of grain boundary interference

during crystal growtlr, rather than a period of dissolution.

Several minerals within the Type Itr pegmatites have been altered after crystallization,
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including andradite and aegirine-augite. The andradite underwent a period of alteration that

occurred after or at the same time as the development of the embayed outer margins. This

alteration produced darker coloured areas concentrated at the crystal margins near

embayments and along cracks within the andradite. These areas lost A-l and gained Fe during

the aiteration event. Darker coloured areas in BSE images of aegirine-augite grains suggest

that the pyroxene underwent a period of alteration. These signifu that hydrothermal fluids

have invaded the Type III pegmatites after crystallization.

K-feldspar crystals from the Type III (and IV) pegmatites have Or contents of Or95

to 0196 (Table 5.8). In syenites and associated pegmatites, K-feldspar commonly occurs as

perthite, cryptoperthite or microcline perthite (Deer et al., 1989). However, perthite occurs

in relatively low abundances within the Type III pegmatites and in most grains, no solid

solution between K-feldspar and albite is visible. These features indicate that the K-feldspar

is not now ofplutonic origin (Deer et al., 1989); it is more likely that the K-feldspar crystals

have undergone recrystallization. Recrystallization of the K-feldspar due to interaction of a

hydrothermal fluid can cause changes in the coarseness and regularity of exsolution (or

perthitic) textures @arsons and Brown, 1984). This recrystallizationwould have occurred at

temperatures less than 400oC and resulted in the removal ofNa from the K-feldspar @arsons

and Brow! 1984) The elevated REE contents withinK-feldspar crystals in the Type III (and

fV¡ pegmatites might also be related to recrystallization by the hydrothermal fluid, but more

likely, they are related to the original crystallization of the K-feldspar.
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DEVELOPMENT OF MINERAL ZONING IN TYPE Itr PEGMATITES

Compositional zoning patterns in crystals can provide a detailed record of growh

processes (Reeder et aI., 1990). The two principle zonrngpatterns observed in minerals

include concentric or oscillatory zorung and sector zorung (Reeder et al., 1990). Random,

discontinuous zoning patterns are also found (Vance, 1965; Anderson, 19g4). Compositional

zoning may reflect: (i) depletion or change in the supply of chemical constituents during

crystal growth; (ii) reaction or homo gernzation after initial growth; or (üi) chemical

inequalities produced during govvth along different crystallographic directions (Kwak, l9g1)

The presence of several zoning patterns within one crystal reflects changing melt conditions;

these may be the result of movement of the crystal to a new location within the melt, or an

influx of certain chemical components into the areas where the crystal is forming. Equilibrium

conditions between the crystal and the melt favour the development of zones of slightly

variable composition.

Patchy, discontinuous zoning is not commonly described in the literature. Anderson

(1984) suggests that patchy zoned regions in oscillatory zoned plagioclase developed during

episodes of greater plagioclase supersaturation and faster crystal growth. Vance (1965)

suggests that patches of unzoned plagioclase within oscillatory zonedplagioclase formed by

resorption and deposition. Intense corrosional charurelling of the interior of zoned plagioclase

cores and relatively weak attack on their outer portions caused the patchy appearance.

Resorption of the plagioclase resulted from a decrease in the hydrostatic pressure related to

boiling offof late stage volatiles (Vance, 1965) Renewed magmatic crystallization filled

patches within the zoned plagioclase cores (Vance, 1965). Neither of these models explain
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the features observed in the patchy-zoned regions; these may represent amalgamation of a

number of discrete nuclei that were formed during a period of melt supersaturation with

respect to apatite and titanite.

Oscillatory zontng is a common and normal form of crystal gowth and has been

documented in many accessory minerals (eg. Jamtveit,I99l;Halden et al., T993). It is most

commonly interpreted as reflecting temporal changes in bulk composition, redox state,

temperature or pressure within the fluid from which crystallization of the mineral occurred

(Reeder et a1.,1990). Oscillatory zonng has also been interpreted to represent non-linear

dynamical interplay between growth rate and solute diffirsion through crystal boundary layers

or surface adsorption of growth inhibitors as well as self-organi zationduring crystal growth

(Reeder et al., 1990; Wang and Merino,lgg2). Oscülatory zorungalways varies between two

compositional extremes. During the development of the oscillatory zoning, the magma

surrounding the growing crystal is quiescent; the rate of crystatlization is therefore less than

would be the case if the crystal had moved around. Diffi-rsionJimited crystal growth in a

multiply-saturated chemical system invites kinematically controlled feedback, whereby the

crystal disturbs the chemistry of the melt surrounding it. The oscillatory zorungin apatite,

titanite and zircon resulted f¡om a period of diffirsion-controlled growth mechanics.

Sector zoning is related to crystal growth by addition of new material on rational

crystal faces, suggesting chemical disequilibrium between the crystals and the melt @aterson

and Stephens, 1992). Sector zoning refers to a compositional difference between coeval

grol¡/th sectors or portions of growth sectors within a crystal (Reeder and paquette, 19g9).

It is a consequence ofthe non-equivaience of surface cation sites on growing crystal faces and
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it is preserved where crystal growth occurred at a faster rate than the rate of diffirsion

(Nakamur4 1973; Searl, 1990) The presence of sector zoned Type B titanite grains indicates

disequilibrium partitioning that was the result of directionally non-uniform growh kinetics

of individual titanite crystals @aterson and Stephens,1992).

The overgrowths represent a last period of mineral saturation within the melt; this

resulted in crystal growth around old nuclei. These overgrowth reflect a change in the

chemistry of the surrounding melt, or a different fluid source (Rubin et al., l9g9).

The unfractured, unzoned cores in zircon crystals may represent either early

crystalJtzation of homogeneous nrconor solid state recrystalliz¿116n of early oscillatory zoned

zircon @idgeoq 1,992). The high contaminant content (REEs, Th and tI) distort the zircon

structure, making it unstable and susceptible to recrystallization at low temperatures, without

changing the crystal shape (Pidgeory 7992). Recrystallization may have occurred immediately

after crystallization at high temperatures or later, as a result of low temperature sustained for

a long period of time (Pidgeon, l99Z).

ORIGIN OF THE TYPE III PEGMATITES

The Type fII pegmatites contain trace element-enriched minerals, including titanite,

apatite, zircon, andradite, oscillatory zoned allanite, thorite and burbankite. The melt from

which Type Itr pegmatites formed was enriched in volatiles and trace elements. This means

that the Type Itr pegmatites are rare-element pegmatites according to the definition of Cerny

and Meintzer (i988) The melt from which the pegmatite formed was a late residual

differentiate; the similarity of mineral assemblages found in the Type III pegmatites and the
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mafic and felsic monzonites suggests that these pegmatites represent the last stages of

crystallization from the syenite complex melt.

It is difficult to constrain the source ofthe REEs present within titanite, apatite, zircon

and the early inclusions within the Type III pegmatites There are two possible sources. (i)

concentration during crystallization of the main phase syenite; the pegmatites are therefore

the result of pluton-scale differentiation due to crystal fractionation; or (ii) re-introduction and

mixing of the REE- and volatile-enriched immiscible vapour phase that separated from the

main phases of the complex during crystallization (see Chapter 4). The former model seems

the most likely; the REEs were concentrated in the Type III pegmatites as the result of

fractional crystallization ofthe felsic monzonite melt. The separation of the REE- and volatile-

enriched vapour phase during the evolution of the main syenite complex removed the bulk of

these elements from the residual melt (Halden and Fryer, submitted). Some of the residual

incompatible elements were incorporated into minerals such as apatite, titanite and zircon in

the high silica group (see Chapter 4). Fractional crystalli zationof the syenite melt would have

concentrated the rest of the incompatible elements in the residual melt (Arth, Ig76).

The model for the formation of the Type III pegmatites is shown schematically in

Figure 6.3. As the intrusion cooled, fractional crystallization controlled the composition

evolution of the complex from the mafic to felsic monzonite. Type III pegmatites formed, as

irregular patches, where there were concentrations of volatiles (Figure 6 3) The Type III

pegmatite mineralogy can vary, and this may be due to various volatile-rich pockets having

slightly different bulk compositions.
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7.3. Type IV pegmatites

MINERAL CRYS TALLIZ ATION

The Type IV pegmatites contain, in general, the same minerals as the Type III

pegmatites, except for the REE-bearing phases allanite and britholite; the occurrence of

allanite is different than in the Type III pegmatites as within the Type IV pegmatites, allanite

occurs as irregularly shaped grains, not as inclusions within titanite (see Chapter 5). Mineral

relationships within the Type IV pegmatites indicate that the sequence of mineral

crystallization is almost the same as that of the Type III pegmatites @igure 6.4). However,

the sequence of crystallization is complicated by allanite and britholite; both of these are

interpreted to represent late stage crystallization within the Type IV pegmatites (Figure 6 4).

Apøtite

There are some small difference in the characteristics of apatite in the Type IV pegmatites

compared to the apatite gains in the Type III pegmatites. The apatite grains within the Type

fV pegmatites do not occur as inclusions within titanite, but this is probably the result of thin

section cut and orientation. The extensive alteration observed in the Type IV apatitecrystals

is not observed in samples from the Type Itr pegmatites. The chemistry of apatite grains from

the Type IV pegmatites is also significantly different, in terms of trace element abundance,

especially REE content, than the chemistry of apatite crystals in the Type III pegmatites

(Table s.1).

Titanite

Titanite crystals in the Type IV pegmatites are equivalent to Type A titanite crystals

from the Type III pegmatites, without patchy-zoned cores, but this is probably the result of
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EDEN LAKE
SYENITE COMPLEX

Pegmatite aureole

Mafic monzonite

Figure ó.3. Schematic diagram illustrating the model forthe origin of the Type III pegmatites,
shown in the light stippled pattern (modified after Simmons et al., T987). They formed by
cry stallization of p o o I s of volatil e- enri chment.
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Figure 6.4- General paragenetic diagram showing the sequence of mineral crystallization
within the Type IV pegmatites.
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thin section cut and orientation.

K-feldspar

K-feldspar grains within the Type tV pegmatites lack perthitic textures and have high

Or contents that suggest recrystallization of these grains has occurred, as in the Type III

pegmatites.

REE-carbonate

rveloganite is the REE carbonate found within titanite grains

pegmatites. It is interpreted to have the same orign as the carbonate minerals

III pegmatites discussed earlier.

Allanite

in the

within

Type IV

the Type

Allanite is one of the last minerals to form in the Type IV pegmatites. Several unusual

features constrain its origin, including: (i) its unusual chemistry with respect to the other

pegmatite minerals (except britholite); (ii) its embayed and irregular contacts with other

pegmatite minerals including britholite; and (üi) its occurrence as rims around other pegmatite

minerals.

The chemistry of allanite is quite dissimilar from the silicate minerals (aegirine-augite,

K-feldspar, plagioclase, quartz) and apatite with which it occurs. Compared to these, allanite

is significantly enriched in REEs, thus it must have crystallized from a REE-enriched fluid.

The irregular and embayed contacts observed between allanite and the other pegmatite

minerals such as apatite, feldspar, aegirine-au gite, quartz and zircorq suggests that its growth

was not in chemical equilibrium with the host minerals. The rims of allanite were formed as

a REE-enriched fluid moved into the pegmatites. Since the easiest passages were the grain
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boundaries between crystallized minerals, the fluid likely moved along these boundaries. As

a result of the chemical disequilibrium between the pegmatite minerals and the fluid,

dissolution occurred, and allanite was precipitated in the resulting void space. The irregularity

of the contacts is consistent with the reaction of a fluid with different chemistry with aegirine-

augite, K-feldspar, plagioclase, qLlattz, apatite and zircon. Possible sources of the allanite-

producing, REE-enriched fluid will be discussed in a later section.

The irregular contacts observed between allanite and britholite suggest that the two

minerals were not in chemical equilibrium with one another during growth. The problem

becomes a matter of determining whether allanite or britholite crystallized first in the Type

IV pegmatites. It is therefore important to examine allanite-britholite contacts in detail. In

some are¿N, allanite outlines britholite poþgons and allanite rims follow polygonal boundaries

into the britholite (Figure 5.16C). This suggests that the fluid which produced allanite moved

along polygonal boundaries within the britholite; therefore the britholite poþons formed

first, before crystallization of allanite. Allanite and britholite should have formed from

different REE-en¡iched fluids injected into the pegmatites at different times.

The argument against this model is one of scale. Individual britholite polygons have

a maximum size, determined from BSE images, of 200 microns; those polygons outlined by

allanite a-re on the order of several mm (Figure 5. 16C; Figure 5. 17). Therefore, allanite does

not outline individual poþons of britholite and the fluid that produced allanite could not have

moved along individual britholite polygonal boundaries. The inegularity of the contacts

between allanite and britholite represent a reaction texture similar to what is observed

between allanite and the other pegmatite minerals. Therefore, allanite must have been present

132



in the Type IV pegmatites before the formation of britholite. The reaction texture suggests

that although both allanite and britholite formed from REE-enriched fluids, they did nor form

at the same time, and probably not from the same fluid. However, if they formed from the

same fluid, its chemistry must have been modified after the crystallization of allanite by further

reaction with the other pegmatite minerals, in order to achieve saturation with respect to

britholite, again suggesting that the crystallizationof allanite and britholite is not coeval.

Random, discontinuous zoning is observed in only a minority of atlanite grains,

signifying it is most likely a result of alteration. The almost completely isotropic nature of

allanite in the Type IV pegmatites indicates that it is metamict (Smith et a1.,1957, Morin,

1977). Allanite contains 900-7000 ppm U and Th (Table 5.5; Appendix V) and associated

britholite contains 14000-15000 ppm U and Th (Table 5.4; Appendix IV); allanite alterarion

can therefore be attributable to metamrctization by either allanite or britholite (Pan and Fleet,

1990). Fractures within allanite, and within associated silicate minerals and apatite, are the

result of expansion due to alteration and hydration of either the allanite or britholite (Deer et

al., 1986).

Britholite

Britholite is the last mineral to crystallize in the Type IV pegmatites, after other REE-

bearing accessory phases such as apatite, titanite, zircon and allanite (Figure 6.4). The most

unusual features of the britholite are: (i) its unique chemistry with respect to the host minerals,

except allanite; (ii) its irregular and embayed contacts with the host minerals; (iii) its lack of

a well defined crystal structure; and (rv) its distinct polygonal texture.

Like allanite, britholite chemistry is quite distinct from that of the other pegmatite
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minerals; compared to these, it is REE-, F- and P- enriched. The embayed and irregular

contacts observed befween britholite and other pegmatite minerals suggest that the fluid that

produced britholite reacted with these minerals.

The absence of well-defined crystal structures in the britholite polygons might be

explained by metamiøuationofthe britholite. If this were the case, however, preservation of

the distinct, sharp polygon boundaries, assuming they represent an original crystallization

texture, would be unlikely. The absence of a crystal structure might also be explained by

amorphization of the britholite. Amorphization is the transition from a crystalline to an

aperiodic or amorphous state, it is the result of radiation-induced phase instability (Weber,

1992). Amorphization results from a high local defect concentration that leads to the

spontaneous collapse of both the local crystal structure and long range order when the free

ener9Y of the high defect region becomes equal to that of the amorphous state (Swanson et

al., I977; Weber, 1992). SelÊamorpl'ttzation is the result of the emission of alpha-decay

events in the U and Th radionuclide series within the mineral of interest (Eby et al., l99I),

thus the amorplttzation of the britholite might have been caused by the decay of U and Th

within the britholite.

Polygonal textures with straight to slightly curved grain boundaries formed during

conditions of minimum surface free energy of any incipient structures (Vernon, 1976). Such

textures are colnmon in annealed and sintered materials (Vernon, lg76).If the polygonal

texture represents an annealed or sintered amorphized britholite, then this would require a

period of elevated temperatures that post-dates the crystalli zationand amorphi zationof the

britholite. This is problematic as the rest of the minerals within the pegmatites have a clearly
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distinguishable þeous texture with no evidence of any dynamothermal metamorphism. The

temperature required for the annealing process must have been high enough to anneal the

britholite and low enough not to have affected any of the other pegmatite minerals.

It is possible that the production of the polygonal texture may be related to heat

generated during the amorphization process. However, this is unlikely as heat produced by

amotphization would be insufficient to cause annealing of the britholite (8. Finch, personal

communication). Studies on amorpllzed CELa"(SiOu)uO, crystals with the apatite structure

indicate that selÊannealing does not occur at temperatures up to 500oC (Weber and Wang,

1993). Alternatively, and more likely, the heat might have been imposed on the system from

an external source, but it did not cause significant recrystallization in anything but the

britholite, and possible the K-feldspar (see pages I24 and L3l).

Britholite alteration.

The vermicular texture seen at the polygon grain boundaries points to the britholite

having undergone a period of hydrothermal alteration after development of the polygonal

texture. The fluid that altered the britholite grains was forced through the britholite along the

polygonal boundaries; alteration proceeded from the polygon margins into the interiors. The

contacts of britholite and other pegmatite minerals must have also controlled the fluid

mobility, as the most altered portions of the britholite grains tend to occur closest to contacts

with other minerals. The presence of more than one alteration front can be explained if: (Ð

there were several stages of fluid ingress into the britholite, where during each event, the

polygonal boundaries acted as the loci for fluid movement; or (ii) chemical buffering of the

fluid chemistry occurred as a result of initial alteration of the britholite by the fluid. The timing
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of fluid(s) ingress into the britholite is constrained to after the formation of the polygonal

boundaries.If this fluid was at elevated temperatures, then it is possible that heat preceding

the hydrothermal alteration of britholite caused annealing of britholite. The possible sources

of this hydrothermalfluid will be discussed inarater section.

The britholite grains in the Type IV pegmatites have undergone hydration and

exchange reactions. The fluid was rich in OH and Cl, as it moved along polygon boundaries,

it removed F, Ce andLa from the britholite while OH and Cl were incorporated into the

britholite. The REEs and F were probably transported out of the system as complexes

(Flumphris, 1984) Further comparison ofthe chemistry ofthe altered and unaltered britholite

highlights some unusual features. The mole proportion of U and Th in the altered and

unaltered britholite is constant, suggesting that they were not affected by the fluid alteration.

This contradicts previous work which suggests that U and Th are mobile under hydrothermal

conditions (Pan et al., T993).

ORIGIN OF TYPE IV PEGMATITES

There are a number of features comrnon to both the Type III and IV pegmatites,

evident from comparative studies of samples from the two pegmatites. Similar features

include: (i) pegmatite mineralogy, except for allanite and britholite in the Type IV pegmatites;

(ii) mineral chemistry, in terms of major, trace and REE abundance, in titanite, zircon,

aegirine-augite, K-feldspar, plagioclasg fluorite and quartz; and (iii) mineral growth histories

in titanite, apatite and zircon where early crystallization is characterized by a period of

irregular growth and late crystallization is charactenzed by oscillatory patterns. These
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similarities indicate that the Type III and IV pegmatites are genetically related.

There are two possible models that can explain the genetic association of the Type III

and fV pegmatites: (i) the Type tV pegmatites represent further differentiation of the melt that

produced the Type Itr pegmatites; or (ü) the Type fV represent Type III pegmatites that have

reacted with REE-en¡iched fluids. Key observations in deciding which is the most reasonable

model are: (i) the very REE-enriched signature of the Type IV pegmatites; (ii) the presence

of the extremely REE-enriched minerals allanite and britholite compared to the other REE-

bearing minerals; and most importantly, (iii) the irregular and embayed contacts indicative of

chemical disequilibrium observed between allanite and britholite and the other pegmatite

minerals. All ofthese features suggest that achemically reactive fluid was introduced late to

some of the Type III pegmatites and then reacted with the mineral assemblage.

The Type fV pegmatites are associated with shear zones within the syenite complex.

Shear zones and faults are zones of weakness within rocks and frequently actas paths for

fluid migration. It is possible, therefore, that the REE-enriched fluids were introduced to the

Type Itr pegmatites along shear zones. This places a time constraint on the origin of the Type

IV pegmatites; they must have been formed after the crystallization of the Type III pegmatites

and after the solidification of the ma^fic and felsic monzonite and after the development of the

shear zones.

ORIGIN OF ALLANITE AND BRITHOLITE FLLIIDS

Possible sources for the REB-en¡iched fluids that crystalltzed allarute and britholite

in the Type IV pegmatites include: (i) a ftuid of magmatic origin genetically related to the
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syenite complex that is enriched in trace and incompatible elements; or (ii) a genetically

unrelated fluid of either meteoric or magmatic provenance that was enriched in REEs. The

association of the pegmatites with the syenite complex and their compositional similarities

suggest some sort ofgenetic association. The most evolved silica-rich rocks associated with

the Eden Lake syenite complex have very low REE contents; it was postulated earlier that

separation of a F-, P- REE-enriched vapour phase, late in the evolution of the complex, might

account for depletion ofthe REEs in the high silica group and enrichment of the REEs in the

pegmatites (Chapter 4; Halden and Fryer, submitted). The nature ofthis enrichment is difficult

to constrain in the absence of experimental data. The corroded contacts between the

allanitdbritholite assemblage and the other pegmatite minerals within the Type IV pegmatites

is consistent with alteration by a late fluid; however, the source of such a fluid is unclear. If

the syenite intrusion continued to solidift inwards after crystalltzationof the mafic and felsic

monzonite units, the F-, P-, REE-en¡iched fluid may represent the last residua of

crystallization that was ultimately trapped in the interior of the intrusion. The suggestion that

there was separation of a vapour phase during the evolution ofthe complex implies something

different, however. In this case, REE-enrichment might have been achieved by a sudden

change in pressure or temperature, resulting in the nucleation of a F-, P-enriched vapour

phase that scavenged REEs. In either case, the chemically reactive fluid appears to (i) have

migrated along fractures and (ii) pervasively and irregularþ altered Type III pegmatites to

Type IV pegmatites.
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7.4. Nature and origin of fluids.

The model described in Section 7 .3 for the formation of the Type IV pegmatites

requires the reaction of one F-, P-, REE-en¡iched fluid with the Eden Lake syenite complex

to produce the allanite and britholite. However, it was noted that the britholite polygonal

boundaries have also been altered, suggesting later ingress of fluids to the intrusion. These

later fluids may have been of hydrothermal origin. They may even represent alteration of the

intrusion by fluids whose circulation and convection were caused by the intrusion itself. What

is not clear is how much time had elapsed between the formation of the allanite and britholite

and alteration of the britholite poþons.

F-, P-, REÐ-enrichedphase: physical and chemical constraints

The dominant volatile phase in the melt imposes significant controls on the behaviour

of the syenite melt (Dingwell, 1988). Bulk chemical analyses of the samples from the Eden

Lake syenite complex indicate elevated fluorine contents but low water contents (ÉIalden and

Fryer, submitted), suggesting that fluorine is the dominant volatile phase. Fluorine acts as a

complexing agent responsible for the aqueous phase transport of various elements (Dingwell,

1988). With respect to a hydrous vapour phase, fluorine preferentially partitions into the

granitic pegmatite melt phase, but in the absence of a significant amount of water, a cooling

fluorine-bearing vapour phase would deplete fluorine in the syenitic melt (Flynn and

Burnham, 1978, Dingwell, 1988).

Experimental studies have reported the presence of silicate-fluoride liquid immiscibility

textures in granitic melts (eg. Levin et al., 1964; Anfilogov et a1.,1973; Kovalenko, 197g).

An investigation by Manning (1981) suggests that if immiscible fluoride and silicate liquids
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MONZONITE WITH
PEGMATITE AUREOLE

Britholite
REE- vapour

segregation

Figure ó.5. Schematic diagram illustrating the origin of the Type IV pegmatites associated
with the Eden Lake syenite complex; the Type III pegmatites are shown in a stippled pattem
(modified after Simmons et al., 1987). The Type fV pegmatites were formed by reaction of
Type III pegmatites with a REE- and volatile-en¡iched magmatic fluid. Subsequent
hydrothermal alteration has also affected the pegmatites; in this case, the hydrothermal fluid
is urnelated to the complex.
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do exist then they must exist only in extremely F-rich melts with F concentrations of several

weight percent (Kovalenko,1978). These experiments were done in the presence of excess

wateq not in a system where F is the dominant volatile phase (Manning, l98l), as is the case

with the Eden Lake syenite melt. The transport of the rare-earth elements in hydrothermal

fluids for any distance requires the formation of carbonate, fluoride or sulphate complexes

(Humphris, 1984) Cerium is easily transported because of its conversion to a 4* oxidized

state which enables it to be re-mobilized more readily than the other rare earth elements;

lanthanum often shows similar behavioral trends although it does not oxidize (Humphris,

1e84).

Distribution of the F-, P-, REE-enrichedphase

During the late stages of fractional crystallization ofthe syenite melt, it is possible that

the REEs (and other incompatible trace elements such as Y, IJ, Th) were removed from the

syenite melt by complexing with fluorine; such a vapour phase could then be re-introduced

to the syenite complex to reacted with some of the pegmatites associated with the complex.

It is not reasonable to assume that the vapour phase was introduced to only a few shear zones

and reacted only with pegmatite minerals that it encountered in the shear zones. Ratheq we

would expect a wider distributio4 interaction and reaction between the vapour phase and the

main units of the syenite complex. Other parts of the syenite complex not associated with

shear zones should therefore show the effects of some reaction with the vapour phase. This

type of effect can be seen on the hand sample scale (cf McRitchie, 1989). As mentioned

earlier, a considerable proportion of the intrusion is obscured by overburden, so it is hard to

estimate the volume of the F-, P-, REE-enriched fluid that has altered the complex. It is
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interesting to note that the overburden contains significant amounts of Sr, Ba and REEs

(Fedikow et al., L993; I99$ which might suggest the alteration was widespread.

Fluids responsible for britholite alteration

The fluid alteration of britholite occurred late in the history of the Type IV

pegmatites; it probably occurred at elevated temperatures in order to cause annealing of the

britholite. The source of the fluids responsible for the alteration of the britholite polygons is

unknown. This is a question that might be addressed by fluid inclusions and stable isotope

studies. It is worth noting that other minerals such as andradite, aegirine-augite and K-

feldspar do show some effects of recrystallization.It is also possible, if the REp-bearing

carbonates found as inclusions within titanite, that these could also be connected with a late,

possibly hydrothermal alteration event.

Fluid activily associatedwith other REE deposits

Fluid activity, both magmatic and meteoric, is important for the development of many

REE deposits hosted in granitic rocks. These include both the Strange Lake deposit,

Labrador/P.Q., and the Rodeo de Los Molles deposit, Argentina.

The Strange Lake pluton is a peralkaline granite, located within the Nain province of

the Canadian Shield (Cunie, 1985). The Strange Lake pluton has been dated at 11g9 + 32¡r¿¡a

pillet et al., 1989) and therefore it has been suggested that the pluton is related to the Gardar

anorogenic event in Greenland (Upton, 1974; Curne, 1985; Pillet et al., 1989; Salvi and

\{illiams-Jones, 1990). The pluton contains an unusual niobium-zirconium-rare earth deposit

(Zajac et al., 1984). Evolution of the Strange Lake pluton is unusual because the

concentration in Be, Zr, and REEs was marked by a decrease in alkali content, decrease in
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agpaitic index and increase in Ca content (Cunie, 1985). This can be accounted for by

alteration of the pluton by an anhydrous F- (and Ca-) enriched fluid that contained REEs and

Zr complexed with F (Currie, 1985). Fluid inclusion studies indicate that a number of

successive alteration events occurred (Salvi and Williams-Jones, 1990) An early Ca

metasomatic event involved the interaction oftwo immiscible fluids, one of high salinity CaCl,

and the other of CHo, with a third low salinity fluid containing NaCl. The y and REE

mineralization occurred after significant mixing of the high and low salinity fluids; fluorite

deposition caused a reduction of ligand concentration which allowed precipitation of the

REE-bearing minerals to occur at temperatures less than 200oC (Salvi and Williams-Jones,

1990). The high salinity fluids were associated with basement gneisses near the Strange Lake

pluton; they represent ground or formational waters that were heated by the intrusion of the

Strange Lake pluton. The low salinity fluids represent oxidizing ground waters that circulated

within the pluton. The REEs, Zr and Y were already present within the pluton and were

locally remobilized and concentrated (salvi and williams-Jones, 1990).

The Rodeo de Los Molles REE and Th deposit is located in granitic rocks of the Las

Chacras batholith in central Argentina (Lira and Ripley, 1990). The Las Chacras batholith has

beendated at320-335 Ma(K/Ar; Brogioni, 1987);itformedduringthelaststagesof a

continental arc cycle in the Lower Carboniferous (Rapela et a1.,1990). The deposit is hosted

within a hydrothermally altered zone of alkali feldspar granite and syenite within a biotite

monzogranite (Lira and Ripley, 1992). The mineralogy of the REE deposit is markedly similar

to that of the Type IV pegmatites within the Eden Lake syenite complex. The primary mineral

assemblage includes apatite, titanite, and alteration products include fluorite, britholite and
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allanite (-ira and Ripley, T992). Fluid inclusion studies indicate that there has been a complex

history of open-system fluid migration and interaction with the host rocks (Lira and Ripley,

1990). The fluids that produced allanite and britholite were of magmatic origin and were

channelled from the base of the intrusion to the top (Lira and Ripley, 1gg2). Later meteoric

fluids were involved in alteration of the REE minerals at temperatures less than 200oC (Lira

and Ripley, 1992). The REEs were present in other minerals within the pluton and were

redistributed and concentrated by the magmatic fluids.

The Type IV pegmatites associated with the Eden Lake syenite complex underwent

fluid alteration similar to the model proposed for the Rodeo de Los Molles deposit. The fluid

that produced the REE deposits was magmatic in origin and was channelled into the

pegmatites along shear zones to the top of the complex @igure 6.4). The fluid reacted with

pegmatite minerals to produce a REE-enriched pegmatite. Like the Rodeo de Los Molles and

the Strange Lake deposits, a number of hydrothermal events have altered the Eden Lake

pegmatites afterREE mtneralization. Unlike the Rodeo de Los Molles and the Strange Lake

deposits, the REEs were already concentrated in a fluid phase by complexing with F during

separation of an immiscible vapour phase; the REEs were not remobilized from other minerals

within the syenite complex.
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Chapter 7: Conclusions

The Eden Lake syenite complex is a multiphase anorogenic intrusion with alkaline

characteristics that is associated with four different pegmatite units. Mineralogical and

geochemical studies of these pegmatites indicate they have complex and varied origins. In

additioq the Eden Lake syenite complex and associated pegmatites have been affected by a

number offluid alteration events, similar to other granitic intrusions that host REE deposits.

The Type I and Type tr pegmatites contain no RBE-en¡iched accessory minerals and

are not genetically related to the syenite complex. Rather, these pegmatites represent multiple

injections ofundifferentiated granitic melt from a younger monzonite suite in the Eden Lake

areas. The Type I mafic pegmatites represent the oldest injection from this magma.

Pools of residual melt with high volatile content and a slight enrichment in

incompatible rare elements crystallized to form the Type III pegmatites after crystallization

of the mafic and felsic monzonites. Within the Type III pegmatites, REEs, and other trace

elements such as U and Th, were incorporated into apatite, titanite and zircoq as well as

strontianite and burbankite. Apatitq titanite and zircon display a similar crystallization history;

the early stage of growth is charactenzed by the development of discontinuous, patchy

zoning, the result of supersaturation within the pegmatite melt. The second stage of growth

is characterized by the development of both oscillatory and sector zorungthat result from

diffi.rsion-controlled growth. The last stage of growth resulted in the formation of an

overgrowth around pre-existing crystals. These REE-bearing phases are among the earliest

to crystallize in the pegmatites; later minerals include andradite, aegirine-augite, K-feldspar,

plagioclase, qvartz and fluorite. Decay of U and Th within zirconcrystals has resulted in
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metamictization of the Type III zircons.

A number of characteristics suggest the Type IV pegmatites represent Type III

pegmatites that have been altered by REE-enriched fluids, including mineralogy, mineral

chemistry, both major and trace element abundances, and mineral growth histories. The REE-

enriched fluids were introduced to some Type III pegmatites along shear zones and fractures

within the syenite complex. Reactions between the fluids and the pre-existing pegmatite

minerals, including apatite, titanite, zircon, aegirine-augite, quartz, K-feldspar, plagioclase and

fluorite, occurred, followed by the crystallization of first allanite, then britholite. The source

ofthe REE-enriched fluids is most likely a F-. P-, REE-en¡iched vapour phase that separated

from the syenite complex during crystallization of the mafic monzonite. The decay of U and

Th within britholite caused amorphization of the britholite, alteration of allanite and resulted

in the fracturing of associated minerals. The poþonal texture observed in the britholite is the

result of annealing of amorphized britholite. The heat responsible for the annealing was

related to late hydrothermal alteration ofthe britholite; the alteration post-dates the annealing.

The hydrothermal fluid moved along britholite polygonal boundaries and may have been

chemically buffered by the britholite.

As this study is the füst to examine the minerals within the pegmatites associated with

the Eden Lake syenite complex in detail, it raises several questions that need to be considered

in future work. (i) What are the sources and relations of the various hydrothermal fluids that

have altered both the Type III and Type IV pegmatires? (ii) What is the origin of the

inclusions, thorite and oscillatory-zoned allanite, in the Type III pegmatites (iii) What are the

origin and relationships of the strontium carbonate minerals, strontianite, burbankite, and
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weloganite associated with titanite? Much work remains to be done in order to fully

comprehend the REE-enriched pegmatites associated with the Eden Lake syenite complex.
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APPENDIX I: APATITE
cher¡ical compositions of separate apafite grains in the Type III pegmatites

Locarion 5AI-AP3-2 sAt-Ap4-l sd,t-apz-z ser-np¡ffi
@outk Light Lighr Lighr unzonedcao (r) hP2.,5 39 637 39.101 38.569 3g.4s 38.438 3g.4sio2 0 312 0 565 0.78s 0.ós o s2s o.s22FeO 0019 0 0093 O 0.012 0.009MnO 0 0ól 0.011 0.011 0.01ó 0 035 0 054Mgooooooo
Na2O O 107 0.073 0 0. 163 0. 133 0SrO 0.8 0.7g _ 0 98 3 o 756 _F 3 805 4.16 3 801 3.765 4.t3 3.89scl 0 003 0.031 0 03 0.001 0 0t 0.047

3 801

003
ozq+ - 1.70.5 tolTTOTAL 98.524 97.543 95.827 99.482 97.719 96.686Ba (ppm)

Y
La
Ce

Nd

Sm

Gd

134

290
480

2090
2620

610

0

63

580

410

2600

2590
310

260

0

I 950

1570

4660

4800

I 340

r10

618

980

610

2910
3090

490

550

Location 5At-Apl-2 SAt-Apl_3 Set_epZ_r
Zoning Unzoned Unzoned Unzoned
CaO (t)
P2O5 39 839 40.334
si02
FeO

MnO
Mgo
Na2O
SrO

F

CI

0 377

0 00t
0

0

0

3 799

0 047
4 415

0.007
3 84;
0 027

0.137
3 8.7

0 769

0.08s 0
0013 0

00
00

REE203 (2ì

-

TOTAL
Ba (ppm)
Y
La

Ce

Nd
Sm

Gd

(l) Major and rrace element uUunA*õ liniÇttlo*nr oxide and ppm,
respectively) from EpMA.
(2) REE2O3 is sum ofREE abundances
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APPENDIX I: APATITE
Chemical cornpositions of apatite inclusions within titanite grains in the Type III
pegmatites.

Locafion
PIXE

547-APt-4 5A7-APz-l 5A4-APl-4 5A4-AP1-5

Aprl0_95.
5A4-AP2-2

CaO (l)
P205
sio2
FeO

MnO
Mgo
SrO

F

CI

Dark Patch Dark Patch t Patch ieht Patch
53 845

38 725

0

0

0.061

0

3.885

0.002

546
39 7s5

0

0.06

0

0

4 304

0 005

54 939
40.273

0

0

0.067

0

4.276

0.024

53.8r4
38.243

0

0 166

0 038

0

0.168

4 001

0

Patch
54 669

39.949

0

0

0.0t I

0

4 098

0
REE2O3
TOTAI, 99 579 96.518

1.535

98.72797.96s
Ni (ppm) (3)
Cu

Zn
As

Y
Ba
La
Ce

Nd
Sm

Gd

Dy
Er
Yb
Pb

Bi
Th
U

0

l2
l8
59

1423

1662

2102
3673

4006

879
494

221

i3s
98

137

0

1016

I 18

(1) Major element abundance (in weight percent oxide) from EMPA
(2) REE2O3 is sum of REE abundances.
(3) Trace element abundance in ppm, from pIXE.
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APPENDIX I: APATITE
Chemical compositions of apatite inclusions within titanite grains in the Type III
pegrnatites.

Location
PIXE

sA4-Ap2-3 sA7-Apt-2 sA7_Apr_3 5A7_Ap2_2

r patch Light patch
53.27 | 54 t1Cao (l)

P20s
sio2
FeO

MnO
Mgo
SrO

F
cr

37.38 38 775

00
0 057 0 036
0.002 0

00

4.027

0.025
4.172

0.002

53 934

37.748
0

0.03 r

003
0

4.194
0.013

53.846
38 848

0

0 002

0.035

0

431
0 014

REE2O3 (2)
TOTAL 94 762 97.095 9s 95

( 1) Major element abundance (in weight percent oxide) from EMPA
(2) REE2O3 is sum of REE abundances.
(3) Trace element abundance in ppm, from pIXE

97.055
Ni (ppm) (3)
Cu
Zn
As
Y
Ba

La
Ce

Nd
Sm

Gd

Dy
Er
Yb
Pb

Bi
Th
U
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APPENDIX I: APATITE
chernical composifions of unaltered and altered apatite grains in the Type IV
pegrnatites.

Locafion 6A¿-API-2

Unaltered

642-AP2-r

Unaltered

642-AP2-3

Unaltered
6A2-AP3-l

Unaltered

6A2-AP4-2

Unaltered

642-AP6-r

Unaltered
sio2 (r)
FeO

MnO
Mgo
CaO

P205
F

CI

3 573

0 168

0 127
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48 192

34 086

3.865

0.003
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0 00t
0 032

0

5l 3ì8
34 868

4 031

0.019

L27
0

0

0

52.691

37 919

4.1

0

2.017

0 006

0.039

0

52 428

37.176

3.954
0 005

1 789
0 021

0

0

52.429

37 413

3.95_5

0

I.838
0

0 006

0

s2.286
37.149

3 928

0
TOTAL 90.192 92 788 95.98 95.625 95.607 95.207

Location 6A8A-API - I 6A8A-AP2-3 6A8A-AP2-5 6As^P2-4
Unaltered

6A5-AP3-t

Unaltered

6As-AP3-4

UnalteredUnaltered Unaltered Unaltered
sio2 (r)
FeO

MnO
Mgo
CaO

P205
F

CI

r.353 2.351

0

0

0

5 r 398

36 124

3.8

0

1.439

0 025

0

0

_53 146

38 363

3.925
0 027

I 988

0 018

0

0

52 103

36 839

3 977

0

2 434 2 717
0 0048 0

0002 0018 0
000

52 7 19 5 | .279 50 577
38 007 35 345 34.428

3.84 4 092
0 016

3.999
0 021

TOTAL 9s 92t 93 232 91.742 93 673 96.925 94 92s

Location 6A5-AP+3 6A5-AP4-4 6A IC-API -I 6A1C-AP3- 1 6A 1C-AP3-3 6A IC-AP4-I
unaltered unaltered unartered unartered unartered unartered

sio2 (l)
FeO

MnO
Mgo
CaO

P205
F

CI

3. t04 3 177 2 732 3 064 3 4980 0.06 0
000
000

50 223 50 602 5i st I 51.993 51 467 50.9634.29 33.589 34 844 35 t42 34.756 33.754

3 043

0 0037 0017
0 0.004 0
000

3 S5 á ))'\
00

392 375s
0 001 0 005

3.923
0.001

3.907
0 003

TOTAL 91.561 9t 6st 93 319 93 627 93 252 92 139
(l) Element abundance in weight percent õx,d;from EN{PA
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APPENDIX I: APATITE
chernical cornpositions of unartered and artered apatite grains in the Type IV
pegmatites.

Locafion 6A5-AP1-I

Unaltered
6A5-APl-3

Unaltered
6A6A-API-3

Unaltered
6A6A-AP2-3

Unaltered
6A2-AP6-3

Unaltered
6A4-APl-3

Unalteredsio2 (r)
FeO

MnO
Mgo
CaO

P205
F
CI

2.208
0.494

0

0.234

s2.t96
37 907

3.751
0

0 748

0.016

0

0

54.477

39 857

i 785

0

2 866

0

0

0
50 037

34 064

4 t59
0.015

2.51

0.027

0

0

51.423

34 989
3 .886

0.012

1.622

0 019

0 00t
0.021

s2.662

37.829

3.777

0

2 477

0 065

0 019

0
5 t .041

35 609

3 967

0.016TOTAL 96 79 98.883 9t.141 92.847 95.931 93.t94

Location 644-APr-1
Unaltered

6^4-AP2-r
Unaltered

6A+AP2-3
Unaltered

ó44-AP3-l

Unaltered
6A4-AP4-r

Unaltered
6^+AP4-4
Unalteredsio2 (t)

FeO

MnO
Mgo
CaO

P20s
F
CI

2 646

0.0t9
0

0

s0 754

32.213
4.123
0.002

2 168

0

0 024

002
51 9ó8

36 606

4.046
0 012

2 173

0.001

0

0

5t 8t7
36.322

3 .834

0 00I

1.972

0. I83
0.018

0

5l 825

36.591

3.997

0 004

2.778
rì

0

0

50 002

34.123

3 911

0 006

2.226

0 r05

0 035

0

5l 585

36 314
4 064

0 002TOTAL 89.757 94.844 94.t48 94 59 90 82 94.331

Location 642-AP5-1

Unaltered
6A8A-AP1-2

Unaltered
6A6A-AP1-1

Unaltered
6A6A-AP2-I

Unaltered
6As-APl-4

Unaltered
6ASAP2-l

Unalteredsio2
FeO

MnO
Mgo
CaO

P20s

2.611

0

0

0

51.083

34.413

3.81

002

2.522

0

0.014

0

50 903

34.895

3.9

0.02

2 447

0

0

0

51 33

35.198

4 066
0.01 I

2 724

0

0 013

0

50.723

34 604

3.958

0.006

2.225

0 285

0

0.106

52.039
37.083

4.108

0 004

2 586

0 2t8
0

0

51.464

36 098

4.021
0 008

(l)

F
CI

TOTAL 91.991 92 254 93.052 92.028 95 85 94.395(l) Element abundance nffi
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APPENDIX I: APATITE
Chemical compositions of unaltered and altered apatite grains in the Type IV
pegmatites.

Location 6A1C-AP3-2 6ALC-AP4.2 6A2-AP6.4
Unaltered Unaltered Altered

6A6A-AP1-4

Altered

6A6A-AP2-2

Altered

644-APt-2

Altered
sio2 (r)
FeO

MnO
Mgo
CaO

P20s
F

CI

2 484

0

0

0

52 324

3 5.78

4 081

00u

2.548
0

0 006

0

51.681

3 5.563

J.ö¿)

o 024

1.682
004

0 016

0

s2.859
37 038

3.95

0.006

1.789

0

0.038

0

51.776

37 099

40ll
0

1 281

0 044

004
0

53.296

38 479

3 991

0.022

2.18

0 044

0

0

5l.369
36.408

4.0,só

0.028
TOTAL 94.68 93 64s 95.59r 94 713 97.159 94.085

Location 6A+^P2-2
Altered

6Á4-AP4-2

Altered

6^4-AP4-3
Altered

642-AP1-3

Altered

6A4-AP2-4 6^+AP3-2
Altered Altered

sio2 (1)

FeO

MnO
Mgo
CaO

P20s
F

CI

t.t22
0 065

0

0

52 861

38 861

4.t9
0

I 219

0.019

0

0

53 119

38 993

4 054

0 0r3

2 588

0.346
0 042
0 754

50 555

3703r
4.174

0.007

i 483

0

0 044

0

52.481

31 739
4.137

0

0 802

0 019

0

0

53.44

39 423

4 t26
0

1.r86
0

0 03ó

0

53.519

38.662

3.672

0.00i
TOTAL 97 099 97 477 95.497 95.884 97 81 97 078

Location 642-APt-4 6A2-AP2-4 6^2-^P3-2
Altered Altered Altered

642-AP4-r
Altered

642-AP5-2

Altered

642-AP6-2

Altered
sio2 (l)
FeO

MnO
Mgo
CaO

P205
F

CI

0 905

0

0.004

0

53.476

39 136

3.957

0

0 796

0

0

0

54.094

39.837

4 251

0

1.063

0

U

0

53.574

38 76s

3.986

0

0.01

0.039

0

54.288

39.913

4 155

0 005

I 498

0

0

0

53.238

37.667

3 924

0 009

i 268

0

0.064

0 149

53 406

39.052
3 998

0 007
TOTAL 97 478 98 978 97.3 88 99 187 96 336 97 944
(1) Element abundance in weight percent oxide from EMPA
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APPENDIX I: APATITE
chemical compositions of unaltered and altered apatite grains in the Type IV
pegmatites.

Location 6A8A-AP1-3 6A8A-AP1-4 6A8A-AP2-1 6A8A-AP2-4 6A6A-AP1-2 6A6A-AP2-4
Altered Altered Altered Altered Altered Altered

sio2 (t)
FeO

MnO
Mgo
CaO

P20s
F

CI

1.479

0

0

0

s2.673

37 279

4 r88
0.025

l. 188

0.01

0 002

0

52.94

38 0l
4 153

00ll

2.215
0 033

0 147

0 169

49.727

3 5.989

3.852

00lI

1.404

0 012
0

0

52.723

37'131
4.087

0 018

1.331

0

0

0

s3.296

38.112

3 955

0 006

2.266

0 079
0 027

0

5t.559
36 022

3.976

0 019
TOTAL 95.644 96 314 92.t43 95 975 96.106 93 948

Location 645-AP1-2 6ALAP2-2
Altered Altered

6ASAP2-3
Altered

6As-AP4-1

Altered

6AlAP4-2
Altered

6ATC-AP3-4

Altered
sio2 (l)
FeO

MnO
Mgo
CaO

P205
F

CI

r.039
0.055

0.028

0

s4 006

38.4

4.t82
0

¿.J

0.038

0

0

51 213

36 491

4.087

0.027

0 808

0

0.02

0

54 032

39.952
4 045

0.017

0 937

0.t l3
0.023

0.01 5

54.124

39 684

4.063
0 006

0.78

0.101

0.044
0

54.055

39.s45
4 133

0

3 473

0.025

0

0

s0.79
33.844
4.011

0
TOTAL 97 7t 94.t62 98.874 98.965 98 658 92.143

Locafion 6A8A-AP2-2 6ALC-AP2-2 61.2-ApZ-z
Altered Altered Altered

6AtAP3-2
Altered

6As-AP3-3

Altered

6A1C-API-2
Altered

sio2 (r )
FeO

MnO
Mgo
CaO

P205
F

CI

2 084

0

0

0

51 659

3s.972

4 061

0

l 663

0.006

0 025

0

53 497

37 511

4.014
0.013

2.363

0.882

0.05

0

49.981

35.s33

3 733

0.01

0 884

0

0.03

0

53.748

39.2r8
3.876

0

0 995

0 028

0

0

53.883

39.621

4.109
0.018

2 965

0.346
0

0.0t5
52

35.624

3.82

0
TOTAL 93 776 96.735 92.552 97 7s6 98.66 94.77
(l ) Element abundance in weight percent oxide f¡om EMPA
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APPENDIX I: APATITE
chemical compositions of unaltered and altered apatite grains in the Type
pegrnafites.

Location 6AlC-AP2-16AtC-Ap4-3
Altered Altered

IV

sio2
FeO

MnO
Mgo
CaO

P205
F

CI

2 632

0

0

0

51.593

35 116

3.95

0.0i 7

2 0s5
0.008

0 02t
0

52 797

J/ JO

3 692

0

(l)

TOTAL 93.308 95.933
(l) Element abundance in weight percent oxide from EMPA
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APPENDIX 1: APATITE
Trace element compositions of unaltered and altered apatite grains from the Type IV
pegmatites.

Location 6A2
PIXE Aprl0_95.050

Unaltered

6A6A
Aprt0_95.056

Unaltered

6AóA
Aprl0 95.055

Unaltered

647
Aprt0_95.063

Altered

6A6A
Aprl0_95.057
U-rich crack

FeO (1)

MnO
SrO

REE2O3

0

0.05 5

0.81I
8.336

0

0 023

0.7

949

0 0t8
0 09i

0.82

I5.16

038
0 025

1.209

6 261

0

0 129

0.65

6.078
Ni(z)
Cu

Zn
As
Y
Ba
La

Ce

Nd
Sm

Gd

Dy
Er
Yb

Pb

Bí
Th
U

34

+z

20

r98
3402

13402

19694

27717

r 4089

3 165

l 558

740

319

243

360

0

417

455

4l
4ô

25

296

3656

ll5ll
I9331

334s5
1755t

3486

l8l7
881

426

240

1J I

0

40i
390

3ó

36

53

289
4267

37204

31262

64342

2098 I

4648

2097

891

441

264

622

z)
406

867

Jò

40

57

3488

8006

9899

20300

r 3829

2t 13

I 606

866

370
204

160

0

I 258

525

26

3l
88

272
2427

30260
r5281

I 8568

I 1386

2104
I141

494
225

136

752

83

1t3
10207

(1)
(2)

Element abundances in weight percent oxide.
Element abundances in ppm.
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APPENDIX II: TITANITE
chemical compositions of Type A titanite crystals from the Type III pegmatites.

Location
PIXE
Zoning

sA4-Tl-1
Aprl0_95.012

Dark
Patchy

Z,one

5^+'It-2

Dark
Patchy

7,one

5A+T1-3
Aprl0 95.013

Dark
Patchy

Zone

7B-TIT2-DS 7B-TIT3-DK 5A2-TI1-DK

Dark
Patcby

7,one

Dark
Patchy

Zone

Dark
Patchy

7.ane
sio2 (1)

Tioz
CaO

FeO T (2)
A1203

Na2O
F

29 95

34.28

27 435

2.531

1.345

0.0ó6

1.036

29.689
33 484

27 06

2 943
1.645

0.06

0.991

29 999
34.102
2l.183
2.589
I 598

0.044

1.08

30.1 57

39.722

27.637

0.76

0.15 i
0.534
0 513

29.623

37 088

27.577

2.O34

0.36 I

028
0.786

29.142
32 88501

27.296

3 376

I 9-s5

0.146

1.165
TOTAL 96.643 95.872 96.595 99 474 97.749 96.565
Mn (3)

Sr

Co
Cu

Zn

Zr
Nb
Ta
Pb

Sn

Mo
Y
La

Ce

Nd
Sm

Gd

Yb
Lu
Th
U

201

491

98

¿.J

t0
3468

2295

102

43

9s9
s290

6090

3369

859

)+z
66

0

I r5
83

680

640

900

4l 50

r 000

520

3 t6
645

I58
t4
7

2367

2197

I08
:-t

870

8030

6506

2508

1149

382
53

780

77

71

85

470

40

0

0

l4t0
730

0

0

0

420

2330
770

0

410

50

2040
39r0

130

240

i 16

450
310

890
929

500

(l) Element abundance in weight percent oxide.
(2) Total iron expressed as FeO.
(3) Trace element abundance in ppm,
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APPENDIX II: TITANITE
chemical compositions of rype A titanite crystals frorn the Type III pegmafites.

Location
PTXE

Zoning

542-TI2-DK 5A2-TT3-DK

Dark Dark
Patchy Patchy

Zone 7,one

547-T1-3

Aprl0 95.004

Dark
Patchy

7,one

5A7-Tt-4
Aprt0_95.005

Dark
Pâtchy

Zone

7B-TIT2-LT

Medium

Patchy

Zone
sio2 (1)

Tio2
CaO

FeO T (2)
41203
N¿O
F

30.044

36 68s

27 778

2.646

0 458

0 208

0 863

29.618
32 709

24 851

3 738

1.728

0.344

r.42

29.694
33.064
27.602

3.21

| 6t7
0.031

I 051

29.869
36.577

27.435
I 946
0.886

0 122

0.601

29.71

36 809

26.976
2.29

0.469
0.259
0.691

TOTAL 98 682 94 474 96 269 97.436 97.204
Mn (3)

Sr

Co

Cu

Zn
Z¡
Nb
Ta

Pb

Sn

Mo
Y
La

Ce

Nd
Sm

Gd

Yb
Lu
Th
U

472

It90
1216

370
263

559

I87
8

4

3002
3426

143

47

l3l5
ó33 I

4910

330 1

1137

625

79

0

90

101

396
I I40
t15

17

l5
?854
3084

153

r98

g4;
6495

5701

3629
1204

556

72

0

I06
tzó

635

It30

30

0

430

3040

250

IO

930

0

I 590

)IJU
720

0

360

0

2360
3980

950

8r0

(l) Element abundance in weight percent oxide
(2) Total iron expressed as FeO.
(3) Trace elemenr abundance in ppm.
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APPEI{DIX II: TITANITE
Chernical cornpositions of Type A titanite crystals from the Type III pegnatites

Locafion
PIXE
Zoning

5A2-TI3-ME 7B-TIT3-BR 7B.TIT3-BS 5A2-TI2-BR 5A2.TI3-BR 5A7-TI-2

Medium

Patchy

Znne

Bright
Patchy

Z.ane

Bright
Patchy

Zone

Bright
Patchy

Z,one

Bright
Patchy

Znne

Bright
Patchl'

Zone
sio2 (l)
Tioz
CaO

FeO T (2)
4.1203

Na2O

F

29 728
33.129
27.t93

3.158

1.951

0.09 i
1.267

29.364
36 584

27 069

2.112
049

0 312
0.806

29.661

33. I 03

27.451
3 2t3
1.892

0 047

1.517

29 48s
32.887

26.s29
2.969
1.901

0 t8l
1 126

29 622

3 3.3 87

27.293
3.276

1.1t9
0.089

I 223

29.67 4

34 073

26 922

2 818

I 366

0.062

0 717
TOTAL 96.523 96.737 96.884 95.078 96 609 95.632
Mn (3)

Sr

Co

Cu

Zn
Zr
Nb
Ta
Pb

Sn

Mo
Y
La

Ce

Nd

Sm

Gd

Yb
Lu
Th

U

820

230
3660

5170

s30

0

360

0

I2IO
4090

600

I 190

r t00
0

120

4340

I 300

0

940
r80

3220

5740

940

330

l0 t0
I 280

6820

6740

I Ì50

270

770

I +i0
4570

6240

790

0

325

0

62

930

813

0

217

140
937

I60 210

(l) Element abundance in weight percenr oxide
(2) Total iron expressed as FeO.
(3) Trace element abundance in ppm.
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APPENDIX II: TITANITE
Chernical composifions of rype A titanite crystals from the Type III pegmatites.

Location
PIXE
Zoning

547-Tt-t
Aprl0_95.003

Bright
Patchy

Zone

5A7-T1-5

.prl0_95.006

Dark
Oscillatory

7.ane

sA7-T1-6

Dark
Oscillatory

Zone

5A7-Tt-7

Dark
Oscillatory

7,one

sA7-T1-r0
AprI0_95.009

Dark
Oscillatory

Z,one

547-T1-13

Dark
Oscillatory

Z.ane
sio2 (l)
Tioz
CaO

FeO T (2)
41203
N¿O
F

29.64

33 956

27 102

2.5

I 434

0 023

0.728

29 762

34 72

27.658
2.s27

1.3

0.046
0.751

29811
35.251

27.551

2.s66
I 239
0 068

0 897

30.032

34 711

27.456
2.696
I 302
0.087

1.043

30 053

36 065

27.9t1
2.958
0.827

0.062

0 777

29.91

35 106

27.258
2 704

0 808

0 041

0 845
TOTAL 95.383 96.764 97.383 97.333 98.653 96.732
Mn (3)

Sr

Co
Cu

Zn
Zr
Nb
Ta
Pb

Sn

Mo
Y
La

Ce

Nd
Sm

Gd

Yb
Lu
Th
U

227

89s

99

l8
ò

4966

3896

183

65

103 I

688 I

7652

453 8

lt62
438

8l
0

t39
157

316

847

183

l6
7

28t I

2635

122

29

78;
7093

5419

)J-tz

1230

5i6
49

0

84

58

620

930

I 860

5080

820

450

590

570

1750

4760

670

110

408

794

174

3I

-t1

2622

I 480

98

t66

67;
636 r

5810

2341

806

290
6t

490

93

114

310

300

0

2750
380

0

39

s70
310

700

(l) Element abundance in weight percent oxide.
(2) Total iron expressed as FeO.
(3) Trace element abundance in ppm
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APPENDIX II: TITANITE
chemical compositions of Type A titanite crystals from the Type III pegmafites.

Location
PIXE
Zoning

sA7-T1-1r

Aprl0_95.010

Dark
Oscillatory

7,one

5A7-Tt-t4

Dark
Oscillatory

7,one

sA4-Tt-4 5A4-Tt-5 5A4_T1_6

Aprl0_95.0 t 5Aprl 0_95.01 4

Bright
Oscillatory

Zone

Bright Bright
Oscillatory Oscillatory

sio2 (r)
Tio2
CaO

Feo T (2)
41203
Na2O

F

30.397

3 5.68

27.971

2 528

I 031

0.02

0.858

29.888

35 748

27 98

2.658
0 739

0 054

0.863

29 t7
)).J¿l

27 05

3.26

1 621

0.044
1 425

29 751

34.462

27.414
3.555

1.906

0.0t 5

1.463

29.916
32 447
27.179

3.tt3
r.995
0.068

1 323
TOTAL 98.491 97.93 96.491 98.566 96 041
Mn (3)

Sr

Co

Cu

Zn
Zr
Nb
Ta

Pb

Sn

Mo
Y
La

Ce

Nd

Sm

Gd

Yb
Lu
Th
U

122

956
t20

5

2

3045

1528

121

12

452

6637

5t36
1646

600

175

38

0

25

5l

110

180

0

3360

290

0

I 050

830

3 t40
53 l0
1470

r10

494

548

145

26

t9
330

2457

Il8
93

2095
5564

4376

3461

1343

696
t78
910

l3l
164

312
395

198

l0
7

l0l3
2210
t04
103

I182
1680
6100

3282
I t33
474

98

260

285
248

201

750
132

3t0

(l) Element abundance in weight percent oxide
(2) Total iron expressed as FeO_

(3) Trace element abundance in ppm
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APPENDIX ltr: TITANITE
Chernical compositions of Type A titanite crystals from the Typ

Location

PIXE
Zoning

547-T1-8

Aprl0_95.007

Bright
Oscillatory

Tnne

5A'7-Tl-9

Aprl0_95.008

Bright
Oscillatory

7,one

sA7-T1-t2
Aprl0_95.01I
Overgrowth

sio2 (i)
TíO2
CaO

FeO T (2)
N2o3
N¿O
F

29.93]l
3 3.903

27.509
2.242

1 029

0.008

0.974

30.051

33.016

27.628
3.133

I .887

0.071
L368

29.679

32.849
27.402
2 997

1.988

0.032
1.463

TOTAL 95.596 97.154 96.41
Mn (3)

Sr

Co

Cu

Zn
Zr
Nb
Ta

Pb

Sn

Mo
Y
La

Ce

Nd
Sm

Gd

Yb
Lu
Th

U

267

934
I36
t2

5

2573

2388

120

27

679

4809

4757

3125
918

342

49

0

80

46

471

685

172

56

25

JJJö

2190
115

691

rc4;
691 5

687 t

3732

I 039

366

52

0

20s
t86

366

379
165

13

ð

I 053

2451

120

94

I 19;
7871

6068

33 88

1291

469

98

140
293
26s

(1) Element abundance in weight percent oxide.
(2) Total iron expressed as FeO.
(3) Trace element abundance in ppm.
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APPENDIX II: TITANITE
chemical composirions of Type B titanite crystals from the Type III pegmatites.

Location

PIXE
274-Tr-t 27^-Tt-2 27^-Tr-3 27A-Tr-4 27ATt-4-r 27ATt-4_2 zl/lTt_r_r

zoning unzoned unzoned unzoned unzoned unzoned unzoned Dark
Sector

7,one
sio2 (1)

Tioz
CaO

FeO T (2)
41203
Na2O
F

30.476

31 491

28 167

4.306
2.23

0.023

t.571

30 485

31.471

28.04t
4.283
2.187

0.01

1.753

30.649

32 28

28.338

3.874
2 087

0

1.669

30.124

31.798
28.243

3.432

2 199

0 039

I 516

29.8s6
32. I 88

27.981
3.968

2 087

0 0r4
1.813

30.118

3t 98

27.891
3.557

2 084

0 039

1.362

30.467

33.3 t 8

28.226

3.148

1.902

0.048

I.501
TOTAL 98 27 98.23 98.897 97 351 97.907 97.031 98.61
Mn (3)

Sr

Co

Cu

Zn
Zr
Nb
Ta
Pb

Sn

Mo
Y
La
Ce

Nd

Sm

Gd

Yb
Lu

Th

U

900

0

0

I 590

340

960

6s0
0

0

2340
810

520

360

0

0

1270

0

0

530

0

0

I 880

770

0

6S;
0

0

2160
830

270

1080

0

0

2490

20

0

610

0

0

201 0

6r0

530

472

0
325

60

31

0

565

0

465

0

627

0

( 1) Element abundance in weight percent oxide.
(2) Total iron expressed as FeO.
(3) Trace element abundance in ppm.
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APPENDIX II: TITANITE
chemical composirions of Type B titanite crystals from the Type III pegmatites.

Location

PIXE
Zoning

27^Tr-r-3 27ATr-2-r 27ATt-3-t z7+-Tt-l 27A-Tt-2 27A-T2-3 27A_T2_4

Dark Dark
Sector Sector

Tnne Zone

Dark
Sector

Z,one

Dark
Sector

Z,one

Dark
Sector

Zone

Dark
Sector

Zone

Dark

Sector

Zone
sio2 (1)
Tioz
CaO

Feo T (2)
,\12o3
Na2O
F

30 571

32.505
28 299

3.944
| 912

0.03 8

I 705

30 25s
32.167

28.117

4.197

2.177

0.03

2.O99

29 734

32.672

28.05

3 758
t.94

0.021

I 677

30.211

32.512
28.399
3.914
2.033

0.09

1.514

30. I 39

32.659
28.36

3.92

1.972

0.023
1.534

30 l6
32.554
28 332

3.993
2.006
0.013

1.363

30 442

32.292

28 093

4.042
2.052
0.024

| 278
TOTAL 99.034 99 042 97.852 98.673 98 607 98.421 98 223
Mn (3)

Sr

Co

Cu

Zn
Zr
Nb
Ta
Pb

Sn

Mo
Y
La
Ce

Nd
Sm

Gd

Yb
Lu
Th
U

759

0

521

0 170

395

0

32s
0

364 565

::

230 780
00
00

1700 1760
560 lto

680 0

570

0

0

I 360

210

380

s60

0

0

1810

320

0

52;
0

0

I 600

130

;

380

0

0

1200

550

0

880

0

0

2260

390

0

(1) Element abundance in weight percent oúde
(2) Total iron expressed as FeO.
(3) Trace element abundance in ppm.
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APPENDIX II: TITANITE
chemical compositions of Type B titanite crystals frorn the Type III pegrnatites.

Location

PIXE
Zoning

27A-T3-4

Aprl0_95.066

Dark
Sector

7,one

27Á-T3-5 27^-T3-6 27A_Tt2 27A_T5_3 27A_Tr_s 27A_T1_6

Dark
Sector

7,one

Dark
Sector

Znne

Dark
Sector

Zone

Dark
Sector

Z¡ne

Medium

Sector

Zone

Medium

Sector

Zone
sio2 (l)
Tioz
CaO

Feo T (2)
A1203

Na2O
F

30.244

32.357

28.028
2.476

2 008

0

1.697

30.524

32.025
28 04

4.113
1.933

0

1.91

30.275

32.273

27.974

3.904
2.099
0 0i5
|.651

30.504

32 622

28 473

3.93 8

t.987
0.006

1.404

30.367

JZ.JJ

28.227

3.923
t.963
0.029

1.346

29 954
31.917

28.308

4.459
2.t06

0

1 645

30.002
32.102
28.244

4.141
2.214

0

t.557
TOTAL 96.81 98.545 98 197 98.934 98.185 98 449 98 26
Mn (3)

Sr

Co

Cu

Zn
Zr
Nb
Ta

Pb

Sn

Mo
Y
La

Ce

Nd
Sm

Gd

Yb
Lu
Th

U

240

74

0

t0
17

257

17 r0
160

59

ll0
33

505

2790

r 985

634

297

50

52

0

40

68

460

0

0

I5 l0
280

0

540

500

0

0

1770

180

;

270

0

0

1270

0

0

520

0

0

l5 10

0

500

660

0

0

I 930

520

3;

527

0

147

0

51 I 256

::

700
0

0

2070
r80

390

( I ) Element abundance in weight percent oxide
(2) Total iron expressed as FeO.
(3) Trace element abundance in ppm.
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APPENDIX II: TITANITE
Chemical compositions of Type B titanite crystals frorn the Type III pegrnatites.

Location 27A-'t2-5
PIXE

Zoning Medium

Sector

Tnne

Medium Medium
Sector Sector

Zone 7.one

27A-T2-6 27^-T3-3 27^-T4-2 27A_T4_3 27^_T4_5 27A_Tt4

Medium

Sector

Znne

Medium

Sector

Tnne

Medium

Sector

7,one

Medium
Sector

Zone
sio2 (r)
Tioz
CaO

FeO T (2)
41203
Na2O

F

30 126

32.277

28.264

4.216
2.282

0.03 t

1.163

30.273

32.085

28 l9s
4.104
2.195

tt

1.266

30.355

J Z.)
27.879

3.745

2.11

0.002
1.666

30.288

32.087

28.252

4.203
2.178
0.002
1.974

30 4s5
32.108

28.283
4.039
2.1 58

0.008

1.579

30.218

32.869
28.356
3.939

1.88

0

I 668

30 498

31.998

28.196
4.178
2.t31
0 012
1 426

98.359 98.118 98.057 98.984 98 63 98 93 98 439

372

0

511

i00
186

0

379 689

00
519

0

759

0

Mn (3)

Sr

Co

Cu

Zn
Zr
Nb
Ta

Pb

Sn

Mo
Y
La
Ce

Nd
Sm

Gd

Yb
Lu
Th
U

680

0

0

2310

420

580 170

790

0

0

2030
430

0

540

0

0

2020
620

I40

840

0

0

2t60
570

5l;

680

0

0

2030
0

750
0

0

2270

870

0

870

0

0

I 840

260

(l) Element abundance in weight percent oxide.
(2) Total iron expressed as FeO.
(3) Trace element abundance in ppm.
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APPENDIX II: TITANITE
chemical compositions of Type B titanite crystals from the Type IiI pegmatites.

Location

PIXE
Zoning

27ATr-t-2 27^Tt-l-4 27ATr-2-2 27ATr-3-2 27A-Tt-3 27A_-1t_4 27A_T4_r

Bright
Sector

Tnne

Bright Bright
Sector Sector

Znne 7,one

Bright
Sector

Zone

Bright
Sector

7,one

Bright
Sector

Z,one

Brighú

Sector

7,one
sio2 (l )
Tio2
CaO

FeO T (2)
AI2O3

Na2O

F

30 255
32.862
21.989
4.382
1.327

0.048

I 664

30 094

32.215

27.189
4.583

1.276

0.081

1.437

29 993

32.983
27.822

4.129
1.331

0.049
1.4t7

30.129
32.884

28 04

3.7 t8
1.739

0 037

1.512

30.423

32 911

28.245

3.4

2.04

0.023
1.367

30. I 43

32.714
28.072

3.647

2.016
0 019

I 236

30.292

32.075
27.974

3.736

2.205
0.036

I 834
TOTAL 98 527 96 87s 97.724 98.059 98.409 97 847 98.152

1479

0
217

0
27l

0

240

0

1224 953

330 0

658

0

Mn (3)
Sr

Co

Cu

Zn
Zr
Nb
Ta

Pb

Sn

Mo
Y
La

Ce

Nd
Sm

Gd

Yb
Lu
Th
U

1170

0

0

2300
r60

;

3740

490

540

3170
510

0 350

880

0

0

2040
r80

70

I0s0
0

0

2710
390

0

1120 960 840
000
000

t940 1960 2760
440 170 7oo

390

(l) Element abundance in weight percent oxide
(2) Total iron expressed as FeO.
(3) Trace element abundance in ppm.
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APPENDIX II: TITANITE
chemical compositions of Type B titanite crystals from the Type III pegmatites

[,ocation

PIXE
Zoning

27A-T4-4 27Á-'r2-r 27A-T2-2

Bright Overgrowth Overgrowth
Sector

Zone

27A-T3-1 27A-T3-2 27^-T5_r
Aprl0_95.065

Overgrowth Overgrowth Overgrowth

sio2 (t)
Tioz
CaO

FeO T (2)
41203
Na2O
F

29.954
32.627

27.709
4 399
r.366
0.046
r.291

i0 006

J.¿..ó I I

27.s41

4.291

t.315
0 054

1.084

29 749

32 403

27 947

3 696

1.995

0.03 5

1.185

30.08 t

32.5

27 837

l'36
| 422

0 028

I 805

30.t62
33 .171

21 s22

4.143
1.3t9
0.047

1.548

30 352
3 3.43 8

28 3s9
3 476

1.836

0.027
l. 184

TOTAL 97.398 97.234 97.01 95 033 97.912 98.672
Mn (3)

Sr

Co

Cu

Zn
Zr
Nb
Ta

Pb

Sn

Mo
Y
La

Ce

Nd

Sm

Gd

Yb
Lu
Th
U

395

0

s89

100

635

0

488

t54
58

54

42

t50
l3 l3

122

t7l
358

0

5172

3338

0

682
I 003

687

821

0

17

^a

682
s80

850

0

0

2260

1120

0

542
500

I 370

150

0

2380
240

180

6s0

0

0

24t0
830

0

1270

0

0

2900
80

0

600

0

0

2150
260

0

(l ) Element abundance in weight percent oxide.
(2) Total iron expressed as FeO,
(3) Trace element abundance in ppm
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APPENDIX II: TITANITE
chemical compositions of titanite crystals frorn the Type IV pegmatites

Location
Zoning

6^+TIt-z
Dark

Oscillatory

Znne

6A+TIl-5
Dark

Oscillatory

7.one

644-Ttt-6
Dark

Oscillatory

Zone

644-Tr2-r
Dark

Oscillatory

Zone

6^4-Tt2-2
Dark

Oscillatory

Zone

6A4-T13-I

Dark
Oscillatory

7,one
sio2 (ì)
Tio2
CaO

FeO T (2)

A1203

Na2O

F

29.802
34.488

27.535
3 258
0 953

0

0.992

29.907

i3 238

27 315

3.5 53

1.37

0 043

1.157

29 917

34 115

27 56

3.29

0 944
0.03 t

1.312

30 151

34 454

21 521

2.89t
I 408

0 024

0 933

29.696
i4 05

26 993

3.331

0 977

0 038

0.867

29 769

34 594

27 761

3.248
0.977

0

0 925
TOTAL 97.028 96.583 97.529 97 382 95.958 97.214
Mn (3)

Sr

Y
La

Ce

Nd

Sm

Lu

l0t
r90

790

600

22t0
5210

I 480

0

0

100

860

100

1760

5540

1390

0

0

0

l)v
620

2960

5r30
I 090

220

¿JZ

20

510

490

870

4190

840

0

256

20

930

2940
6160

7500

I I t0
0

15

r 080

590

500

1920

4470

820

0

Locafion
Zoning

644-Tt3-2 6A4-TI4-r
Dark Dark

Oscillatory Oscillatory
Zone Zone

644-"î14-1

Dark
Oscillatory

Zone

6A6B-Tt-2
Dark

Oscillatory

Zone

6A6B-T2-l
Dark

Oscillatory

Zone

6^68-T2-2
Dark

Oscillatory

Zone
sio2 (l)
Tioz
CaO

FeO T (2)

N203
N¿O
F

29.845
34 522

27 433

3 415

1.029

0 042

0.826

29 594

34.095

27.498
3.4

I 032
0.029
1 201

30.217

34.982
27 829

279
I 015

0 047

1. l5

29.321

34 141

27 357

3 216

1.077

0 016

0.778

29 069

33 815

26.897

) )4 I

0.842
0 017

0 693

29.311

33 22301

27.072

3.466

1 253

0.047

1 075
TOTAL 97 112 96 849 98 03 95.912 94 68 95 447
Mn (3)

Sr

Y
La

Ce

Nd
Sm

Lu

700

2340

5080

860

0

170

0

800

770

2550
5130

840

1020

0

0

610

640

1270

4190

840

340

418

4lo
570

710
I 070

4960

710

0

217

810

710
6i0

l8 t0
5010

1470

360

51r
60

1060

410

670

5230

780

0

0

990

720

(l) Element abundance in weight percent oxide
(2) Total iron expressed as FeO
(3) Trace element abundance in ppm.
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APPENDIX II: TITANITE
chemical compositions of titanite crystals from the Type IV pegmatites.

Location
Zoning

6A6B-T2-5

Dark
Oscillatory

Zone

6A6B-'12-6

Dark
Oscillatory

7,one

6A8A-Tr-1
Dark

Oscillatory

7,one

6A8A-T2-l
Dark

Oscillatory

Zone

6A8A-T2-3

Dark
Oscillatory

7,one

6A8A-T3-l
Dark

Oscillatory

Tnne
sio2 (l)
Tio2
CaO

FeO T (2)

N203
Na2O
F

29.805
32.819
26 961

3 503

r.385
0 034

t.l t3

29.636
31.269

26 768
3.834

1.825

0 0t3
r.l I

29 7s6

33.883

26.936
3.293
0 926

0 024

1 217

29.835
33 086

27 202

3.529
1.275

0.015

1.068

29.484
33 394
27.356
3 102

I 455

0.007

t.221

28 84

32.872
27 312

J.J

I r39
0 039

228
TOTAL 9s.626 94.455 96 035 96 0I 96.019 95 782
Mn (3)

Sr

Y
La
Ce

Nd
Sm

Lu

472

0

1200

350

I 050

6270

1760

0

0

490

1450

290
t720
6890

t280
510

3l
0

870

840

I 900

4960

1080

0

0

3r0
530

400

1270

5280

1230

0

279

20

650

530

330

4550

1210

80

85

0

940
7t0

1260

5540

I 360

0

Location
Zoning

6A8A-T3-3 6A8A-T4-l
Dark Dark

Oscillatory Oscillatory
Zone Zone

6A8A-T4-3

Dark
Oscillatory

Zone

6A8A-T4-4

Dark
Oscillatory

Zone

6A8A-T5-t

Dark
Oscillatory

Zone

6^2-3-l
Dark

Oscillatory

Zone
sio2 (t)
Tio2
CaO

FeO T (2)

4i203
N¿O
F

29.217

32 966

27 01

3 319

r19
0.027

1.344

28.86 I

34.063

27.329

2 988

0 916
0

t.317

29 095

33 461

27 232

J.JJ I

1 022

002
0.967

29.681

34 il5
26.996
i 0il
0 863

0.029
1 044

29.54

33.945
21 18s

3 409

0.886

0.04
0.949

29.995
32.788

26.33

3 494

0 969
0.054
o.797

TOTAL 95 073 95.474 95 134 95 759 95.954 94.427
Mn (3)

Sr

Y
La

940
s70

I 700

5820

860

0

379

0

800

680

I 360

5970

I 150

0

651

100
580

690

2t20
5t30

420

50

108

500

770

7s0
I 860

5 140

650

60

1015

330

990

1320

4780

6680

1700

410

225

0

640

85

0

Ce

Nd
Sm

Lu

560

I 690

5140

930

420
(l) Element abundance in weight percent oxide.
(2) Total iron expressed as FeO.
(3) Trace element abundance in ppm.
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APPENDIX II: TITANITE
chernical compositions of titanite crystals from the Type IV pegrnatites.

Location
Zoning

642-3-2

Dark
Oscillatory

Zone

6A+t-l
Dark

Oscillatory

Zone

6A4-r-2
Dark

Oscillatory

7,one

6A+t-3
Dark

Oscillatorl
Zone

6^4-l-4
Dark

Oscillatory
Zone

6A4-2-l
Dark

Oscillatory

Zone
sio2 (1)
Tioz
CaO

FeO T (2)

^12o3Na2O

F

29.824
J) I l)

26 966

3.366

0.968

0 038

0 779

30.114

33.8i I

27 032
3 265

1.054

0.0 i9
0.959

30 651

33.626

27 046
3 133

I 083

0 036

0 8r5

29 961

33.543

27.245

3 336
1 284
0.089

0 842

30 35

32 786
27.05

3.403

1.292

0 054

0 958

29.894
33.983

27 341

3.357

0.968

0 0t2
0 962

TOTAL 95.114 96.254 96 39 963 95.893 96.517
Mn (3)

Sr

Y
La

Ce

Nd

Sm

Lu

232

0

1020

790
2490
5400

1370

400

70

0

900

840

2830
5700

I 060

810

341

0

t150
12810

33880

19r60
2840
740

201

0

760

610

2150
_s280

I 050

0

0

510

I 900

5090

42910

I 5660

2150
0

39

t0
990
490

2050
5630

830

320

Locafion
Zoning

644-2-2

Dark
Oscillatory

Zone

644-3-l
Dark

Oscillatory

Zone

6^4-3-2

Dark
Oscillatory

Zone

6A4-3-3

Dark
Oscillatory

Zone

6A4-3-4

Dark
Oscillatory

Zone

6A2-7-7

Dark
Oscillatory

Zone
sio2 (1)
Tio2
CaO

FeO T (2)

/'12o3
Na2O

F

30.146
33 835

27.338
2 962

1 424

0.03 8

1.063

29.894
33.706
26 882
3 179

0 943

0.019

0.921

30 168

33 85

27 079

3 428

I 011

004
0.996

29.877

34.226

27.113
) )+t
0.961

0.022

0.96

30.046

34.O16

26.931
3 204

0.869

0.006

0 947

30 127

33 909

27.2t3
3 421

1 054

o 023

0 96r
TOTAL 96.806 9s.544 96 572 96 506 96 079 96 708
Mn (3)

Sr

Y
La

Ce

Nd
Sm

Lu

3r0
0

550

500

t640
4500

980

l0

465

670

910

690

3 530

6140

1360

0

279

790
910

840

2660

5850

1280

960

46

530

880

550

2080

5270

970
20

0

150

650

I 090

3310

6140

I 300

0

372

420

730
50

2130
5530

r870

0
( 1) Element abundance in weight percent oxide.
(2) Total iron expressed as FeO.
(3) Trace element abundance in ppm.
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APPENDIX II: TITANITE
chernical composifions of titanite crystars from the Type IV pegmatites.

Location
Zoning'

642-t-8
Dark

Oscillatory

7,one

642-2-3

Dark
Oscillatory

7,one

6A2-2-4

Dark
Oscillatory

Zone

6A+TIr-3
Bright

Oscillatory

Znne

644-T11-4

Bright
Oscillatora

Tnne

óA+TI3-3
Bright

Oscillatory

7,one
sioZ (t)
T102

CaO

FeO T (2)
1J2o3
Na2O

F

30.017

33.956

26.804
3.454
0 982
0.01I
I 156

29.744

33. s

27.307
3 789
1.046

0 022

1.48

29 921
ji.i83
2t 271

3.274

l6r6
0 0i7
1.005

29 373

3 3.614

27.353

3.48 r

0 835

0.046

I 479

29 98

33 992
2l.506

3.629

0.784
0.077

| 072

28 842
31 899

25.22

3.819

L744
0.08

l,249
TOTAL 96 38 96 888 96.493 96 r8I 97 04 92.853
Mn (3)

Sr

Y
La
Ce

Nd

Sm

Lu

256

0

970

680

2430

4690

3 I00
0

0

I 080

t30
I 780

3240
6520

670

2330

194

0

820

50

150

5660

500

r 080

364
0

680

490

I I50
4120

710
280

101

0

740

250

I 500

4580

I 080

170

248
70

I 080

5850

r6690
I I4t0

r 680

0

Location
Tnntng

644-Tt3-4
Bright

Oscillatory

Zone

6.{4-TI3-s
Bright

Oscillatory

Zone

644-T13-6

Bright
Oscillatory

Zone

6A4-'rt4-2
Bright

Oscillatory

Zone

6^4-^il4-3
Bright

Oscillatory

Zone

óA6B-T1-l
Bright

Oscillatory

Zone
sio2 (r)
Tioz
CaO

FeO T (2)

1J2o3
Na2O
F

29 713

33.954
26 841

3 246

0 903

0 034

0 842

29 724

34 596

27.394
3. 104

0.93

0.018

0.924

29.535
JJ.I I

26.s81
3 t9t
0.952
0 039

t 023

29.539
34.231

26.949
2 951

0 927

0 091

109

29.373

33.758
26 791

J.+JJ

0 951

0.053

1.088

29.428
33 816

26 613

)¿J

0.854

0.043

0 427
TOTAL 95.533 96.69 95 091 95 778 95 441 94.411
Mn (3)

Sr

Y

0

720

930

l5i0
5230

6930

1480

1260

0

630

810

t8t0
4650

6r20
990

0

t32
410

940

I 630

6470

7450
1600

530

Il6
270

r 0l0
1420

5 100

6980

1370

0

0

0

lt20
I 900

6680

8580

I 330

0

JJJ

330

860

1230

4930

6360

1820

0

La
Ce

Nd

Sm

Lu
(l) Element abundance in weight percent oxide
(2) Total iron expressed as FeO,
(3) Trace element abundance in ppm
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APPENDIX II: TITANITE
chemical composifions of titanite crystals frorn the Type IV pegmarites.

Location
Zoning

6A6tr..T2-3

Bright
Oscillatory

Zone

6A6B.-T2-4

Bright
Oscillatory

Tnne

6A8A-Tl-2
Bright

Oscillatory

7,one

6A8A-T2-2
Bright

Oscillatory

Tnne

6A8A-T3-2

Bright
Oscillatory

Zone

6A8A-T4-2
Bright

Oscillatory

Zone
sio2 (l)
Tioz
CaO

Feo T (2)

Nzo3
Na2O

F

29.272

3 3.618

26.489

3.41

0.858

0 007

0 859

29 264

)).1+o
26.727

3.291

0 922

0.019

0 902

29.441

33 975

26 634

3.03 8

0 808

0 043

102

29.262
33.271

26 358
3 256

1.02

0.01 7

1 '137

28.511

JJ -JJ ò

26 526

3.253
0.86r
00lt
l.l9

)Q ))1

J).11J
26 596

3.1 89

0.852

0.05

0.858
TOTAL 94 513 94 871 94 959 94 321 93 69 94 509
Mn (3)

Sr

Y
La

Ce

Nd
Sm

Lu

0

60

r350
1310

4370

6820

1270

0

186

0

t 0l0
1450

4920

7450

16r0
0

0

i60
640

I 100

3 580

58s0

1420

420

217
540

1il0
4820
9400

I 0850

I 590

o

0

330

800

3070

8s40

8580

r 040

260

0

0

910

I 540

6720

7410
l l30
470

Location
T,oning

6A8A-T4-5

Bright
Oscillatory

Zone

6^2-3-3

Bright
Oscillatory

Zone

6^2-3-1

Bright
Oscillatory

Zone

6A4-l-5
Bright

Oscillatory

Zone

6A4-r-6
Bright

Oscillatory

Zone

6A4-r-7
Bright

Oscillatory

Zone
sio2 (1)
Tioz
CaO

FeO T (2)
41203
Na2O
F

29.448
34 162

26.926

2.988
0.82

0 033

0 783

29 846
33.551

26.833
3 281

0 897

0 026
0 894

29 542

33 765

26 689

3 083

0.83

0 024

0 505

29.903
33 s08

26 162

3.177
091

0.036
0.666

29.892
33.871

27.O89

3 181

0.855

003
0 723

29.796

33 65

26.765

3 419

0 951

0.04
8230TOTAL 95 16 95 328 94 438 94.962 95 641 8324.627

Mn (3)

Sr

Y
La

356

0

630

I 280

3 700

5830

870

220

279

l0
990

I 500

5610

68s0

1350

340

15

530

I 150

I 380

5220

7210

1480

0

395

0

1370

2730

126s0

9370
2270

40

0

0

890

t230
4160

6600

1430

0

t5
490
940

I 360

533 0

7l 00

1510

250

Ce

Nd
Sm

Lu
(1) Element abundance in weight percent oxide
(2) Total iron expressed as FeO.
(3) Trace element abundance in ppm
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APPENDIX TI: TITANITE
chernical compositions of titanite crystals from the Type IV pegmatites.

Location
Zoning

6A+2-3
Bright

Oscillatory

7,one

6^+2-4
Bright

Oscillatory

Zone

6A+T5
Bright

Oscillatory

Zone

6A4-3-6

Bright

Oscillatory

Zone

6A+3-7
Bright

Oscillatory

Zone

6A+3-8
Bright

Oscillatory

Zone
sio2 (l)
Tio2
CaO

FeO T (2)

¡l12o3
Na2O

F

29 829

33 921

26 93

3.414
1.029

0 035

r .516

30 039

33.68

26 544

3.274

0.932

0.078

0.812

29 771

33 553

26 593

3 231

0 862
0.043

0 666

29.704
33 49

26.323
3.392
0.959
0 042

0 793

29 74

34 037

26 674

3.312
0 923

0.0i I

098

30 014

J+-J / )
26.87

2.98

0 922

0 057

0 744
TOTAL 96.674 95 359 94 719 94 703 95 697 95 96
Mn (3)
Sr

Y
La
Ce

Nd
Sm

Lu

J.' J

0

9r0
I 600

4850

7460

1230

0

263

0

770

2350
6160

76t0
I 340

320

¿J

550

830

It80
4280

7t00
950

0

0

890

1 170

I 750

7120

8880

2110

0

0

0

I 000

1200

4890

7480
I 590

0

279

90

720

900

3520
5560

1420

50

Location
T,oning

6^2-t-4 6A2-1_5

Bright Bright
Oscillatory Oscillatory

642-t-6
Bright

Oscillatorl
Zone

6A2-2-l
Bright

Oscillatory

Zone

6A2-2-2

Bright

Oscillatory

Zone
sio2 (1)

Tioz
CaO

FeO T (2)

N2o3
Na2O
F

29 828

33 421

26 534

J. J+J

0.899

0.01

0 643

29.717

33.933

26.154
3 128

0 901

0.0r6
0 803

29 929

34 408

26.896
3.t8

0 9t3
0 028

078

29.907
32.471

26.999
J.OJ

I 425

o.029
r. I65

30.025
32.661

26.877
3 671

I 216

0 033

0 892
TOTAL 94.678 94 652 96.134 9s.626 95 375
Mn (3)

Sr

Y
La

573

0

t620
990

4230

8350

7t0
240

651

260

670

1470

4320

5910

320
I 140

0

580

730

0

2880

4430

2350
210

271

290
430

880

0

3550

2300
0

410

0

1290

440

4840

6300

660

2960

Ce

Nd
Sm

Lu
(i) Element abundance in weight percent oxide
(2) Total iron expressed as FeO.
(3) Trace element abundance in ppm.
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APPENDIX II: TITANITE
Trace element cornposition of a titanite crystal in the Type IV pegmatites.

Location 6A7
PIXE Aprl0 95.064

FeO T (1,2)
REE2O3 (3)

J.)Z
5.496

Mn (a)

Sr

Co

Cu

Zn
Zr
Nb
Ta

Pb

Sn

Mo
Y
La
Ce

Nd
Sm

2345

2463

171

25

38

2028
I 485

70

t 173

62

0

2045
1227s

18014

r 0996

.1, iÕ )

998

139

56

93s

Gd

Yb
Th

U

(i) Element abundance in rveight precent oxide.
(2) Total iron expressed as FeO.
(3) REE2O3 is sum of REE abundances.
(4) Trace element abundance in ppm.
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APPENDIX III: ZIRCON
chernical compositions of zircon crystals frorn the Type III pegmatites.

Location
PIXE

Zoning

zIRr-I3 ZtRt-t4
Aprl0_95.032

Centre Centre

t0c-22-s

Dark
Oscillatory

Z.ane

t0c-7,3-l

Dark
Oscillatory

7,one

t0c-23-2
Aprl0_95.041

Dark
Oscillatory

Zone

zIR2-7

Dark
Oscillatory

7,one
ZrOz (1)

sio2
CaO

FeO T (2)
Hm2
A1203

Mgo
Na2O
Tio2
P2c-5

u02

50 897

28.95 r

I 545

2226
0 256

0 50t
0

0

0

0

I 838

2.838

57 162

29 493

1.129

L303
0 361

0.209

0

0

0.012

0

| 326
2 532

62.901

30.088

1.513

0.822

0 209
0.21

0

0

0 002
0

0.643
0 317

sl.s74
27.972

3.975
0.r96
0.t9t
0 757

0

0

o.024

0

11634

0.462

56 28r
27.573

2.73s
t21

I 002

0.3t5
0.0t4

0

0.022

0

1.354

1.004

60.53 r

30 28

r.988
I.03
028

0 409

0

0

0

0

1.128

0.611
REE2O3

TOTAL
Cr (a)

Mn
Co

Ni
Cu

4t
l3t4
578

94

t4t0
0

260
100

400

2230

0

440

310

0

0

1902

6r3
79

109

49

5t
r 023

2679

93

3 100

607

2660

6i3
0

r56

0

589

624

0

il6
852

1071

3330

40

360

240

40

Zn
Br
Sr

Mo
Ba

Y

<o

67

5286

0-
r t33
3926 2360
3583 3330
8393 t2250

0 2000

00
406

0

766

l28t
5768

118

471

1230

La
Ce

Nd
Sm

Gd

Dy
Er
Yb
Lu
TI
Pb

Th

7t0
820

21460

430
0

2s0

730
70

I 150

JJU

60

Appendix - 3l
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(1) Element abundance in weight percent oxide
(2) Total iron expressed as FeO
(3) REE2O3 is sum ofREE abundances
(4) Trace element abundance in ppm,



APPENDIX III: ZIRCON
chemical composifions of zircon crystals from the Type III pegrnatites.

Location
PIXE

Zoning

ZIR}3
Aprl0_95.021

Dark
Oscillatory

7,one

ZTR3-4
Aprl0_p5.020

Dark
Oscillatory

Zone

t0c-22-7

Medium
Oscillatory

Zone

t0c-22-8

Medium
Oscillatory

Zone

l0c-22-9 5A2-Zt-3

Medium
Oscillatory

Zone

Medium
Oscillatory

Zone
ZrOZ
sio2 (t)
CaO

FeO T (2)

Hfo2
Nzo3
Mgo
N¿O
Tioz
P205
u02
REE2O3

62 796

i0 02

0.822

0 232

0 202

0 042
0

0.593

0

0.012
1.04

1 442

63.r3
30.059

0 749

0.226

0. i95
0 062

0

0.457

0

0.013

7.2r2
I 515

59 738
29.987

2.04

0.309

0 224

0.531

0

0

0.002

0

t.804
1.063

56.67

29.812
2.363
0. I28
0 t73
0.522

0

0

0.013

0

3 189

1'521

51.832
30.201

2 321

0.463
0.164
0.604
0.0t6

0

0 035

0

2 251

1.975

63 893

30.402

0.936

0 258
0 t32
0.tl9

0

0

0

0

0 851

0.538
TOTAL
Cr (a)

Mn
Co

1\t

19

1026

461

J4

56

58

46

4r5
r 189

187

8302

0

439

0

865

602

Cu

Zn
Br
Sr

Mo
Ba

Y
La
Ce

Nd
Sm

Gd

Dy
Er
Yb
Lu
TI

Pb

Th

44

70

86

l3
:t-)

I 956

187

2954

0

93

5s30

0

820

650

0

7980

0

950

470

420

I 1530

0

9s0

510

0

2990
0

200

500

140

16 98

59

179

242

370

I 055

106

279

554

885

I 656
1359 0

56 317
2412

1007

r4615
4408

I 180

480

1640

I 840

730

3880

2600

390

I 950

s30
0

t120(i) Element abundance in weight percent òxide
(2) Total iron expressed as FeO.
(3) REE2O3 is sum ofREE abundances.
(4)Trace element abundance in ppm.
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APPENDIX III: ZIRCON
chemical compositions of zircon crystals from the Type III pegmatites.

Location
PIXE

Zoning

5^2-Zt-4

Medium
Oscillatora

Znne

s^z-zt-s

Medium
Oscillatory

Zone

t0c-22-3

Medium
Oscillatory

Z,one

t0c-72-4

Medium
Oscillatory

7,one

t0c-zt-6 tÙc-zr-q

Medium
Oscillatory

Zone

Medium
Oscillatory

Tnne
ZrO2
sio2 (l)
CaO

FeO T (2)
Hfo2
41203
Mgo
Na2O
Tio2
P20s
uo2
REE203

66.253
3t 093

0.162
0 422

0 175

0 112

0

0

0.01

0 0t3
o.429

0.084

63 .83 7

30 362

0.714

0.t05
0.14t
0.025

0

0

0

0

0.612

0.454

63.929

30 772

0 862
0.496
0 228
0.t4

0

0

0

0

0.572
0.321

62.681
30.756

I 091

0 176
0 228

021
0

0

0.038

0

0.597
0 168

64.418
30 504

0 96r
0.099

0.213

0 071

0

0

0 0t7
0

l2
0 783

6l 595

30.079

L343
0.146
0 182

0.1t5
0

0

0.0t3
0.001

1.208

o.404

Cr (a)

Mn
Co
Ni
Cu

Zn
Br
Sr

Mo
Ba
Y
La

Ce

Nd
Sm

Gd

Dy
Er
Yb
Lu
TI
Pb

Th

2400

0

t40
260

0

210
0

60

210
0

3080

0

r80
10

250

910

0

0

0

0

510

0

390

150

0

r380

0

70

0

170

970
730

620

280

230
0

330

130

I 680

I 250
I 350

410

620t70 810
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(l) Element abundance in weight percent oxide
(2) Total iron expressed as FeO.
(3) REE2O3 is sum ofREE abundances
(4) Trace element abundance in ppm



APPENDIX III: ZIRCON
chemical compositions of zircon crystais fiorn the Type III pegmatites.

Location
PIXE

Zoning

l0c-zt-9

Medium
Oscillatory

Tnne

542-Zt-8

Medium
Oscillatory

7,one

5A2-Zt-tt

Medium
Oscillatory

7,one

ZTR?-I
Aprt0_95.026

Medium
Oscillatory

Znne

ztRz-2

Medium
Oscillatorl

7-ane

ZTR2-3

Medium
Oscillatory

Zone
Zr02
sio2 (l)
CaO

FeO T (2)
Hfo2
A1203

Mgo
N¿O
Tio2
P205
uo2
REE2O3

56.222

30 393

2 5t8
0.077

0 179

049
0.037

0

0

0

3.257

0.924

69 226

32.342

0

0.478
0.t73

0

0

0

0

0.025
0.057
0 117

68.246

31 898

0

0

0 178

0 014

0

0

0

0

0.1 I5
0.0r5

56.947

29 73

2.216
0 657

0.165

0 427

0.0r7
0

0.005

0

2.895
2 r45

56.216

29 91

2.154
I 04t
0 t59
0 479

0

0

0.008

0

2 132

0 971

56 759

30 33

2.2t5
0.814

0.t77
056

0

0

0 029

0

2.568
0.886

Cr (a)

Mn
Co

Ni
Cu

Zn
Br
Sr

Mo
Ba
Y
La

Ce

Nd
Sm

Gd

Dy
Er
Yb
Lu
TI
Pb

Th

4880

160

720

40

0

ZJ

1679

642

52

8l
116

42
657

1827

0

6661

0

921

244

84

)¿o
5t3

1325

7r 80

79

5045

4654

4860

90

890

180

40

4640

0

620

60

0

0

0

180

270

0

1290

620

0

0

0

0

0

130

0

380

190

1290

440
r490
380

2620 210 ll0 5080 4540(l) Element abundance in weight percent oxid-
(2) Total iron expressed as FeO.
(3) REE2O3 is sum of REE abundances
(4) Trace element abundance in ppm.
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APPENDIX III: ZIRCON
chemical compositions of zircon crystals from the Type III pegmaútes.

Location
PIXE

Zoning

zIR2-4

Medium
Oscillatory

7,one

ZIR3-5

Light
Oscillatory

Zone

l0c-22-r

Light
Oscillatory

Z,one

t0c-22-2

Light
Oscillatory

7,one

5A2-Zt-2 ZIRI-3

Light
Oscillatory

Zone

Light
Oscillatory

7,one
Zr02
sio2 (l)
CaO

FeO T (2)
Hm2
¡J2o3
Mgo
N¿O
Tioz
P205
uo2

6t 152

3l 02t
I 688

0.787

0 201

0 432

0

0

0

0

1.126

0.8

45 286
25 606

2.359
0.724

0 t24
0 062

0

0

0 046

0

21 825
2.997

s7 713

29.t46
2 307

0.315

0. t9
0.s27
0 014

0

0.022

0

2.201
0.896

56.

28.939
1.942

0.299
0 227

0.339

0.002

0

0.021
0

I93t
1.029

ó8 103

32.119
0.008

0.321
0n7
0 012

0

0

0.02

0 059

0.031

0.09s

56 226

28.31 I

0 942

0.064
0. t68
0 221

0

0

0.036

0 013

0.769

0.627
REE2O3

Cr (a)

Mn
Co
Ni
Cu

Zn
Br
Sr

Mo
Ba
Y
La
Ce

Nd
Sm

Gd

Dy
Er
Yb
Lu
TI

Pb

Th

3910

0

460

0

40

450

t6210

80

900

180

360

41 50

160

500

630

340

6000

0

750

170

390

750
810

2940

60

0

0

0

40

I90
0

t250
900

5090

I 590
0

600

I 000

0

I I90
380

740

10

1690 l0 0
(l) Element abundance in weight percent oxide
(2) Total iron expressed as FeO.
(3) REE2O3 is sum of REE abundances.
(4) Trace element abundance in ppm.
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APPENDIX III: ZIRCON
chernical compositions of zircon crystars frorn the Type III pegmatites.

Location
PIXE

Zoning

zIRl-4

Light
Oscillatory

Zone

ZTR}-5
Aprl0_95.028

Light
Oscillatory

Zone

zÍRz-9

Light
Oscillatora

Z,one

zrRz-t0

Light
Oscillatory

7,one

ZIR3-1

Light
Oscillatora

Zone

zIR3-2

Light
Oscillatory

T¡ne
Zr02
sio2 (r)
CaO

FeO T (2)
Hro2
41203
Mgo
Na2O
Tioz
P20s
uo2

59 504

28.3 05

2 725

3.853

0 188

014
0

0

0.005

0.034

I 088

| 557

58.009

30.528

I .871

0.541

0.166

0.526

0

0

0 018

0

|.682
1.038

65 9s7

3t.403
0.243

0.764

0319
0 024

0

0

0 004

0 077

66.355

3t.874
0.046
0.163

0319
0
o

0

0.004

0.02

0.444

0.r35

59.554

29.905
1.832

0.353

0 t7t
0.199

0

0

0.011

0

L361

0.673

56 s36

29 6n
r.818
0 522

0 18

0.328

0

0.576

0 036

0

2.61

L22
REE2O3

.194
0.14

Cr (a)
Mn
Co
Ni
Cu
Zn
Br
Sr

Mo
Ba
Y
La
Ce

Nd
Sm

I 860

2960

7 t20
0

0

21

1237

719

57

87

102

22

444

2045
146

5198

0

215
109

155

303

438

699

1382

0

93

3t7 1

1392

2970

0

3t0
90

250

6070
0

1 070

410

430

0

0

100

150

220

0

0

50

510

0

230
430

t230
0

Gd

Dy
Er
Yb
Lu
TI
Pb

Th

t 1l0
880

1440

490

170

540

26701600(l) Element abundance in weight percent oxide
(2) Tofal iron expressed as FeO.
(3) REE2O3 is sum of REE abundances
(4) Trace element abundance in ppm.
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APPENDIX III: ZIRCON
chemical compositions of zircon crystars from the Type III pegrnatites.

Location
PIXE

Zoning

ztRs-g
Aprl0_95.023

Light
Oscillatory

Zane

ZIR}10

Light
Oscillatory

7,one

ZIR3-II

Light
Oscillatory

7,one

zIR3-t2
Aprl0_95.025

Light
Oscillatory

Z,one

ZIR3-I3
Aprl0_95.024

Light
Oscillatory

7,one
ZrO2
sio2 (l)
CaO

FeO T (2)
Hm2
41203
Mgo
Na2O
Tioz
P205
uo2
REE2O3

66 071

31 035

0.239
0.02t
0.207

0 026
n

0

0

0.017

0.r58
1.67

66.251

32.194
0.008

0.o22

0 342

0

0

0

0.016

0.033

0.l3
00lr

67 029

JZ.l)t

0

0.068

0.288

0

0

0

0

0

0.014

0 041

59.884

30.598

t.614
0.895

0.219
0.343

0.0 r

U

0.034

0

1.39

I 069

60.574

30.3 t 3

1.573

0.877

0 248
0315

0

0

0 027

0

I 451

0.896
TOTAL

Mo
Ba
Y
La

Cr (a)

Mn
Co
Ni
Cu

Zn
Br
Sr

0

7

5t4
46

76

7

7

22

0

134

635

0

0

21

t6
t7

7

J

0

t3911

43

449

0

0

1408

600

55

101

86

23

498

1432

17

4856
0

366
61

59

220

470

7\2
1073

990

89

2926

674

0

1628

s22

69

9t
I l0
20

450

1 8ó3

27
4110

0

JJ I

t01

41

272

s26

627

843

520

69

3252

598

Ce

Nd
Sm

Gd

Dy
Er
Yb
Lu
TI
Pb

Th

0

l0
0

0

0

0

0

0

0

0

90

0

0

360

(1) Element abundance in weight percent oxide
(2) Total iron expressed as FeO.
(3) REE2O3 is sum of REE a,bundances.
(4) Trace element abundance in ppm.
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APPENDIX III: ZIRCON
chemical compositions of zircon crystars from the Type III pegmatites.

[,ocation
PTXE

Zoning

ZTR3-I4

Light
Oscillatory

7,one

542-Zt-l

Light
Oscillatory

Zone

10c-zt-r r0c-zt-2

Dark Dark
Rim Rim

t0c-zt-tt t0c-zß_3
Aprt0_95.042

Dark Dark
Rim Rim

Zr02
sio2 (r)
CaO

FeO T (2)
Hfo2
N2o3
Mgo
Na2O
Tioz
P20s
u02

60.1 28

30 t7l
126

0.912
0.269

0 221

0 058

o.194
0.037

0

1.232

0.66

68.233

3 l .806

0.028

0.676

0 163

0.02

0
n

0

0.017

0.12

0 166

55 699

29.567

2.638
0.036

0.1 84

0.s63

0

0

0 007

0

3.235
I 122

60 698

30 292

1.776

0 421

0.245

0.248
0.002

0

0.048

0

1.908

0.562

50 5l
27.637

3 901

0.175
0 194

0 312

0

0

0

0

2.492

0.322

55 631

27.519
3.229

0 503

2.063
0 534

0 001

0

0

0

o 259
0.881

REE2O3

6690

0

IJU

60

0

2810

0

400

290
250

840

0

20

0

228
104

77

249

45

0

I68
2300

0

2899

0

1230

1459

375

498

446

80

201

r20
76

543

0

I 590

40

6t0
180

0

0

30

60

0

700

2960

0

270

180

510

Cr (a)

Mn
Co

Ni
Cu

Zn
Br
Sr

Mo
Ba
Y
La

Ce

Nd
Sm

Gd

Dy
Er
Yb
Lu
TI

Pb

Th

190

t0

I 580

0

0

650

850

660

2480690 0
( I ) Element abundance in weight percent oxide
(2)Total iron expressed as FeO.
(3) REE2O3 is sum of REE abundances.
(4) Trace element abundance in ppm.
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APPENDIX III: ZIRCON
chemical compositions of zircon crystals from the Type Iil pegmatites.

Location
PIXE

Zoning

zIRr-s
Aprl0_95.034

Dark
Rim

ZIRI-6

Dark
Rim

zlRt-12

Dark
Rim

zlRz-6

Dark
Rim

zÍn.t-7 zlRl-s
Aprl0 95.037

Dark
Rim

Dark
Rim

ZtO2
sio2 (l)
CaO

Feo T (2)

Hfo2
N2o3
Mgo
Na2O
Tio2
P205
uoz
REE2O3

46.007

28.236

4.364
1.324

0.84

0.677

0.019

0

0 0t3
0

1.848

3.186

50 lt2
28.241

4.11

3.174
016

0 6t7
0

0

0.033

0.007

1.26t
1.763

49.2t4
27 999

4.5t9
4.611

0 668

0 611

0

0

0.023

0 015

1.688

1.892

48 359

28.324

4.482
0 903

0.152
0 788

0.012
0

0.01

0 054

1.4s9
3 576

43 839

27.359
4.397
2.052
0 136

0.834
0 006

0
0.018

0

1.829

3.703

601
30 37

1.66

4 081

0.238

0 301

0

0

0.018

0

0 905

0.435
TOTAL
Cr (a)

Mn
Co

Ni
Cu

Zn
Br
c.

Mo
Ba

Y
La
Ce

Nd
Sm

Gd

Ðy
Er
Yb
Lu
TI

Pb

Th

86

844
335

5l
97

25

59

3276

1472

325

29s5
6315

14593

2042

0

0

2390
4190

7100

220

0

o/
963

545

r58

ltl
105

170

5997

3137

2032

2420

2275

8165

335

0

1079

0

785

837

120

469

298
5825

5480

8210

t6't20
s30

0

2580

0

t50
0

0

790

0

0-
579

496 5s0
0 420

86

604

736

3 150

6270

19200

870

0

790
0

740

640

190

910
(l) Element abundance in weight percent oxide
(2) Total iron expressecí as FeO.
(3) REE2O3 is sum of REE abundances.
(4)Trace element abundance in ppm.
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APPENDIX III: ZIRCON
Chemical compositions of zircon crystars from the Type III pegmatites.

[,ocation
PIXE

Zoning

ZTR2-8
AprI0_95.027

Dark
Rim

ZTR3.6

Dark
Rim

ZTRS-7

Dark
Rim

ZIR3-8
Aprl0_95.022

Dark
Rim

l0c-22-12 l0c-22-t3

Medium Medium
Rim Rim

ZrO2
sio2 (l)
CaO

Feo T (2)
Hfo2
A1203

Mgo
Na2O
Tio2
P20s
uo2

59.t3
30.003

1.87I

0.509

0 272

0.347

0

0

0.052

0

1.315

0 614

s8 906

27 593

2 066
1.086

0.1 69

0.121

0

0

0 043

0.02

1.351

0.248

60 288

28 894

1.387

0.437

0.178

0 145

0

o.264

0

0.003

1.005

0.25

56 532
29.444

2.662
0.531

0.t59
0.34

0.003

0 558

0 026

0

1.789

1.527

59 788

28.161

1.12

0.698

0.272

0.157

0

0

0.028

0.012
0.685

0.245

64.t
30.423

1.211

0.r58
0 245

0.169

0

0

002
0 002

1.315

0.383
REE2O3
TOTAL
Cr @)
Mn
Co

Ni

Sr

Mo
Ba

Y
La

Ce

Nd
Sm

Gd

Dy
Er
Yb
Lu
TI
Pb

Th

59

3t37
0

176

58

41

172

257

466

705

0

69

900

0

30

0

0

I 130

0

60

60

120

690

0

0

3483
492

27

62

56

53

891

2157

65

3 589

0

261

126

t84
284
368

430

1000

6739

83

1 853

I 788

I 050

0

310

0

210

450

0

0

2070

0

410

3r0
0

8-
I 004

507

46

88

7l
45

J) /

1927

Cu

Zn
Br

720

420
320

0

130

2516

720
(l) Element abundance in weight percent oxide
(2) Total iron expressed as FeO.
(3) REE2O3 is sum of REE abundances
(4) Trace element abundance in ppm.
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APPENDIX III: ZIRCON
chernical compositions of zircon cryståls from the Type III pegrnatites.

Location
PIXE

Zoning Medium
Rim

t0C-23-6 t0c-Zt-s tÛC-Zt-4 t0C-22-14 ttc-zz'-ts toc-zsiÃ--1ilffi

Light Light Lighr
Rim Rim Rim

Light Light Lighr
Rim Rim Rim

Zr02
sio2 (1)

CaO

FeO T (2)

Hfo2
N2o3
Mgo
N¿O
Tio2
P20s
uo2

58.078

29.704

l. I99
0.189

0.24

038
0.003

0

0

0 006

0.836

r.378

59. I 93

29.s35
2 842
1.0r5
0 249

0.268
0.01I

0

0.03 s

0

2 682
0.38

62 41t
30.3 r 8

1.385

0 136

0.269
0.228

0

0

0 03t
0

1.t7t
0 498

59.238

27.568
0.604

0 t73
0.289
| 936

0

0

0.031

0.3 75

0 466

1 341

64.84

30.884

0.478
I .515

0.3 58

0.166

0

0

0.032

0 017

0.236

0.065

51 425

23 335

o 627

0.223

0.246

8 197

0.064

0

0.048

1.149

1.524

2 475

59.855

29 648

0 129

I t02
0.325

I 826

0

0

0 0t4
0.294

028
t.255REE2O3

TOTAL
Cr (a)

Mn
Co

Ni
Cu

Zn
Br
Sr

Mo
Ba
Y
La
Ce

Nd
Sm

Gd

Dy
Er
Yb
Lu
TI

Pb

Th

1250

600

5120

3940
330

450

0

500

I 840

0

0

0

390

2390

0

160

60

490

301 0

700

3820

27 t0
320

180

490

0

0

l0
230

0

0

10r80
0

33 10

4140

1370

Ir50
190

311;

5390

0

I 630

1790

780

890

0

t3 10

980

0

180

0

320
710

0

490
(l) Element abundance in weight percent oxide.
(2) Total iron expressed as FeO.
(3) REE2O3 is sum of REE abundances.
(4) Trace element abundance in ppm.
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APPENDIX III: ZIRCON
chemical compositions of zircon crystals from the Type III pegmatites.

Location
PIXE

Zoning Light Light
Rim Rim

sA2-Zt-6 5A2-Zt-7 5^2-Zt_9 542-Zt-10 z[Rt-g
AprI0_95.033

Light Light
Rim Rim

ZIRI-TO ZTR'I-II
AprI0_95.035

Light Light
Rim Rim

Light
Rim

Zr02
sio2 (l)
CaO

FeO T (2)
Hfo2
N203
Mgo
N¿O
Tioz
P205
u02

68 607

31.64

0.057

0 551

016
0 022

0

0

0

0.048

0.05 r

0.148

67.879
32 283

0

0.087

0 246

0.003

0.005

0

0.044

0

0.121

0.079

68 302

31.892
0.005

0.219
0.239
0 014

0.007

0

0.011

0.024
0.o49
0.015

67 917

3 1.882

0 007

0.077

0 225

0

0 013

0

0

0.03

0.053

0 008

62.3

28.9

1.577

L472
0.351

0 088

0

0

0

0 021

0.715
2.273

61.456
28.426

2.263

0.656
0.3 3

0.t44
0

0

0.012
0 004

0.632
1.332

48.291

28 359
4.101
2.684
I 828

0 804

0

0

0.002

0

0.69s

3.478
REE2O3
TOTAL
Cr (a)
Mn
Co

Ni
Cu

Zn
Br
Sr

Mo
Ba

Y
La
Ce

Nd
Sm

Gd

Dy
Er
Yb
Lu
TI

Pb

Th

0 t50
0 490

0

40

100

2t0
440

330

160

0

0

0

110

310

260

0

0

20

0

0

0

0

0

70

0

0

1148

396
52

98

23

25

t14l
0

t42
2529

704

3057

1728

t84
163

0

53t
372

ro255

0

440
295

1220

790
4420

4160

690

0

960
826

96

r83

78

3l
3044

0

727

12627

313

3 886

4613

1298

1455

1579

1362
1302
300

l8t
173

872

0

l0

160
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150
(i) Element abundance in weight percent oxide.
(2) Total iron expressed as FeO.
(3) REE2O3 is sum of REE abundances
(4) Trace element abundance in ppm.



APPENDIX III: ZIRCON
chemical compositions of zircon crystals from the Type III pegmatites.

[,ocation
PIXE

Zoning

zIRz-t4 lÙc-zt-7 t0c-zt-13 zlR2-tt
AprI0_95.029

Dark part
of Mottled

Area

zIR2-12 ZIR}-I3

Light
Rim

Dark part
of Mottled

Area

Dark part
of Mottled

Area

Dark part
of Mottled

Area

Dark part
of Mottled

Area
Zr02
sio2 (r)
CaO

FeO T (2)
Hfo2
41203
Mgo
N¿O
Tio2
P205
u02

64 14

30.777

0.211

2.t5
0 372

0 056

0

0

0

0

0.419

0.108

62.291

29.744

r.089
0.165

0 ll7
0 136

0.008

0.496
0.019

0

1.588

0.647

57 661

28.292

2 368

0 188

0 209

0. 19

0

0

0 025

0

3.349
0 978

60.111

28.659
1.263

1.414

0.t78
0.058

0

0

0

0

1.518
t 893

5 r.999
26 622

4 891

0.427

0 134

0.446

0.021

0

0.03

0

2.05

0 997

49 233

26.251

0

1.047

0 154

0.477

0.008

4.775

0.019

0

2.447

0.935
REE203 (3

TOTAL 98.892 96 36 93 266 95 r6r 87.616 85 345
Cr (a)
Mn
Co

Ni
Cu

Zn
Br
Sr

Mo
Ba
Y
La
Ce

Nd
Sm

Gd

Dy
Er
Yb
Lu
TI

Pb

Th

470

0

0

140

0

28;
0

0

2390
0

210
250

0

I 360

I 190

1000

5030

20

560

280

0

1660

440

36;

70

1557

945
0

0

82

JJ

1538

0

379

5358

0

213

236

323

457

0

1049

1352
6998

37

2168
2140

5050

0

I 080

0

0

5360

0

740

140

0

1300

710

I 900

I 330

0

490(i) Element abundance in weight percent oxide
(2) Total iron expressed as FeO.
(3) REE2O3 is sum of REE abundances.
(4) Trace element abundance in ppm.
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APPENDIX III: ZIRCON
chemical cornpositions of zircon crystals frorn the Type III pegmatites.

f,ocation
PfXE

Zoning

tOc-zt-s t0c-zt-10 t0c-22-t0 IOC-ZI.II ZTRI-I
Aprl0_95.030

Light part Lighr parr
of Mottled of Mottled

ztRt-2
AprI0_95.031

Light part
of Mottled

Area

Light part Light part
of Mottled of Mottled

Area Area

Light part
of Mottled

Area Area Area
Zr02
sio2 (l)
CaO

FeO T (2)
Hfo2
41203
Mgo
Na2O
Tio2
P205
u02

63.003

30 443

1212
1.012

0 t94
0 r98

0 0t7
0

0.047

0

0.71

0 4t3

54.471

25.523

1.175

0.23

0 182

0. t63

0 006

0

0.021

0

1.153

0 423

62.708
30. I 54

I 355

0.104

0.1 89

0.203
0.004

0

0 061

0

1.504

0.608

66 13

30 554

0 615

0 204
0 205

0 044

54.289

28.291

3 959

3.712

0.t6l
0 _535

0

0

0

0

1.495

2 284

s6 386

29 9t5
2 349
2 719
0 781

0 288

0

0

0 026

0 0t2
1.802

3 056

0

0

0 018

0 017

0 652

0.29sREE203 (3

TOTAL 97 249 83 346 96 89 98.734 94 731 9t 34
Cr (a)
Mn
Co

Ni
Cu

Zn
Br
Sr

Mo
Ba
Y
La

Ce

Nd

Sm

Gd

Dy
Er
Yb
Lu
TI

Pb

Th

t220
0

I l0
350

0

880

920

8;

2t90
0

0

0

r I0

2840

0

410

360

0

I 380

0

1120

0

t626
655

t29
119

70

86

5798

I 606

666

26s0
3227

4975

0

0

830

0

785

l00s
6040

0

287

4908

57

1141

558

108

120

49

76

2328
l),4

387

4462

7573

t0644
205

0

5_só

0

861

962
520

90

304
2031

980

0

100

500

0

930

230

1270

880

0

Appendix - 44

290
(1) Element abundance in weight percent oxide
(2) Total iron expressed as FeO.
(3) REE2O3 is sum of REE abundances.
(4) Trace element abundance in ppm.



APPENDIX III: ZIRCON
chemical cornposifions of zircon crystals from the Type IV pegmatites.

Location
PIXE
Zoning

6^7-Zt-3 6A6A-Zt-t 6A6A-Z|-2 6A7-Zt-4 6A7-Zt-5 6A7_Zt_6 6A7_22_5

centre centre centre unzoned unzoned unzoned unzoned

ZrO2 (1)

sio2
CaO

FeO T (2)

Hfo2
,A't203

Mgo
Tioz
P205
u02
REE2OJ

67.44

32.035

0.03 8

0

0 I54
0.012

0

0

0.031

0.059

0.127

68 132

32.11

0 022

0

0 172

001

0

0 064

0.038

0.083

0 I9t

67.268
32.t8
0 077

0

0.1 89

0.015

0.008

0

0 047

0.117

0.433

64 389

J I -JJ¿+

0 208

0.126
0 223

0 t04
0

0

0.077

0 074

0 982

64.t35
30.445
0 558

0.081

0. 19

0

0

0 019

0

0.107
I 067

66 137

3t.343
0. I45
0.104

0.188

0.01 I

0

0 007

0.006

0.034
0 612

66 944

31.704

0 243

0

0 205

0.02s
0

0.012
0.163

0.088

2.498
TOTAL 96.601
v (4)

Cr
Mn
Co
Ni
Cu

Zn

Br
Sr

Mo
Ba

Ta

Y
La
Ce

Nd
Sm

Gd

Dy

Er
Yb
Lu
Pb

Bi
Th

0

0

190

t50
0

650

0

120

340

80

780

150

l6l0
960

0

70

1290

43_s0

2040
350

s490

0

I 080

570

0

1780 1060

170 2890
1870 9400
970 7190

0 730

0

770

0

0

400

0

140

0

0

940
610

0

300

0

300

0
0

0

0 0 80(l) Element abundances in weight percent oxide
(2) Total iron expressed as FeO.
(3) REE2O3 is sum of REE abundances
(4) Trace element abundance in ppm.
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APPENDIX III: ZIRCON
chemical compositions of zircon crystals frorn rhe Type IV pegmatites.

Location
PIXE
Zoning

647-22-6 6+7-22:7 6A7-22_8 6A7_Zt_r 6^7_Zt_2 6^7-22_3
Aprl0_95.044

unzoned unzoned unzoned overgrowth overgrowth overgrowth

Zr02
sio2 (l)
CaO

FeO(t)
Hro2
A12o3

Mgo
Tio2
P205
uo2
REE2O3

68.3 t 3

31.664

0 026

0

0.241

0

0.0i7
0.03 I

0.013
0.041

0.249

68.531

3t 788

0 005

0 006

0.212

0

0

0.0t6
0

0.0r
0.096

68 554

31.974

0 002

0 053

0.269

0 0t3
0

0

0

0.044
0.149

68.567

3l.895
0 044

0 018

0.208

0

0 00t
0

0.046

t. t4l
2.527

ó6 5t5
3t 778

0.126

0.1 36

0.312
0 019

0 024

0.028

0.018

0.123
1.049

66.442

31.547

0 091

0

0 226
0

0.007

0.033

0

0.085

0.985
TOTAL
v (4)

Cr
Mn
Co

Ni
Cu

Zn
Br
Sr

Mo
Ba

Ta

Y
La
Ce

Nd
Sm

Gd

Dy
Er
Yb
Lu
Pb

Bi
Th

;
0

I 050

410

310

0

0

450

630

200

85

231

0

r 3l9
89

102

0

21

2841

0

0

473

t3707
IJ

480

2174

1173

966
656

368

369

540

3475

383

793s

0

I 840

4290

I 890

0

60

510

5320

2150
350

0

0

420

300

0

310

0

450

t00

0

0

0

970
20

t0

(l) Element abundances in weight percent oxide.
(2) Total iron expressed as FeO.
(3) REE2O3 is sum of REE abundances.
(4) Trace element abundance in ppm.
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APPENDIX III: ZIRCON
chemical cornpositions of zircon crystals from the Type IV pegmatites.

Locafion
PTXE

Zoning

647-22-4 6A6^-Zt-3 6A6A-Z[-4 6A7_22_1 6^7_22_2 6A6A_Z|_6

Overgrowth Overgrowth Overgrowth Mottled
Area

Mottled
Area

Mottled
Area

ZrO2
sio2 (l)
CaO

FeO (¿)

Hm2
A1203

Mgo
Tioz
P20s
uo2
REE203

67 151

3 t 384

0 054

0 092
0.272

0 004

0

0

0 007

0.228

0.34 I

67.749
32.312
0.t58
0.04ó

0 176

0.052

0

0.031

0.054
0.166

1.908

68.633

32 433

02
0

0.17 |

0

0

0.02

0.03 5

0 174

3.069

6 l .588

29 245

I .415

0.141

0.174
0 001

0.027

0

0.028

0.431
0.s38

60.866

28 399

2 452

0 035

0 167

003
0

0

0

0 439

0 388

65.812
3t 224

0.265

0.03 r

0.201

001
0

0.0 t9
0.054
0.126
I 215

TOTAL
v (4)

Cr
Mn
Co

Ni
Cu

Zn
Br
Sr

Mo
Ba

Ta
Y
La
Ce

Nd
Sm

Gd

Dy
Er
Yb
Lu
Pb

Bi
Th

780

3920
100r0

720

670

960

6030

9050

8370

540

I 830

0

910

400

320

I 820

0

640

440

0

520

I 600

5610

2430
180

0

0

350

200

140

330

120

370
8r0

130

0

;

160

I 080

0

270

0

0

750
260

0 60 0(l) Element abundances in weight percent oxide.
(2) Total iron expressed as FeO.
(3) REE2O3 is sum of REE abundances
(4) Trace element abundance in ppm.
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APPENDIX III: ZIRCON
chernical compositions of zircon crystals from the Type IV pegmatites.

Locafion 6^6A-Zt-s
PIXE
Zoning Mottted

Area
66.043
3 1.365

0 451

0.019

0.196

0.022

0

0

0.026
0.205

REE2O3 (3) 0.613
TOTAL 99 00t

ZrOz
sio2 (l)
CaO

FeO (z)
Hfoz
41203
Mgo
Tio2
P205
uo2

v (4)

Cr
Mn
Co
Ni
Cu

Zn
Br
Sr

Mo
Ba
Ta
Y
La
Ce

Nd
Sm

Gd

Dy
Er
Yb
Lu
Pb

Bi
Th

1090

350

2220

1230

60

430
300

40
(1) Element abundances in weight percent oxide.
(2) Total iron expressed as FeO.
(3) REE2O3 is sum of REE abundances.
(4)Trace element abundance in ppm.
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APPENDIX III: ZIRCON
XRD data for a zircon crystal frorn the Type iII pegmatites.

-J.:.J!.l
;+i-+r
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APPENDIX IV: BRITHOLITE
Chemical compositions of unaltered and altered britholite grains from the Type IV
pegmatites.

Location 6A2-8l-l 6A2-Bt-2 6A2-Bt-4
Unaltered Unaltered Unaltered

642-81-5

Unaltered

6A'2-B2-l

Unaltered

6^2-82-2
Unaltered

sio2 (l)
FeO T (2)

CaO

AI2OJ
Tio2
u02
Tho2
Y203
La2O3

Ce2O3

Nd203
Sm2O3

Gd2o3
Dy2O3

Eu2O3
P205
F

CI

t8 705

0

l6 8t6
0

0 002

0 143

I 123

I 89ó

8 859

24 757

t2 774

I 738

I 357

0.52

0 293

4 669

3.254

0 0r8

19.289

0

r5478
0

0

0 744

0 9r
t96

8.894

24 902
t2 9t
1.921

1 064
0 ,s67

0.275

3.479

2.866
0 0ó2

19 02t
0

t5 9
0

0

0 84t
t 029

L854
8.683

24 806

t2 656

],934
0 992
0 469

0 365

3.981

3 445

0 004

19.039

0

t5 463

0

0

08
| 046

I 901

8 893

24.884
12 8s9
I 8r4
I r8

0 485

0 344
3.398

3 835

0 021

18 874

0

t6 267

0

0

0 794

0 978

1.904

8.53 8

24 651

t2 699

r 788

I 057

0 526

0 245

4 435

3 229

0 015

19 016

0

I6 001

0

0.026

0 802

r r39
1.87

8.544

24 62

t2.862
1.77

t.152
0 5t6
0.361

3.817

J-¿3 /

003t
TOTAI, 97 524 95 321 95 986 95 962 96 006 95 824

Location 642-B.2-3

Unaltered

642-B2-4

Unaltered

642-B.2-s

Unaltered

6A2-B.2-6

Unaltered

6A2-82-7

Unaltered

6A4-BL-4

Unaltered
sio2 (r)
FeO T (2)
CaO

41203

Tio2
uo2
Thoz
Y203
La2O3

Ce2O3

Nd203
Sm2O3

Gd203
Dy2O3
Eu2O3

P205
F

CI

r9 566

0

15 27

0

0

0 817

0 913

I 923

9 023

25 t5t
12.817

I 929

1.196

0.5s8

0 293

J.JòJ

3.022

0.03 7

19 233

0

I 5.91

0

0

0 752

0 909

t9t5
8.852

25.185
t3 095

I 892
I t4

0.417

0.386

J.ò/J

3.146
0 024

l9 138

0

t6 214

0

0

0 8t4
0 936

183
8 742

24 523

12 819

I 852

I 143

0 405

0 339

i 9l I

3.567

0 021

t9 2t6
0

15.779

0

0

0 867

I 002

I gtl
8.564

24.853
13.122

17
1.06

0.622

0.305

3 814

3.145
0 029

19 156

0

t6 051

0

0

0 8t2
0 914
I 94t
8 754

24.681

12.859

I 839

l. 199

0.581

0.379

3 769

3 248
0.038

20 398
0

t3 057

0

0

0 837

I 194

212
8.699

26 351

t4 396
2 145

1 421

0.57

0.429

1 723

2.776

0.031
TOTAL 95 898 96 789 96 26
(1) Element abundance in weight
(2) Total iron expressed as FeO.

percent oxide
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APPENDIX IV: BRITHOLITE
Chemical compositions of unaltered a¡d altered britholite grains fiom the Type IV
pegrnatites.

Locafion 6114-81-5 6Ä4-Bl-10 6A4-B2-l
Unaltered Unaltered Unaltered

6A4-B.2-5

Unaltered

61'4-B2-6

Unaltered

61t8,1-Bl-l

Unaltered
sio2 (r)
FeO T (2)

CaO

A1203

Tioz
uo2
Thoz
Y2o3
LúO3
Ce203
Nd203
Sm2O3

Gd203
Dy2O3
Eu203
P205
F

CI

20.046
0

t3 572

0

0

0.91 8

I 248
218

8 703

26 064

r3 98t
2.094
I 338

0 486

032
I.928
2.8t8
0 039

19 3t9
0

t3 577

0

0

0 763

I 229

2 112

8.559

25.839

t4.324
| 978
1 188

0.588

0 358

2.55

2.825
0 094

20.205
0

13.379

0

0

Ì 004

I 2t6
2.21

8.3 I4
25.648

14.345

2 092
I 367

0 533

0.43

1.808

2.6t1
0.03 8

20 002
0

t2 897

0

0

0 854

lt167
2.231

8.354
25.943

14 404

2.189
1 357

0 596

0.337

1.769

2.474

0 097

20.223

0

I3 012

0

0

0 70ì
I 186

2.265
8.22

26 197

14.632

2 341

1.321

0.59

037
I 674

3.016

0 045

19 276

0

t5.912
0 121

0

0 962

t.lt
1.838

8.363

24.6t6
t3 139

r.906
1.222

0 5l_s

0 342

3.817

3.21

0 035
TOTAL 95 73s 95 303 95.206 94.61I 9s 799 96 45

I ^^^r-:^-^LULA¡rtrrr É-LQ+ rrr a z|o 
^ Dt tvnon-Dt-4 unon-¡f¿-i

Unaltered Unaltered

6A8A-82-2 6AEA-82-3

Unaltered Unaltered

ZAOA D' Aunon-D¿-{

Unaltered

ZAOA D' Evdon-D¿-J

Unaltered
sio2 (t)
FeO T (2)

CaO

A1203

Tioz
uo2
Tho2
Y203
La2O3

Ce2O3

Nd203
Sm2Oi
Gd203
Dy2O3
Eu2O3

P205
F

CI

19 129

0

rs 983

0 109

0

0 768

0 873

I 834

8 668

24.683

t2 993

r.909
I 141

0 538

0.233
3 731

2 761

0 027

t9.178
0

16 099

0 034

0

0 764

0.972

1.832

8 764

24 971

12.796

I 943

I 128

0.565

0.364
4 046

3 255

0 032

19 097

0

16.09_s

0.03 7

0

0 805

0.993

1.852

8 781

24.581

I 3. 165

2 002
1.27

0.589

0 287

3 977

3.31

0 019

r 9.098

0

t6 268
0.05

0.064

0.86

0.92

r.868
8 449

24.59

I3.01

t7s
1.171

0.52

0.31 I

4.133

3.311

0 033

19.021

0

16.286

0 024

0

0 705

0.879
I 182
8.612

24 47

12.975

I 708

I 193

0.466
0.306

4 046
3 352
0.035

19.06

0

16 279

0 012

0

0 839

0.7

I 864

8 653

24.425

12.8

1.824

1.255

0.376

0 242

4.191
3.453
o 026

TOTAL 95 38 96.743 96.86

Appendix - 5l
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( 1) Element abundance in rveight percent oxide
(2) Total iron expressed as FeO.



APPENDIX IV: BRITHOLITE
Chemical compositions of unaltered and altered britholite grains from the Type IV
pegrnatites.

Locafion 6A8A-83-l

Unaltered
6A8A-83-7
Unaltered

6A8A-83-10

Unaltered

6AóB-BI-I
Unaltered

6A8A-83-3 6A8A-83-6

Unaltered Unaltered
sio2 (t)
FeO T (2)

CaO

A1203

Tio2
uo2
Tho2
Y2o3
LazO3
Ce2O3

Nd203
Sm2O3

Gd203
Dy2O3

Eu203
P20s
F

CI

19 307

0

15 4

00il
0

0 88ó

0 787

I 8t 7

8.788

24.713

t3.172
1.922

I 443

0 377

0 322

3 252

3 698

0 044

l8 941

0

t6 166

0 003

0

0 758

0 864

r 819

8 721

24 639

12 77

1 .843

1.112
0 492

0 269

3 962

2 746

0 029

i9 385

0

t5 605

0 031

0

0 848

0 943

I 923

8 665

25 042

13 I t5
2 003

1 217

0 -528

0 324

).lJ

216
0 028

19.265

0

t5 779

0 045

0

0 766

0 877

I 837

8.842
24.946
13.029

1.896

1.228

0 425

0 283

3.625

342
0.03 5

19.044

0

r6 038

0 0.r8

0

0 847

0 911

Ì 809

8 897

24 775

12 664

2 033

1 .174

0.506

0 283

3 776

2 946

0 02t

t9 09t

0

15 887

0 008

0

08iì
0 87i
1.897

8.499
24 195

13 296

I 841

| 279

0 578

0 294

382
2.887

0 063
TOTAL 9s 939 95 134 96 14'7 96.298 95 768 9s 939

Location 6A6B-81-3

Unaltered

6A6B-B2-L

Unaltered

6A6B-82-2
Unaltered

6A6B-82-3

Unaltered

6A6B-83-1

Unaltered

6A6B-83-4

Unaltered
sio2 (i)
FeO T (2)

CaO

A12o3

Tio2
uo2
Tho2
Y203
La2O3

Ce2O3

Nd203
Sm203
Gd203
Dy2O3
Eu2O3
P205
F
CI

r9 305

0

15 779

0

0

0 727

0.844
I 864

8 624

247
13.146

193
I 129

05
0.335

J ó/.)

298
0 043

19.231

0

15 891

0 098

0

0 739
0 713

],94
8 774

24.964
12.913

I 182

1.263

0 498

0 286
3 939

3.246

0.038

t9 182

0

15 743

0 038

0

0 676

0 793

I 928

8.63 5

24 722

12 898

I 8t r

1 157

0 432

0 237

3 788

J . J¿+.'

0 029

19.204

0

15.9t 3

0 059

0

0 735

0.941
I 909

8 648

24.67
I3.093
1.939

r.198
0.499
0.432
3.87 t

3.294
0.039

l9 l,s8

0

t6 0t5
004

0

0 781

0 825

I 864

8 776

24 753

13.067

t.855
1.174

0 466

0 321

3 881

2.78

0.043

194
0

16 014

0

0

0 701

0 717

r 869

8 634

24 589

12.867

I 974
I I08
064
029
3 8.1

3 169

0 0sl
TOTAL 95 729 96315 95 412

(2) Total iron expressed as FeO
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APPENDIX IV: BRITHOLITE
Chemical compositions of unaltered and altered bñtholite grains frorn the Type IV
pegrnatites.

Location 6A6B-83-5 6A6B-83-6

Unaltered Unaltered

6A68-83-10

Unaltered

6A2-B-r

Unaltered

6A2-B-2

Unaltered

6A4-B-1

Unaltered
sio2 (t)
FeO T (2)

CaO

A1203

Tio2
uo2
Tho2
Y2o3
Lr2O3
Ce2O3

Nd203
Sm2O3

Gd203
Dy2O3

Eu203
P20s
F

CI

19.2t I
0

t5 922

0 025

0 035

0 79i
0 95t
1.904

8 453

24 594

13.Û4
I 98r
1.045

0.621

0 3i8
367

3 254

0 0i2

19.13

0

t6.37
0 069

0

0 827

0.877

I 888

8.37

24.392
r3. I 85

r.999
r.19

0 531

0 322

4 077

3.229

0 021

t9 245

0

t-5 678

0 014

0

079
0.704
t.908
8 632

24.948

li 101

2 096
1 177

0 594

0.339

3 529

J. JJJ

0 027

l9 458

0

15.245

0 021

0

0 86t
0 943

1.976

8.992
25 458

r3 t56
1.909

1.093

0 491

0.331

3.266

3.07

0.026

t9 134

0

t5 705
0

0

0 887

0 987

1.942

9. t3
25 562

r3 r95

I 864

1.042

0 455

0.375
3.724

3 58s

0.022

20 023

0

l2 983

0 009

0

0 942
I t4l
2 255
8 502

25 688

14.272

2 176

1.283

0 -sóó

0.393

1 699

2.392
0 097

TOTAL 96 009 96 477 963rs 96.302 97.609 94.421

Location 644-B-2
Unaltered

644-B-3

Unaltered

6A6A-Br-l
Unaltered

óAóA-BI-3
Unaltered

6A6A-81-4

Unaltered
óA6A-8l-9
Unaltered

sio2 (r)
FeO T (2)

CaO

41203
Tio2
uo2
Tho2
Y203
La2O3

Ce2O3

Nd203
Sm2O3

Gd203
Dy2O3
Eu2O3

P205
F

CI

19 866

0

12 739

0

0 126

0 762

I 198

2 301

8 205

25.548
14.545

2 3t2
1 477

0.58

0 362

1.617

¿/ô
0.085

t9.54
0

13.722

0

0

0 976

1.255

2 263

8 341

25.516
14.28

2 314

I 382

0.546
0.339

2.513
2.399
0.068

r8.887

0

16 636

0 057

0 015

0 892

0 735

r 913

8 397

24.396
12.677

r .843

t 023

0.417

0 251

4 699

3 689

0.09

19 119

0

16.t07
0 017

0

0.848

1.105

1 822
8 502

24 286
13 009

1 767

t.l I

0.437

0.215

4 168

3 004

0.072

18 286

0

t7 048

0 087

0

012
0.803

I 806

8 172

23 67

12.62

I93I
tt6

0.516

o.262

4.876
3.527

0.032

19.143

0

16.298

0 016

0

0 805

0 722

ì 8tl
8 _s7i

24 549

12.929

1 949

I148
0 424
0.262
Å a1^

3 344

0031
TOTAL 93.983 95.454 96.617
(l) Element abundance in weight percent oxide.
(2) Total iron expressed as FeO.
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APPENDIX IV: BRITHOLtrTE
Chemical cornpositions of unaltered a¡d altered britholite grains fiom the Type IV
pegmatites.

Location 6A6A-8r-10

Unaltered
6A6A-B2-6

Unaltered

6A6A-83-l

Unaltered

6A6A-83-4

Unaltered

6A6^-82-4 6A6A-82-5

Unaltered Unaltered
sio2 (l)
FeO T (2)

CaO

Nzo3
Tioz
uo2
Tho2
Y2o3
La2O3

Ce2O3

Nd203
Sm2O3

Gd2o3
Dy2O3

Eu203
P20s
F

CI

r 8.966

0

r6 s82

0 049

0

0 766

ì 05,i

t.857
8 518

24 56

t2 889

2.124

1.052

0 452

0 324

4 602

3.lt2
0 0i6

l9 053

0

16 183

0 053

0 009

0 808

0 87i
1.872

8.76

24 788
t2.932
I 927

l.164
0.361

0 299
4 012
3.469
0 05t

19 425

0

t5 278

0 0ti
0

0 869

0 974

t9s
8 715

?5 n]
13 267

r.93

I 153

0 474

0 223

3 516

3.215

0 032

19.137

0

t6 t43
0 034

0

0 735

0.83

t.869
8 656

24.64

12.964

1.897

r.156
0._503

0.25 t

428
3.374
0 036

t9 418

0

r5 553

0.016

0 001

0.72

0 826

t.929
8.507

24.817

13.269

2.006
1 314
0 465

0.334
3.79

3.071

0.034

19.234

0

t6 212
0 095

0

0 711

0 892
I 897

8 5t5
24 166

12.865

I 708

1.123

0 514

0 314

4.077

3 029

0 045
TOTAL 96.944 96.62 96.151 96 505 96 07 95.523

Location 6A6A-83-6

Unaltered

6A6A-83-7

Unaltered

6A6A-83-9

Unaltered
6A6A-84-l
Unaltered

6AóA-84-3

Unaltered
6A6A-B+5
Unaltered

sio2 ( r)
FeO T (2)

CaO

41203
Tio2
uo2
Thoz
Y203
La2O3
Ce2O3

Nd203
Sm2O3

Gd203
Dy203
Eu2O3
P20s
F

CI

19.054

0

t6 27

0 064

0

0 758

0 814

r 849

8 6r9
24.474

12.878

r 809

l.t 1_5

0 48ì
0 329

4.135

3.067

0.031

t9.052

0

t6 255
0.07

0

0 898

0.921

r 893

8 751

24 735
12 992
I 859

I 095

0.5t4
0.306

4 223

3.26

0 028

19.57

0

15 561

0 082

0

0 849

0 894

I 938

8 663

25 055

13.522

I 87t
| 258

053
0.339

I 391

3.515

0.033

19.36

0

15.822

0.093

0

0 777

019
I 938

8 ó16

24 812
13 006

t982
r.184
0.444
0.282

3 886

3 187

0 032

19 465

0

15 793

0.1 33

0

0 762

0.802

I 966
8.674

24.823
l3.089
I 996
1 .091

0 428

0.333

3 706

3 243

0.033

19 529

0

15 54

0 t2
0

0.775

0 742

t 925

8 756

2s 269

t3 243

I 934
1 062

0.51

03tl
3 668

2 635

0.04
TOTAL 95.l47 96 8s2 97.077

(2) Total iron expressed as FeO.
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chemi car comp o sih o*:iTJilå * TffiT3,itf, :-,"in s riom rhe ryp e r V
pegmatites.

Location 6A6A-85-l

Unaltered

6A6A-85-2

Unaltered

6A6A-85-5

Unaltered

642-Br-7

Altered
6A2-81-8

Altered

642-Bl-9
Altered

sio2 (l)
FeO T (2)
CaO

A1203

Tio2
uo2
Tho2
Y2o3
La2O3

Ce2O3

Nd203
Sm2O3

Gd2o3
Dy203
Eu2O3

P205
F

CI

1 9.563

0

15 488

0 183

0.048

0 722

0.981

| 975
8.576

24.992
13.t72

1.934

1.13 1

053
0.43 i
3.491

3.252

0 046

19.491

0

t5 684
0 139

0

0 912
0.96

I .855

9 043

25.208
13.027

1.826

I I69
0.632

0.228

3.49

3.33 5

o 032

19 286
0

r6 389

0 134

0

0 821

078
1.869

8 608

24 455

13.05

L864
I 066

0.58 t

0.231

4.138

3.1 l9
0.021

18.686

0

15.87 t

0

0

0 745
I 001

i 885

8.554

24.301

12.655

I.83
1.t 13

0 403

0.33 5

4 074
2.42
0.1 I

r 8.381

0

16.101

0.09

0

0.829
0 965

0.1 89

8 444

23.964
12 s36
I 891

1.088

0.28

0.331

4.283
1.987

0 217

l9 555

0

n 649

0 037

0

0 1t4
i 081

I 886

8.366

23 839

12.s55

t.895
1.102

0 458

03lt
2.201
3 .571

0l4i
TOTAL 96 515 97 031 96.418 93.983 91 576 89.361

Location 642-81-r0
Altered

642-81-lt
Altered

6A'2-Bt-tz
Altered

642-B2-8
Altered

642-B2-9

Altered
6Á.2-B.2-10

Altered
sio2 (l)
FeO T (2)

CaO

A1203

Tio2
uo2
Tho2
Y203
LaZO3

Ce2O3

Nd203
Sm2O3

Gd203
Dy2O3
Eu2O3

P205
F

CI

l8 615

0

16.2t2
0

0

0 844
l.lt5
I .865

8.47

21.819

12,517

1 778
l. 166

0.45

0.288

4.42

2.s69
0.045

20 037

0.016

l6 185

0 158

0 008

0 561

0.94
t78

8.251

23 137

t2.203
1.834

1.144

o.445
0.228

3 441

2 556

0.1 l9

19.02

0

l5 083

0

0

0 867

0.942

I 972

8 503

24.246
12.99

t.849
t 253

0.393

0.33 5

3 932
2 565

0.021

l9 106

0

t5 245

0

0

0 791

0 988

1 874
8.593

24.501

12.774

1.805

t.147
0 527

0 384

3 443

2.513
0 026

19 169

0

15.426

0

0

074
0 756

| 904
8 504

24.241

12.645

1.759

1.087

0.487

0.263

3.666

2 129

0 123

t8 305

0

t6 123

0

0

0.77

0.949
I 835

8.326

23 792

12.11s

173
1 157

0 481

0.294

5 074
2.424

0.096
TOTAL 92.173 93.043 93.971

(2) Total iron expressed as FeO

93.717 92.899 94.071(l) Element abundance in weight percent o*ide.
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A,D PÐN ÐL\¿, IV : B,DJTH OLITE,
Chemical cornpositions of unaltered and altered britholite grains fr'om the Type IV
_ ^ _,-_^ _d¿ ^ ^PsËrrrd.trtcò.

Locafion 6A2-82-Lt 6A2-B2-12

^ 
lf--^á ,t l+^-^,{

6A4-Bl-1 6A4-Bt-2 644-81-3 6A4-Bl-6

sio2 (1)
Eôf-t '|. //1\tev t \Èl

CaO

^ 
tîrl',]

Ti02
u02
Tho2
v.)l.ì2

La2O3
/- ôî rì?

Nd203
c-,)tt2

Gd203
n.,.)tì?

Eu2O3
DîA<

F
(-l

r 8.5

0

15.4t I

0.001
n Áô<

0.93l
I AAA

8.407
t? o?o

12.26
1 taA

I 062
n <,)<

0.288
A AA'I

2 183
n l?(

t9 268

16 4t3
rl 

^o<
0

ô Á,Q?

0 882
t Q11

8.1 78

t2.34t
r aa,l

I 212

^ 
1'7A

0 334
/1 

^'r1
2 309
n rna

199ll
n

l2 859

0

0.059
n o/-?

I 061
11<

8.3t9
.)< ?-7?

t3.7 t4
r o?a

t 3r8
n Á'¡')

0.305
I <?7

2 151
A'IAA

20.177

0

12.502

0

0
A K1ê.

Lt06
î Ia

8.401
1< <Á.r

14.613
1 

^41
t.257
n <Q/

0.295
r ?<ç

2 025
ar nQ<

20.18
al

12.7tl

0

^ 
oÁa

1.215
1 1/14

8.366
,)< <Á

t4.279
1 

^A/t
I 398

^ 
laa

0.3 l6
I A<.'

2.327
AAA

19 742

0

13.858

C

0
ncJ1

r.0t9
., t1Q

8.3t9
'l^ ctt 1

r 3 .595
I QÁ2

1.344
ãA1 ¡1

0 341
1 2cl1

2.444
ô NIÔ

TOTAL 9i 55 93 235 92 544 92 83 93 642 93. s5 8

Locafion 6A+Bt-7 6A4-BI-E 6A4-8l_9
A_lterer! Altara¡l Altarad

6A+82-2
A!tered

6A+82-3
A lfara¡l

6A4-B.2-4

A!tered
sio2 (r)
D^^ T /â\! çv ¡ \¿,,
CaO

Tioz
uo2
Thoz
Y203
La2O3
Ce2O3

Nd203
Sn2O-r
Gd203
rì\,?ô?

Eu2O3

P205
F

19.829

13.255

0

0.925

1.17

2.187

8.173

25.09

13.93r
2.08s

I 245

0.546
0.392
2.298
2.658
A 11A

20.45

t2 683

0

0 606

1.039

2.297

7 898

25 164

14.561

2201.

1.36

0 583

0.31 I

1.479

2.362

^ 
11A

r9 857

14 239

0 066

0 899

t.5ti
2.286
7.557

2-? 085

12.939

2.016
1.45

0 6r_?

0 406

2 329

2.125

^ 
l<l

20.16

12.68

0 028

1.048

1.38

2 282
7.864

25.288

14 513

2.t51
1.355

0.613

0.372

1.545

2.469

20.013

12 745

0

I .091

1.275

; ó;;
24.976

t4.43
2 002
1 396
0.592

0.40s
1.584

2 302

t9 491

13.726

0 025

0 995

t.t7
2 294
7.684

24.488
13 952
2. 181

r 293

0.448
0.3 58

2 504

2.282

TOTAL 93.898 93.128 91.54

^--^_l:_, 
<anPF/çrrur.\ - JU

93 826 93.247 92.917
( i ) Element abundance in weight percent oxide
lî\ Tnrr! i-^ñ ô-^-^ôôô,{ âc F-tì
\!./, ¡v.q¡ vd.¡çV-



APPENDIX TV: BRITHOLITE
Chemical compositions of unaltered and altered britholite grains from the Type IV
pegrnatites.

Locafion óA8A-81-3

Altered
6A8A-82-8

Altered

6A8A-82-9

Altered

6A8A-81-4 6A8A-82-6 6A8^-82-7
Altered Altered Altered

sio2 (1)
FeO T (2)

CaO

N2o3
Tioz
uo2
Tho2
Y2o3
LaZO3
Ce2O3

Nd203
Sm2O3

Gd203
Dy2O3
Eu2O3

P20s
F
CI

18 667

0

r5 587

0.047

0

0 805

0.878

i.804
8 458

24 021

12 173

1.958

l.168
0 488

0.36

4 145

¿.13J

0 211

18 608

0

15.228

0 015

0

074
0 9i6
I 825

8 308

24 2t5
t2 858

199
1.t19
0 475

0.284
4.208
2.1 83

0 t49

18.428

0

l5 859

0.03

0

0 823

0 899

ì 838

8 266

23 625

t2 83

r.817
1.14t

0 518

0 292

4.211

2 735
0 144

l8 736
0

15 82

0 046

0

0 904

0 873

I.802
8 208

23.519
12.797

I 968

l. 199

0 573

0.333

3.98

2 6t6
0.1 i6

18.99

0

t4 699

0.05

0

0 942

1.004

I 89ó

8.488

24.339

13.031

I 899

t.t56
0 441

0 247

3 307

2.926
0.t92

r9 036

0

t6 004

0 051

0 028

0.8t3
0 92t
ll852
8.1 87

23.544
12.6t8

1.817

1 304
0 353

0 283

4.t59
2 427
o o'74

TOTAL 93 503 93 r8r 93 456 93 49 93.607 93 471

Location 6A8A-82-106A8A-83-2
Altered Altered

6A8A-83-4 6A8A-83-s
Altered Altered

6A8A-83-8

Altered

6A8A-83-9

Altered
sio2 (1)

FeO T (2)

CaO

1'1203

Tio2
uo2
Tho2
Y203
La2O3

Ce2O3

Nd203
Sm2Oi
Gd203
Dy2O3
Eu2O3
P205
F
CI

18.4 r 8

0

15.437

0 008

0.108

0.814

0.934
I 777

8.434

23 881

12.61

18r9
1.277

0.437

0.258

3.762

2.294

0.t88

l8 68

0

t5 70s

0 047

0.001

0 807

0 982
I8r5
8.453

23.848
t2 877

I 805

1 157

0 399

0 238
4 197

2.841

0 053

I 8.495

0

1s.62

0 027

0

0.73

0.78

I 8ì 5

8 325

24 005

12 482
1.73

1 223

0.506

0 309

4 084
2 415

0124

18.522

0

t6.27s
0.054

0

0.697
0.902
t.805
8.261

23.694
t2 561

1.766

1.176

o.37
0.399
4.621

2.79
0.04

18.559

0

15.92t
0

0

0 756

0 822

1 746

8 196

23 794

12 789
1 792

1 202

0 511

0.322

4.265

2.603
0.154

18 971

0

l5 468

0 058

0 003

0 725

0 786

r.852
7 958
23.51

12.698

L938
1 273

0 494

0.394
3.792

2.528
0.t44

TOTAL 92.4s6 93.905 92 67
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93.933 93.432 92 592
(1) Element abundance in weight percent oxide.
(2) Total iron expressed as FeO.



APPENDIX W: BRITHOLITE
Chemical compositions of unaltered and altered britholite grains from the Type IV
pegmatites.

Locafion 6A6B-81-2

Altered

6A68-81-4 6A6B-82-4

Altered Altered

6A68-82-5 6A6B-82-6

Altered Altered

6A6B-83-2

Altered
sio2 (l)
FeO T (2)

CaO

A1203

Tioz
u02
Thoz
Y203
La2O3
Ce2O3

Nd203
Sm2O3

Gd203
Dy2O3
Eu2O3

P20s
F

CI

19 r81

0

14.83 8

0 017

0.012
0 874
0.856

2.007

8.27

24 509

13.683

1.979

1.296

0.613

0.3 55

3.182

2 38s
0116

l8 865

0 001

15.75

0 04r
0

0 139

0 905

1915
8.106

23 403

12.611

1.826

1.312

0 569

0 328

3.865

2.445

0 t44

19. I

0

15.158

0 0r5
0 063

0 788

0.89l
1.912

8.432

24 355

t3.267
1.932

1.286

0 521

0 285

3 566

2 394
0 035

l8 498

0

15.521

0 056

0.033

0 80t
0 764

I .848

8.409

24 136

12.934

I 878

1.326

0.324

0 409

4.297
2 646

0.025

18 466

0

t6 239

0.t04
0 004

0.772

0 192

1.79

8.333

23 836

t2 864
1.825

l.l3t
0 481

0 213

4 424

3.165

0 078

l8 838

0

15.499

0 0t3
0

0 797

0 883

1.894

8 316

23.953

12 767

I 985

1.241

0 411

034
3.838

z.J l)
0 r38

TOTAL 94 173 92.825 93.911 94 523 93 292

LocafÍon 6A6B-83-3 óA6B-83-7
Altered Altered

6A6B-83-8 óA68-83-9 6A2-B_3 6A2-B-4

AlteredAltered Altered Altered
sio2 (l)
FeO T (2)

CaO

At203
Ti02
uo2
'tho2
Y203
La2O3

Ce2O3

Nd203
Sm2O3

Gd203
DyZO3
Eu2O3
P205
F
CI

19.164

0.038

ls.607
0 009

0

0 804

0.764

r 951

8.134

23.435
12.818

1.9t9

1.27

0.523
0.279

3.9r 8

2.742

0 082

i 8.349

0

15 .71

0 056

0 042
0.881

0.821

I 824
8 314

23.696
12.767

| 874
1219
0 427

0.324

4.352

2 592
o.174

t8 944
0

15 9

0 017

0 017

0 802

0.804

I 833

8 401

24 077

r2.883

1 919

1.154

0 528

0 335

3 889

3.023

0.038

I 8.569

0

15.831

0.24

0

0 8r

0.791
1 864

8.183

23.s48
t2.7ss

185
1.277

0.s62
0.354
4 161

294
013

18 532

0

15.451

0 005

0

0.782

0 89I
I 909

8.572

24.311
12.478

I 804

0.986

o.422

0.348

3 896

2.72

0.16

l8 512

0

t5 924
0

0 05i
0 164

085
1 87r

8 404

23 91

12 424

| 771

1.094

0.53 8

0 321

4 112

2 73t
0.122

TOTAL 93 4s7 93.428 94.564
(l) Element abundance in weight percent oxide.
(2) Total iron expressed as FeO.

Appendix - 58

93.865 93 261 93.401



chemicar"o*oo,,r,oLPoTil?"äTåB"llÏn'tr"tf, T*.ui,,.rf omtheryperv
pegrnatites.

Location 644-B-4
Altered

644-B-5

Altered
6A6A.BI-5

Altered

6A6A-8l-6
Altered

6A4-8-6 6A6A-81-2

Altered Altered
sio2 (l)
FeO T (2)

CaO

A1203

Tioz
u02
Tho2
Y2o3
LaZO3

Ce203
Nd203
Sm2O3

Gd203
Dy2O3
EuZO3

P205
F

CI

20 446

0 t34
t3 805

0 023

0

0 874

t.209
2 463

6.822

23 241

t4.143
2 296
I 494

0.629

0 346

2 368
2.293

0.12

19.757

0

r 5.913

0.057

0

0.889

I 238

2 309

73s
22 887

13.608

2.231

| 431

0.625

0.455

2.691

t 999

0 363

l9 882

0

13 3_s4

0

0

0 655

t 292

2239
8.22

25.4t5
13.922

2283
I 398

054
0.326

2.199
2.41

0 148

r 8.605

0

t5 745

0 026

0

0 845

0.872

| 862
8. l2l

23.414
t2.582
t.845
0.996

0.48

0.283
4.366

2.72

0 142

19 031

0

14.936

0.041

0

0.806

I 005

1 777

8.087

23 46s

12.698

I .81

I 139

0 4t3
0 267

J.JJ I

2 665

0 156

18 6il
0

15 718

0

0

0 182
0.85 7

I 869

8.17

23 677

12 444

1.908

1.172

0 463

0.241

4 509

2.534
02

TOTAL 92 706 93 8r5 94 283 92.904 9r.633 93.155

Location 6A6A-Bl-7
Altered

6A6A-8l-8
Altered

6A6A-82-r
Altered

6A6A-82-2
Altered

6A6A-82-3
Altered

6A6A-83-2

Altered
sio2 (l)
FeO T (2)

CaO

41203
Tio2
uo2
Tho2
Y203
Lí2O3
Ce2O3

Nd203
Sm203
Gd203
Dy2O3
Eu2O3

P20s
F
CI

18 26

0

t6.446
0

0

0 651

0 717

1.742

8.128

23.05

12.t49
1.668

1 154

0 505

0.25

4 455

2.876
0.208

l8 37r

0

r 6.53 l
0.0 r

0

o 195

0 841

1 774

8.3

23.628
12.376

1.964

Lt88
0 389

0.363

4.61

2.868
0.107

i 8. 546

0

16 465

0 041

0 012
0 818

0.836

I 848

8 215

23 433

12 366
1.729

I 009

0.454
0.336

4.476

2.689
0 078

l8 465

0

t6 377

0 027

0

0.699
0 834

176
8.349

23 844
12.607

1.96t

r. 153

0.569
0.339
4 385

29tt
0.069

l9.l5 r

0

t5 032

0 004

0 035

0 774

0.86

185
8 s67

24.335
12.981

I 854

1 106

0.363

0.216
3 521

2 788
0.037

18 649

0

16 006

0.039

0

0.933

0 969
1 828

8.26

23 s59
12.693

1.63

1.104

0.507

0 323

4 6r8
2.7 t4
0 141

TOTAL 92.2s9 94.115 93 35r
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APPENDIX IV: BRITHOLITE
Chemical compositions of unaltered and altered britholite grains from the Type IV
pegmatites.

Locafion 6AóA-83-5 6A6A-83-S

Altered Altered
6A6A-83-IO

Altered

óA6A-84-2

Altered

6A6A-84-4
Altered

6A6A-84-6

Altered
sio2 (l)
FeO T (2)

CaO

N2o3
Tioz
u02
Thoz
Y2o3
La2O3

Ce2O3

Nd203
Sm2O3

Gd203
Dy2O3
Eu2O3

P20s
F

CI

18.96 r

0

l6 037

0.034

0

0 816

0 952
i 878

8.278

23.514

t2 634

1.892

Lt
0 464

0 266

4 329

2 503

0 t04

18 985

0

15 745

0 027

0

0 797

0.814

I 935

8.816

23.654
12.85

2 151

1.191

0.489
0. t93
3 969

3.093

0.108

18.582

0

l6 001

0 007

0

0.809

0 80i
1.83

8 503

23.807

t2 714
1.84

1.258

0 5t8
0.334

4 092
2 649

0.08

20.s02
0 156

16 472

0 251

0

0 746

0.83 7

|.847
774

22 752

t 2. 101

l,957
1.t88
0 504

0.287

3.493
2.411
0 098

18.93 1

0

15.292

003r
0

0 765

0.667

1.938

8.232

23 913

12.817

r.913
l.307
0 492

0.1 83

3 848

2 54t
0.121

18.927

0

r5.373

0 052

0

0 799

0 888

r.901

8.298

23.887

12.907

1.911

I.288
0.341

0.29

3.744

2.683
0.088

TOTAL 93 822 94 817 93 827 93.408 92.991 93 389

Location 6A6A-83-3 6A6A-85-3
Altered Altered

6A6A-85-4

Altered
6AóA-85-6

Altered
sio2 (1)

FeO T (2)

CaO

1J2o3

Tioz
u02
Tho2
Y203
Lú.O3
Ce2O3

Nd203
Sm2O3

Gd2o3
DyZO3
Eu2O3

P205
F

CI

r9 938

0

t5 325

0 043

0 033

0 912
0.954
1 953

8.336

24 064

13 262

I 841

I t65
0 405

0.3 56

3 8t I
2 806

o.fi4

18.642

0

15.721

0.076

004
0 766

0 718

1.804

8 093

23.194
12.295

I 956

1.174

0.41I
0.337

4.203
2 761

0 083

r 8.788

0

16.046

0 053

0

0.808

o 786
t.876
8 251

23 879

t2.627
1 876
127

0.478
0.384

4 228

2.603
0.099

19 312
0

t5 452

0lt2
0

0.877

0.794

I 942

8 033

23 s6t
I2 886

1.92

1 422

0.55

0.338

3 981

2 778
0.061

TOTAL 95 318 92 274 94 052
( I ) Element abundance in weight percent oxide
(2) Total iron expressed as FeO.
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samples contain both unaltered and altered britholite and a¡e identified bv
thin section number.

Sample lVater content
(weight percent)

646
6A2
6A3

6Al
8-4D

l'6787
I 5i82
t 5318

|.1136
t.4205

Average r.46856
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APPENDIX IV: BRITHOLITE
Interfacial angles rneasurernents Íìom triple junctions of britholite
polygonal boundaries.

Sample Interfacial Angles Sarnple InterfacialAngles
6ArC-APr-A 126-1 r9-l ts
6ArC-APt-B t22-118-120
óArc-APt-c I ts-l t2-r32
6ArC-APt-D i0t-157-t02
6AtC-APt-E 104-t3l-n9
6ArC-APt-F 169-56-135
óAlc-APl-G t80-90-90

6ArC-APl-H r01-86-173
6AlC-APt-t 62-134-164
6A1C-APl-J 92-133-l3s
6ArC-AP1-K 158-9r-t l t
6AlC-APl-L 169-52-139
6AlC-APt-M 180-90-90
6ArC-APl-N 90-83-187
6ArC-APt-O 100-142-r 18

6ArC-AP1-P t45-102-1 t3
ó45-AP2-A 136-127-91

6A5-AP2-B 90-135-135
ó45-AP2-C i35-ll9-t06
645-AP2-D r50-l t0-t00

ó45-AP2-E 129-109-t22

6A5-AP2-F s5-l4l-164
óA_5-AP2-G 147-71-t42
61'5-AP2-H I I3-t08-139
645-AP2-t 155-61-t44
645-AP2-J 100-138-122
6A5-AP2-K 90-t26-t44
6A5-AP2-L 135-107-1 l8
645-AP2-M I l9-137-104
6A5-AP2-N 150- 120-90

óA_5-AP2-O t3I-73-I56
6A4-BPl-A t35-108-117
6A4-BP1-B 135-90-135
644-BP I -C 90-r 70- 100

644-BP1-D
644-BPI-E
6A4-BPI-F
644-8P1-G
644-BP]-H
644-BPI-I
644-8PI -J
644-BP1-K
644-BPI-L
644-BP1-M
6A4-8PI-N
644-BPl-O
644-BP1-P
6A4-API-A
644-API -B
644-API-C
6A4-API-D
644-API_E
6A4.AP I-F
ó44-API-G

644-API-H
644-API-I
644-API-J
6A4,AP]-K
644-API-L
644-API-M
644-AP1-N
6A4-APt-O
644-API-P
644-APl-Q
644-API-R
644-API-S
644-AP1-T
644-AP1-U

r35-104-l2l
98-136-126
I 30- I 40-90
r05-120-135
180-45-135

45-159-156
r 80-34- 1 4ó

r80-51-t29
I I t-l l4-135
t35-t21-104
135-95-130

135-45-180

103-135-122
125-l I7-t t8
90-127-143
r 14-128-l I8
90-r35-135
145-95-120
I 43-80- I 35

145-r l4-t0l
65-128-167

108-l0t-151
l5t-134-75
il 5-95- 1 50

135-90-135

135-135-90

130-121-t09
97-138-135

135-90-t35
126-1 t2-122
77-148-135
128-102-130
135-135-90

135-1 I t-1 14
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APPENDIX
Chemical colnpositions of allanite grains

V: ALLAI{ITE
frorn the Type IV pegrnatites.

Location 647-AL3-4 6A2-AL2-2 642-ALl2 642-ALs-4 6A2-AL6_2 6^2-AL6-9
Dark

Zoni Dark
29.9t2
t 6.581

8 452

ll 356

0.43 _s

0 385

0 808

0

4 845

t2 438

4.867
0.365

0 025

0 006

0 341

0 0r8
0 383

0 078

Dark Dark Dark Dark
sio2 (t)
FeO T (2)

/.1203
CaO

MnO
Mgo
Tio2
Y203
La2O3

Ce2O3

Nd203
Sm203
Gd203
Yb203
Tho2
P205
F

CI

29 981

15 441

8 i7r
tì 43i
0 827

0 529

0 983

0

6.01l
t2 325

3 453

0.t4t
0 089

006
0 13

0 029

0 279

109

27.969
t9 0r
9 554

t0 628

0 552

0 548

0.657

0 098

1 326

t2 496

3.412

0.3 t7
0 092
0.04i
0.025
004

0 211

0 006

28 221

20 t2l
8 356

l0 075

0 667

0 605

0 859

0 0i9
8 l0r

14.209

2 773

008
0 049

0

0 005

0

0 218

0.014

28 273

17.076

6 368

r0 687

0 719

0 456

I 334

0 023

o.tJ l4
l2 I _s8

3.3 85

o 1t'7

0.0,s4

0

0 212

0 0ri
0 498

0 037

28.169

20.235

8 386

9 921

0 487

068
t 0t9

0

7 917

t3 406
2 8l I
0 tSl
0.007

0

0 112

0.034

0 25-s

0 009
TOTAL 9t 296 90 98 92 982 94 998 88 I84 93 629

Location 644-ALr-s 644-ALt-6 6A4-ALI-8 6^4-AL2-3 6A4-AL2-4 6A4-AI¡2_7
7,on Dark Dark Dark Dark Dark Dark
sio2 (1)
FeO T (2)

A1203

CaO

MnO
Mgo
Tio2
Y203
LûO3
Ce2O3

Nd203
Sm2O3

Gd203
Yb203
Tho2
P205
F

CI

28.99

r 8.339

9 977

l033t
0 609

0 735
0.85 7

0

7 363

r3 1t6
3 034

0.019

0

0

0.089

0 029
0.249

001I

28 s36
l8 i5
9 938

10.24

0.61

0 735

0.85I
0 001

7.493

l3 205

2 939

0il4
0

0

0

o 044
0.217

0 017

33.058

9 35

7 069

5 397

0.82

034
0 832

0 759

5 676

12 848

5 648

0.807

0.351

0 068

0 228
0.063

0.938

0 034

28 5n
r9 584

8 8t5
l0 lt
0 684

071
o 894

0

7 515

13.388

2 958

0 203

0

0

28.62

l9 403

8 525

9.61

0 7t8
0 747

0 869

0

7 903

13.739

:.ö) I

0 244

0

0 049

0 063

0.018

0.12

0 0t3

28.975
17 641

8 896

9 338

0 633

0 671

0 945

0 0t9
7 818

lJ.J-)

2 978
0 063

0121
0

0 063

0

023
0.01 I

0.077

0

0.287

0 042
TOTAL 93 8l 93 29 84 29
(l) Element abundances in weight percent oxide.
(2) Total iron expressed as FeO
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APPENDIX V: ALLANITE
chernical cornpositions of allanite grains frorn the Type IV pegrnatites

Location 644-AL3-l
Dark

6A+^13-2
Dark

6A+AL,4-2
Dark

6A4-ALA-3

Dark
6^2-^L4-2 642-AL5-l

Zoni Lieht
sio2 (l)
FeO T (2)

N2o3
CaO

MnO
Mgo
Tio2
Y203
La2O3
Ce2O3

Nd203
Sm203
Gd203
Yb203
Tho2
P205
F
CI

29 16

18.97

9 275

l0 049

0 571

0.74

097
0 0r9
8.052

t3 565

2.76

0 r94
0141

0

0

0.022

0. _s4

0 0r6

28.524

l9 806

8 807

r0.21

0 617

0 568

0 866

0

7 788

l3 187

2 686

0 003

0

0

0

0

0 i09
0

28 587

20 069

8.236

9 58ó

0 564

0 671

0 832

0

8.044

I 3.80s

3 063

0 l6,s

0.0t8
0 066

0 016

0 02-s

0. t96
00il

28.4t5
19 523

7.977

9 6ì3
0 539

0 593

0 802

0 032

794
t3 771

3.29

0 ì99
002

0

001
0.004

034
0.0 r

27 941

19 261

8 477

9 997

066
0 558

0 617

0

7 .716

I3 305

3. t6t
0 176

0

00t5
0

0

0.3 85

0 026

28 486

20 146

9 r36
t0 429

0. -s9_s

0 491

0 694
0 009

7 414

t2 696

3 031

0.107

0.002

00il
0.13 I

0

0 205

0.02
TOTAL 95 05 93.372 93 954 93 078 923 93.609

Location 642-AL5-3
7-oning Lighr

642-AL6-3 6A2-AL6-8
Light Lisht

6A4-ALI-7 6^4-AL2-r
Lisht Lisht

6A'2-AL6-r

Light
sioz (1)

FeO T (2)

N203
CaO

MnO
Mgo
T1o2
Y203
La2O3
Ce2O3

Nd203
Sm2O3

Gd20l
Yb203
Tho2
P20s
F

CI

28 30r
20 79

8 t22
9.88

0.596

07tl
0 771

0 0t3
8.124

l3 351

J òJJ

0.1 04

0 003

0 046

0 014

0 002

0 481

0 021

28.679

20 007

8 039

9 617

0 542

0 664

I t52
0

8 225

l3 532

2.988

0 126

0 045

0

0 034

0.005

0 243

003

28 421

20 938

8 09ó

9 961

0.56

0 6i2
1.026

0.009

8 138

t3 216
2 769

0 126

0.04

0

0

0

0.223

0.01

27.121

21 368

7 564

9 535

0 553

0.53

067
0

7 614

13 862

3 401

0.09
0

0

0.03 t

0

0.351

0.02

28.125
18.924

8 588

9 598

o14
0.75

0 634

0

7 203

t3 527

3 654

0.1

0

0 046

0 107

0 034

0.328

0 031

28.226

21.025
7 923

9 735

0 547

0 468

0 863

0 r03
6.61r

r3 355

4.115

0.325
0.09

0

0 0r9
0

0.32

0 006
TOTAL 94.23 93 99 94 t4
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(1) Element abundances in weight percent oxide
(2) Total iron expressed as FeO.



APPENDIX V: ALLANITE
chernical compositions of allanite grains Ílorn the Type IV pegrnatites.

Location 6A4-AL2-6 6A4-AIJ-3 6A4-AL3-4 6A4-AÍA-r 6A4-1ILA-4 6A7-ALt-l
Zoni hr Lisht t t Unzonedhf
sio2 (t)
Feo T (2)
N203
CaO

MnO
Mgo
Tio2
Y203
La2O3

Ce2O3

Nd203
Sm2O3

Gd203
Yb203
Thoz
P20_5

F
CI

28 47

20 416

7 931

9 574

0.586

0 628

0.867

0

/.õ45
t3 734

3.495
U I /J

0

0

0 003

0 022

0 i19
004

28 519

20 521

8.424

l0 033

0 676

0 559

0 877

0

8.167

13 668

2 754

0 128

0 021

0 017

0 09r
0

0 209

0

28.232

20.156
7 775

965
0.547

0.62

0.874
0

8.13 r

13 732

2.81

0.111

0 005

0 031

0.086

0

0 195

0.001

28.853

20 249

7 787

9 373

0 7i-s

079
1.055

0 004

8 004

r3.802

2.978
0131
0 117

0.023

0

0

0 254
0.003

28.s79
r 9.887

6.611

8.689

0.68

0 656

0.71

0.0_5 7

8.284
14.222

3.094
0 055

0 083

0

0

0 0t6
0.461

0

29.879
l8 88s

9.91

r0.854
0 369

0 551

0 964
002

7.235

12.618

2.808

0llr
0
ô

0. r66
0 004

0 272

0 009
TOTAL 93 701 94 663 93 s56 94 138 92 084 94.6s5

Locafion 6A7-ALl-z 6A7-AL2-I
Z,oning Ulzoned Unzoned

647-AL2-2 6^7-AL2-3
Unzoned Unzoned

647-AL2-4 6A7-AL2-5

Unzoned Unzoned
sio2 (r)
FeO T (2)

N203
CaO

MnO
Mgo
Tio2
Y203
La2O3
Ce2O3

Nd203

Sm2O3

Gd203
Yb203
Tho2
P20s
F

CI

29.958
17.399

t0 524

l0 911

0 441

062
0 981

0

6.867

12.7

2.83 8

0 158

0

0.041

0 085

0 007

0 345

002

29.66

l8 3t6
9 393

10 24

0 496

0 665

0 947

0

6 883

13 522

2 904

0.235

0

0

0 t26
0.022

0 369

0 0r7

29 619

18 422

9.244

10 tsl
0 612

066
0931

0

6.979
l3 553

3 385

0.137

0

0 008

0.146
0

0 301

0.021

29 437

19 197

8 875

10 093

0 607

0 706

0 959

0

I 086
13 745

3l8t
0.07

0

0

0il3
0 029

0 221

0 0r4

29.673

18 768

9 162

10.092

0.575
0 709
094

0

7 057

t3 785

3 279

0.1 69

0

0

0 069

0.009

0.31

0 036

29.67

18.894

8 973

t0 282
0.591

0 663

I 05_s

0 006

t.22
l3 399

3.013

0 1\2
0

0.027

0lt8
0 027

0.286

0 031
TOTAL 93.9 9i8 94.17

Appendix - 65

94 33 94 63 94 37
(l) Element abundances in weight percent oxide.
(2) Total iron expressed as FeO.



APPENDIX V: ALLANITE
Chernical cornpositions of allanite grains from the Type IV pegrnatites.

Location 6A7-AL2-6
Zoning Unzoned

6^7-^L2-7 6^7-N-2-8
Unzoned Unzoned

6 

^7 
-AL2-9 6A7 -AL2-10 6A7-AL3- I

Unzoned Unzoned Unzoned
sio2 (r)
FeO T (2)

1J203
CaO

MnO
Mgo
Tio2
Y203
La2O3

Ce2O3

Nd203
Sm2O3

Gd203
Yb203
Tho2
P20s
F

CI

29.827

19.165

9 123

l0 189

0 542

0 745

I 139

0

705
t3.696
3 209
0.148

0

0.03

0 157

0.025

0.269

0.023

29.52

1 8.53 1

9.296

9.974

0 _s48

0.696

r.0t
0 025

1.34

13 126

3.248
0.07

0

0

0.1 89

0.007

0 221

0 028

29 693

18 619

9 211

10. I l9
0.512
0.696

r.051

0 009

6 843

13.566

3.357

0.17

0

0.015

0.124
0

0 322

0

29.s13
18.219

9.151

9 752

0 633

0 727

0.879
0

6 234

13 9s8

3.84

0 t69
0

0.024

0 303

0

0 43,s

0.043

29.7 t3
19.01

9.153

t0 143

0 583

0 738

I 063

0

t.:4)
13.641

3.1 18

0 r09

0

0

0.1 I

0

0.269
0.02i

29.501
18.605

9 316
10.21

0.651

0.71I
0.94

0

6 755

r 3.669

3.328
0 18

0

0

0.172

0

0 233

0 026
TOTAL 9s.336 94 429 94.367 93.886 94 916 94 296

Locafion 6^7-AL3-2 647-AI^3-3
T,oning Unzoned Unzoned

647-AL3-5 6A7-AL4-I
Unzoned Unzoned

647-AL4-2 6A7-AL4-3
Unzoned Unzoned

sio2 (l)
FeO T (2)

A1203

CaO

MnO
Mgo
Tio2
Y203
La2O3

Ce2O3

Nd203
Sm2O3

Gd203
Yb203
Tho2
P205
F

CI

29.712

19 478

9 011

10.301

0 577

O6II
t.r03

0

7.524

13 525

2 802
0 094

0

0

0.t09
0

0.201

0

29.625

l8 319

9 546

10.276

0 462

0 683

0.925
0

7.34

t3 382

2 944
0 015

0.02

0

0.1 55

0

0 313

0 022

29 608

Ì 8.348

9 408

10.255

0 432

0 673

1.077

0 009

1 471

13 458

2.981

0 104

0

0

0 053

0

0.159

0.008

29 593

18 403

9 493

10.347

0.53

0.659

I 006

0

7.t48
I 3 .592

3 205

0.071

0

0.026

0 0ót
0 013

0.233
0 007

29 744

18.137

9 34t
10 263

0 574

0 687

0 933

0

6 913

l3 785

3 426

0 159

0

0.01

0

o 029

0.264

0

29.484
r 8.384

9 369
r0 205

052
0.645
I 059

0.00_s

6 716

13 49

3 397

0.284
0

0

0.1 59

0

0.393

0 025
TOTAL 95 05 94 03 94.04

Appendix - 66

94 39 94 87 94 19

(l) Element abundances in weight percent oxide
(2) Total iron expressed as FeO.



APPENDIX V: ALLANITE
Chernical compositions of allanite grains frorn the Type IV pegrnatites.

Location 6A7-A[A-4
Zoning Unzoned

6^7-Al-+5 6A7-AL$I
Unzoned Unzoned

6^7-AL5-2 647-AL5-3 6A7-AL5-4
Unzoned Unzoned Unzoned

sio2 (1)

FeO T (2)

N2o3
CaO

MnO
Mgo
Tioz
Y203
La2O3

Ce2O3

Nd203
Sm2O3

Gd203
Yb203
Tho2
P205
F
CI

29.466

18.445

9.398

10.182

0.5t I

0 663

0.984

0.0ì l

1.169

13.179

3.206
0 I 12

0

0

0 082

0 042
0 269

0.014

29.864
18.931

9 259

t0.252
0.5 l8
0.687

0.891

0.023

6.792

13.682

3 344
0.133

0

0

0.084

0.004

0.321

0

29.712
18.451

9.387

t0 23

0 -s79

0 666

0 944
0

6.81I
13.432

343
0.068

0

0

0.072

0.0r 5

0 313

0 039

29.384
l9 015

9.038

9.963
0.517

0 693

| 057

0.009

7.486
l3.809

3. l8
0.14

0

0.047

0.228

0.02

0.288

0.025

29.579
1 8.1 39

10.425

r 0.73 5

0.58

0.577
0 667

0

6.033

12.966

3 541

0.21

0.055

0

0.102
0 002

0.3 75

0.01I

29.558
18.8 t6
9.181

t 0.306

0.562

0 645

r.082
0 002

1 302
13.494

3.089

0.i35
0

0.014

0.034

0 042

0.223

0.029
TOTAL 94.334 94.791 94 156 94.898 93.997 94 519

Location
T,onine

647-AL5-5 6A7-^L6-r 6^7-^L6- 6 A7 - AL6-3 6A6A-AL r - r 6 A6 A- 
^Lt 

-2

Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned

sioz (r)
FeO T (2)

A1203

CaO

MnO
Mgo
Tioz
Y203
La2O3

Ce2O3

Nd203
Sm2O3

Gd203
Yb203
Thoz
P20s
F

CI

29.547

l8 49

9 713

10.192

0.425

068
I 028

0 013

7 361

13.255

3 15

0.048

0

0.049

0 066

0 038

0.11

0.015

29.829
19 243

9.53 r

t0.464
0.432

0 644

0.843

0

6.4t4
13 463

3.454

0.194
0

0 001

0.163

002
0.344

0 006

29.541

18 56ó

9 419

9.982
0.453

0 683

0 948

0 004

6.7 t9
t3 132

3 482

0.124
0

0 006

0.13

0

0 rt9
0 03:ì

29.793

i9 286

9 314
10.346

0.5t4
0 6r9
0.893

0 015

6 803

t3.423
3 475

0.143

0

0

0 155

0 042
0 219
0.038

29.204
18.763

911
9.983

0.595

0.723

0 999
0

8 684

I3.s03
2.623

0

0

0.023

0.079
o.o29
0.263
0 006

29 677

19.235

9 126

10.309

0.62

0.663

0 877

0.009

8.447

i3 178

2.532
0.208

0

002
0

006
0.28

0 012
TOTAL 94.24 95 04 94

Appendix - 67

95 08 94.59 95.25

(l) Element abundances in weight percent oxide
(2) Total iron expressed as FeO.



APPF],NDIX V: AT,T,ANTTE
Chemical compositions of allanite grains from the Type IV pegrnatites.

Location 6A6A-ALi-r óA6A-ÄLI-4

!'Onin-g l-lnzoned l-lnzone4

é46Ä-ALi-5 6A6^-^L2-r
I,inzoned l-Inzoned

b^6A-AL2-2
I-lnzoned

6A6A-ÄLz-r
Unzoned

sio2 (r)
FeO T (2)

Nzo3
CaO

MnO
Mgo
Tio2
Y203
Lú.O3
Ce2O3

Nd203
Sm2O3

Gd203
Yb203
Tho2
P205
F
CI

29.461

r 8.88 r

9.554
10.244

0.58

0.691

0.824

0

8.118

13.247

2.738
0.245

0

0.023

0 028

002
0 406

0.022

29.21s
18.517

9 653

10.3,s2

0 _569

0 7t5
0 794

0

1 912
t 3. 156

2.77

0 072

0

0.027

0 046
0 013

0.254
0.02

29.438
18 7s6

9.526

t0 278
0.488

0 755
1 023

0

I 375

t3.311
2.615

0

0

0

0 023

0

0.28

0.022

29.614

t8 364

10.148

r0 357

0 449

0 735

0 645

0

7 937

13.129

2 845

0 146

0

0

0 033

0 085

0.3 87

0.01

29.893
I8 r99
9.137

9 l}t
0.608

0 768

0.76s

0

8 494

13.651

3.062

0 068

0

0

0.047

0 029

0 307

0 033

29.636

I8.203
9 941

10.362

0.442

0 789
0.8s6

0

8.37

t2.994
2.663
0 066

0

0.025
0 051

0.118

0 249

0
TOTAL 95 088 94 084 94.896 94 944 94 768 94.765

L(,cau(,ft o,toA-/{¡rz-4 0,ÀoÀ-1\I-Z-ì

Unzoned Unzoned

ottoÀ-ÀLz-o orq.oll.-l\i-z-/ oå.o11'-ALJ-l O1l'O1ì.-l\t-J-¿

Unzoned Unzoned Unzoned Unzoned
sio2 (t)
FeO T 12)

At203
CaO

MnO
Mgo
Tio2
Y203
La2O3

Ce2O3

Nd203
Sm2O3

Gd203
Yb203
Tho2
P20s
F
CI

29 616
17.501

10. 1ó

10 262

0.609
0.79

0.741

0

8 107

13.173

2 763

0 073

0

0

0

0.055

0 277

0 0r7

29.33

t7 971

9 188

lo 022

0 569

0 688

0 838

0.005

8 444

t3 26

2 662

0t
0

0

0

0 053

0 243

0

29.696
18 843

9 297

l0 08

0.607

0 738

0.901

0.013

8 518

I 3.488

2.613

0.058

0

0

0

0.052

0.347

0

29.795
t8 03

102
10 49

0.568

072
0.16

0.025
7.879

li 073

2.774

o 129

0

0

0 025

0.045

0.346
0 014

29.021

l7 583

9 494

9 713

0 711

1.04

0 872

0 057

8.614

12 694

3 048

0

0

0

0 056¡

038
0.385

0.03

29.37s
18 I I
9.267

9 691

0.537

0 807

0.93 5

0 0ll
8 891

13.49

2.666

0.094

0

0 039

00r
004

0 246

0.006
TOTAL 94.15 93 37 95.25

Annendix - 68

94.87 931 94 22
/1\ nl^-^_¿ ^L---J^_-^^ :_ --.^:^L¿ ---^^_t ^_-:)^\rrr Lrç¡uçU¿ duuiluarruçJ ¡ri WeigäI perCetil ûX¡ûe
(2,\ Total iron expre.ssed as FeO



APPENDIX V: ALLANITE
chernical cornposifions of allanite grains fiorn the Type IV pegrnatites

Locafion 6A6A-AIJ-3 6^2-ALt-r 6^2-ALt-2 6A2-AL2-3 642-AL2-4 6A2-AL3-I
Unzoned UnzonedZoni Unzoned Unzoned Unzoned Unzoned

sio2 (l)
Feo T (2)

N203
CaO

MnO
Mgo
Tio2
Y203
La2O3

Ce2O3

Nd203
Sm2O3

Gd203
Yb203
Tho2
P205
F
CI

29.525
18.647

9.s64
t0.239
0 s88

08r
0.962

0 011

8.411

t3 348

2.663

0 153

0

0

0.002

0 045

0.217

0 031

28.426

r 8.682

9.769

10.215

056
07s

0.863

0

7.965

13.062

2.903
0 059

0.024

0

0 014
0.0r 6

0.259
0 0t8

28.287

l8 80r

9 103

9 818

052
0.85

0 917

0.004

8._s4l

13.467

2.925
0 082

0.024

0.006

0 058

0.004

0.302

00r

28 729

r9 089

9 337

I0 035

0 582

0.744

0 882

0

8 274

13.177

2.698
0 166

0 097

0 005

0.019

0.005

0.278

0.007

28.62

18.382

9.s68

9 975

0 469

0 765

0 809

0.004

8 10,5

l3 342

2.759
0.097

0.021

0

0.09
0 024
0 283

0 028

29 333

17.777

t0 636

t0 542

0.5-s

0 663

0 665

0 0t9
7 203

13 007

3 352

0 139

0.03 7

0.016

0 038

002
0.319

0.0t2
TOTAL 95 222 93 586 93 72 94.123 93.341 94.328

Locafion 6A2-AL3-2 642-AL3-3
Zoning Unzoned Unzoned

6^2-AL3-4 6^2-AL4-r
Unzoned Unzoned

6^2-AL4-3 6A2-AL6-4

Unzoned Unzoned
sio2 (r)
FeO T (2)

A1203

CaO

MnO
Mgo
Tio2
Y2o3
La2O3
Ce2O3

Nd203
Sm2O3

Gd203
Yb203
Tho2
P205
F

cl

28.946
t8 278

9 969

10.14

0.586

0 174

0.798
0.013

775
r 2.883

3.021

0 107

0 007

0

0

0 053

0.302
0 036

29.042

I8.379
10.267

10.352

0 552
074

0.702

0 018

7.913

13.095

2.9

0.043

0.014

0

0.08

0 025

0.16

0.009

28. I 83

t8 629

r0.041

I0 148

0 601

0 661

0.53 7

0

7.686
t3 077

2 768

0 064
0.009

0

0 048

0 009

0.3 58

0

28 349

t9 229

9.407

I0 373

0 483

0 647

0 671

0

7.521

12 944
3 027

0 104

0 016

0

002
0

0.289

0

28 372

20.091

8 899

t0 264

057
0 584

0 703

0

7 .971

12.746

2 736

0 078

0.037

0 044
0 053

0 013

0 252

0

28.16

213
7 549

9 729

0.531

0 589

0.931

0.02

7 832
r3 536

3.059

0.008

0.021

0.054

0

0 0r6
0.33

0
TOTAL 93.67 94 29 92 83

Appendix - 69

93 08 93 41 93 67
( I ) Element abundances in weight percent oxide
(2) Total iron expressed as FeO.



APPENDIX V: ALLANITE
chemical compositions of alla¡ite grains from the Type IV pegrnatites.

Loca tion 6A.2-At-6-5 642-^tÁ-6 6A2-AL6-7 6A4-ALt-r 6A4-ALI-2 6A4-ALI-3
Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned

sio2 (1)
FeO T (2)

N203
CaO

MnO
Mgo
Tio2
Y20i
La2O3

Ce203
Nd203
Sm203

Gd203
Yb203
Tho2
P205
F

CI

27.68

22.312
6 659

9 419

0 494

0 587

0 877

0 0r4
7 915

t3 756

3.t3l
0 rll
0 045

0 025

0.047

0 031

0 t99
0 009

¿1.))/
22 48

6 356

9 564

0 5i5
0 604

1 132

0 032

8 209

t3 16

2 901

0.096

0

0

0 042
0

025
0 001

28 244

20 52

8.t3r
9 854

0 498

0 662

I 014

0

8 021

l3.451
2.96

0 028

0.053

0 024

0.036

0 0t8
0.332

0

28.429

r 8.639

9.635
10 2t9
0 574

0 759
0 909

0 02r
7 768

13 t96
2.804
0 144

0 022

0.019

0 055

0

0 296

0

28.76

r7 898

10 583

r0 409

0.57

0 746

o.646

0 012

7 843
t3 074

2 918

0.0r6
0

0 034

0.1t8
0.029
0.33 5

0 005

28.368

I8.601

9 479

l0 t28
0.622

0.693

0.872

0

7 885

t2.916
2.66t
0.036

0.007

0

0

0

0.227

0
TOTAL 93 31 YJ.J 93 852 93 489 93 997 92.494

Locafion
T,oning

6A4-ALt-4
Unzoned

6A4-AL2-5 6A4-AL4-5
Unzoned Unzoned

6 A4-AL4-6 6A8A-ALl -r 6A8A-AL1 -2
Unzoned Unzoned Unzoned

sio2 (t)
FeO T (2)

A1203

CaO

MnO
Mgo
Tio2
Y203
La2O3

Ce2O3

Nd203
Sm2O3

Gd203
\.b203
Tho2
P205
F

CI

28 024

t] 668

9 229

9.803

0.6 r

0 683

067
0.006

7 391

r3 30r
2 978
0.t47

0

0

0 048

0.045

0.42

0

28.564
19 785

8 59Ì
10 01

0 612
0 734

0 901

0.001

7 738
r 3.i96
2 815

0.167

0 006

0

0

0 024
0 205

0.004

28.597

20.861

7 746

9.932
o.592
0.63l
0.803

0.014
7.691

t3 713

3 299
0.093

0.012
0.03

0 035

0

o.222

0.007

28.771

20 563

8.01

9 948
0.57
0 _s9

0 859

0

7 658

i3 6
3.265

0 279

0 017

0

0 t43
0 027

0.269
0.006

30'l
16 178

12 007

r r.666
0 558

06ó
0.65

0 0r5
6.336

n 91?.

J.JZ)

0 096

0

0 017

0 126

0.035

0.229

0 007

28.685

18.005

8.743

9.712

0.711

0 713

0.728
0 066

8.432

12.98

2 971

022
0.066

0.02

0.08

0.293
0.37

0 035
TOTAL 9t.02 93.6 r 94 29

Appendix - 70

94 58 94.52 92 83
( I ) Element abundances in weight percent oxide.
(2) Total iron expressed as FeO.



APPENDIX V: ALLAI\ITE
Chernical composifions of allanite grains frorn the Type IV pegrnantes.

Location 6A8A-AL1-3 6A8A-ALI-4 6A8A-AL2-I
Zoning Unzoned Unzoned Unzoned

6^8^-AL2-2 6A8A-AL2-3 6A8A-AL2-4
Unzoned Unzoned Unzoned

sio2 (r)
FeO T (2)

A1203

CaO

MnO
Mgo
Ti02
Y203
La2O3

Ce2O3

Nd203
Sm203
Gd203
Yh203
Tho2
P20s
F

cl

29.44

18 7

9.745

t0 24i
0.625

0.70 ì

0 459

0

7.987

t3 579

3.03 3

0.177

0 09t
0

0

0.0i9
0.346

0 0r6

28.838

20 633

7 925

9 757

0 492

063
0 491

0 0r

7 906

t3 532

3.262

0 137

0 095

0

0 069

0 015
o)4

0.009

29.048
20 074

8.514

t0 098

0 526

0 575

0 775

001
7 719

t3 056

3 154

0.1 09

0

0 048

0

009
0 323

0

29 34t
l8 I48
10.r39
10.r39
0 5r8
0.803

0.884

0

8 236

I 3.3 l4
2.805

0.175
0 00_s

0.0 r

0 014

0.01 7

0.352
0 006

29 238
17 588

995
t0 426

0 532

0 767

0 858

0

8 r82
t 3.396

2.808

0.t04
0

0 034

0 01r
0.057

0.45

0.025

29 732

11.16

10 492

l0 554

043
0 697

0.69

0

6 664

13 123

3.476

0l6t
0

0

0 036

0 024

0 243

0 033
TOTAL 95 18 94 042 94.179 94.906 94.427 94.115

Locafion 6A8A-AL2-5 6A8A-AL2-6
Zoning Unzoned Unzoned

648^-AL2-7 6A8A-AL3-1

Unzoned Unzoned

6A8A-AL3-2 6A8A-AL4-1

Unzoned Unzoned
sio2 (1)

FeO T (2)
4120i
CaO

MnO
Mgo
Tio2
Y20i
La2O3

Ce2Oi
Nd203
Sm2O3

Gd203
Yb203
Tho2
P205
F
CI

29 593

t7 242

t0 681

10.444

0.702

0 142

0.691

0

7.387

12.986

3 013

o.224

0 051

0 022

0.074

0 046

0 287

0

29.387

t8 024

9 662

9 894
0 579

0 781

0.875

0

8 174

t3 1i I

2 874

0.104

0.055

0 0r5
0

0.1 38

0 401

0 004

29 64

17.743

10 449

10.612

0.56

0 742

0 646

0

7.033

t 3.053

)+Jl
0.121

0.023
0

0 r48
0

0.372

0

29.199
l6 585

8.762

939
0.754

0 9ór
0 831

0.074

8 516

13 28

2.912

0 271

0 054

0

0.03

0 152

0.425

0 009

29 19

t7.454
9.61

I0.I t7
0.65

0.86

088
0.025
8 424

13 268

2 661

0.1

0.012
0

0

0.084

0.375
0 01r

29.s8
i6 507

il 285

\o.525
0.55

0 863

056
0

8 r89
13.156

2.628
1113

0

0

0.04r
0.004

0.195

0 001
TOTAL 94 19 94.08 94 58

Appendix - 7l

92 33 93 72 95.2
(1) Element abundances in weight percent oxide
(2) Total iron expressed as FeO,



APPENDIX V: ALLA-NITE
Chemical compositions of allanite grains fi'om the Type IV pegrnatites.

Location 6A8A-41,4-2 6A8A-A.LI-3 6A6B-AL1-I
Zoning Llnzoned Unzoned Unzoned

6AóB-ALI-2 6A6B-ALI-3
Unzoned Unzoned

sio2 (1)
FeO T (2)

N2o3
CaO

MnO
Mgo
Tioz
Y2c3
La2O3

Ce2O3

Nd203
Sm203
Gd203
Yb203
Thoz
P205
F

CI

29.373

17 514

9.929
r0 363

0 163

0.904

1.022

002
8 s38

13.321

2.831
0 075

0.008

0 044
0

0 039

0.291

0 019

i0.03
16 72

11.152

t 0 50_s

0.5_s6

0 897

0.63

0.006

7.605
13 142

3.009

0 138

0

0

0 041

0

0 201

0 019

29.362

19 184

8.979
9 981

0.61

065
085

0

8 402

I J JJ

2.741

0 109

0

0

0 024

0

0.297

o 027

29.143

18.056

l0 405

t0 19?

0 523

o.614
0 377

0

8.184

I3 358

2 879

0 031

0 001

0 069

0.102
0

0.362

0.007

29 756

t8 3l
9 375

l0 02

0.749

0 621

0.737

0 014

8.363

I3.139
2.642

0.172

0.069

00I
0

0.092

0 327

0
TOTAL 95 054 94.651 94 5s2 94.304 94 402

Locafion 6A6B-ALI-4 6A6B-ALr-5
Z,oning Unzonçd Unzoned

6A6B-ALI-6 6A6B-ALI-7 6A68-AL2-1
Unzoned Unzoned Unzoned

sio2 (l)
FeO T (2)

/'1203
CaO

MnO
Mgo
TíO2
Y2o3
La2O3

Ce2O3

Nd203
Sm2O3

Gd203
Yb203
Tho2
P205

F

CI

29.697

l8 03

r 0.829

10.679

055
0 656

0 621

0

7 771

t3 026

2.974

0 15s

0.075

0

0 05t
0.02

0 248
0.001

29 683

17.787

10.734

10.721

0.55

0 638

062
0

7.676

12.995

2.907

0.233

0.078

0

0

0

0.379

001

281
20 728

1 452
9.6

0.699

0 628

0.898

0.094

889
t4 058

3.208

016
0.143

0

0.034

0 031

0.296

0 017

29 208
t9 821

8 307

l0 068

0.56

0 65r

0 875

0

8 459

li 185

2 638

0.196

0 024

0 002

0.003

0 007

0.t65
0 007

28 8s2
t7 755

885
978

0.528

0.686

0.93

0 055

8.367

t3 22t
2.794

0.109

0 055

0 0ró
0 003

0.213

0 467
0.016

TOTAL 95.3 8 95 0r 95.63

Appendix - 72

94 t8 92.7
(l) Element abundances in weight percent oxide
(2) Total iron expressed as FeO.



APPENDD( V: ALLANITE
Chemical cormpositions of ailanite grains from the Type IV pegmatites.

f,ocation 6A6ÈAL2-2
Zoning Unzoned

6A6B-AL2-3 6A6B-^L2-4
Unzoned Unzoned

6A6B-AL2-5 6A6B-At,3-r 6A6B-A[ 3-2

Unzoned Unzoned Unzoned
sio2 (l)
FeO T (2)

Al20-1

CaO

MnO
Mgo
Tio2
Y203
La203
Ce2O3

Nd203
Sm2O3

Gd203
Yb203
Tho2
P20s
F

CI

28.972

t8 433

9.136
l0 l5
0 604

0 731

1 017

0

8 171

13 205

2.788
0 r08

0

0 034

0

0 017

0.262

0

aQ <lÁ

19.452

8.802

10 22

0 643

0 686

0.91

0 005

8 293

13.179

2.649
0 154

0 0i8
U

0.088

0 038

0.436
0.02

29 043

t8 486

9.276

t0.344
0.576

0.69

0 822
0.0t5
8 242

l3 136

2.841

0 057

0 006

00r
0

0.01 7

0 213

0

10 0<a

19.478

8.96

l0 336

0.682

0.63 5

0.81

0

8 235

13.087

2.648
0.006

0.094

0 014

0

0

0.17 1

0.002

29 161

17.912

10.253

10.362

0.5s6
0 769

0.584

0

8 065

13 313

2.754
0.095

0.03 7

0

0.106

0.007

0 262

0

291
17.857

9 796

l0 137

049
0 936

0.78

0 0t5
7.778

12 506

2 145

0 ltl
0 I t7
0 098

0.l0t
0

0.339

0 02r
TOTAL 93 687 94 157 93 834 94.009 94.295 92.933

Location 6A6B-AL3-3 6A6B-AL3-4
Znn\ng Unzoned Unzoned

6A6B-AL4.1 6A6B-AL4.2

Unzoned Unzoned

6A6B-AL4-3 6A6B-AL4-4
Unzoned Unzoned

sio2 (r)
FeO T (2)

N203
CaO

MnO
Mgo
Tio2
Y203
Li203
Ce2O3

Nd203
Sm2O3

Gd203
Yb203
Tho2
P205
F
CI

28 11

t9 284
9.07

1o.254

0.586

0 654

0.897

0

8.28

t3 214

2 748
0.066

0 021

0

0 042

0 027

0 356

0 004

29 07

19 i98
9. 13

t0 241

0.591

071
0.933

0 037

8 299

i3
2.812
0.132
0141
0 022

0

0.007

0.294

0

28.989

18.91

9.574

t0 323

0.549
0.57

0.795
0

8.08

13.084

2 796

0 086

0 055

0

0

0.04

0.182
0

29.335
I8 335

10.1 1

10.644

0 577

0.641

0 633

0

7.994
12 946

2 72r
0.096

0.102

0.002

0.075

00t5
0.291

0 028

29.221
18.90 r

9.273

10.62

0.456

0 662

0 962

0

1.861
13 054

2.931
0 052

0 012

0 023

0.044
0

0 274

0 001

28.985
t8 707

0 9535

t 0.468

0 585

0 692
0 888

0

8 301

r3.t83
2 676

0.1 54

0 002

0 025

0

0.028

0 24t
0

TOTAL 94 2t 94 63 94 09

Appendix - 73

94 55 94 35 85.89
(l) Element abundances in weight percent oxìde.
(2) Total iron expressed as FeO.



APPENDIX V: ALLANITE
Chemical cornpositions of allanite grains from the Type IV pegmatites.

Location 6A68-AL4-5
Zoning Unzoned
sio2 (t) 28 824

FeO T (2) 19 I 19

N203
CaO

MnO

8.979
t0 2l
0 -516

MgO 0 668

Tio2
Y203
La2O3

Ce2O3

Nd203
Sm2O3

Gd203
Yb203
Tho2
P205
F

CI

TOTAL 93.864

(l) Element abundances in weight percent oxide
(2) Total iron expressed as FeO.

0.98 i
0

8.32

13 127

2.706

0.104

0 062

0 016

0 067

0 009

0.155

0.00I

Appendix - 74



APPENDIX V: ALLANITE
Trace element cornpositions of allanite grains fi'om the Type IV pegmatites.

Location 6A7-8 6A7-B
PIXE Aprl0 95.062 Aprl0 95.061

645-A 6A5-A
Aprl0 95.060 Aprl0 95.059

óA5-A
Anrl0 95.058

FeO T (1,2)

MnO
Y203
La2Oi
Ce2O3

Nd20i
Tho2
uo2

r 3.896

0 459

0 185

4 826
8 994

2.908

0 233

0.231

17 r89
0 409

0 037

5 80s

9 592

2.129
0 169

0011

t6 796

0 522

0 019

I t26
l0 369

ì 952

009
0 007

10.r99
0 36ó

0 039
-1 -aò-)

6 514

1.43i
0 064

0 017

16 003

0.49

0 043

ó 57r

966
1 915

0 tOl
0 0t8

Co (i)
Ni

Cu

Zn

Ga

Sr

Mo
Pb

0

)L

ZJ

s37

29

3886

0

149

0

46

z3

616

i5
t414

11

108

0

-¿-o

0

789

)4
4558

ti
il8

I 430

29

0

769

i0
1454

0

+()

0

tó
27

5i4
:-)

1057

0

I0l

Location 6A7-^
PIXE AprIO 95.043

FeO T ( I,2)
MnO
Y203
La2O3

Ce2O3

Nd20i
Tho2
uo2

5 247

0 159

0 033

202
3 4t4

08
0.03 5

0.034

Co (3)

Ni
Cu

Zn

Ga

Sr

Mo
Pb

464

12

12

228
t0

r 132

0

(l ) Element abundances in weight percent oxide
(2) Total iron expressed as FeO.

(3) Trace element abundance in ppm.
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APPENDIX VI: ANDRADITE
chemical cornpositions of unaltered and altered andradite crystals frorn the
Type III pegmatites.

Locafion 27A-G"rl-z
Centre

27A-GT2-3

Centre

27A-GT2-4

Centre

27A-G'13-1

Centre

27A-G"14-2

Centre

274-GTs-l
Centre7,oni

sio2 (t)
CaO

Fe2O3 T (2)

A1203

Tioz
MnO

35.212

3t 816

27 806
2.t04
I 103

0.855

0

35.319

ir 669

28 t36
2 032
0 974

0 952
0

35 r09
31 444

28 986

r 906

0 808

t 0r4
0

35 39

31 489

28 53

197
0 885

I i06
0

34 965

3t591
28.273

1.968

1 007

L01 5

0

34.895

J I.JJO

28 093

r 96t
0.937

I 035

0
TOTAL 98 896 99 142 99.267 99.37 98 819 98.257
v (3)

Zr
Y
La
Ce

Nd
Yb
Lu
U

12'70

0

2230
70

90

250

30

0

30

1490

780

2280

0

0

140

540

680

0

I 060

0

2630

0

50

400

390

0

0

850

0

2620

0

330

250
i40
350

0

850

0

2360
0

260

600

570

0

490

800

590

2530
I l0

0

t0
530

0

r00

Location 27A-GT6-3

Centre
27A-GT6-6 z7A-GTt-r 27A-GT2-I 27A-G'r3-2 27A-GT5-¿

Zon Centre Ed Ed
sio2 (1)

CaO

Fe2O,3 T
AI203
Tio2
MnO
Mgo

34.874
31 613

27 786

34 754

3l 345

28 761

1.809

0.827

I UJJ

0

34.987

it 341

29.235

I 455

0 626

r 168

0

3 5.3 82

31.687

28.968
t 362
0 677

l0l4
0

3 5.08

30 493

30 917

I t78
0.469
I 346

0

35 388

3r 683

28 r33

I 949

I

0 887

0

(2)

I 903

t.0ll
I 005

TOTAL 98 192 98 529 98 812 99 09 99 483 99 04
v (3)

Zr
Y
La
Ce

Nd
Yb
Lu
U

I 400

0

2220

0

0

290

430

0

0

1220

400

2260

10

0

500

250

0

0

40

240

I 650

0

0

0

710

0

0

I 130

0

2630

0

120

200

710
0

0

t370
50

2450

0

0

370
260
220

20

550

740

2080

0

420

110

_s60

350

r t0
( I ) Element abundance in u,eight percent oxide
(2) Total iron erpressed as Fe2O3.
(3) Element abundance in ppm.
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APPENDTX VI: ANDRADITE
chemical compositions of unaltered and altered andradite crystals frorn the
Type III pegrnatites.

Location 27A-GT6-2

Tnning Edge

27A-G'rt-3 27A-Gr2-2
Altered Altered

27A-G'r2-5 27 A-GT4-I 27A-GT6-I
Altered Altered Altered

sio2 (r)
CaO

Fe2O3 T (2)

AI2O3

Tio2
MnO

34 75s
3r 5:8
28 008

I 829

0.894

I 0jj
0

34.619
30 479

i0 273

I 082

0.606

L543

0

35 045

30 72

30.294
1 012

0.646

I 3t4
0

35.1 I 5

30 206

i 1.128

I.0l I

0.582

I 33 r

0

35 0r4
30.574

30 645

0 945

0.621

I t88
0 006

34.283

29 945

30 04t
0 967

0 642

I 501

0
TOTAL 98.0.17 98 602 99 091 99 373 98.999 9t 319
v (3)

Zr
Y
La
Ce

Nd

Yb
Lu

U

It10
0

2020

OU

JU

250

6:0
0

260

I 280

690

2530
0

0

370
380

0

0

920

0

2350
0

530

310

290
I 090

r80

I 190

0

2400
0

210
450

50

390

360

990
0

2870

0

580

4r0
340

0

0

I 530

210

2630
0

0

JJU

430

460

50

Locafion 27^-GT6-1 27A-G'f6-5
Tnning Altered Altered
sio2 (r)
CaO

Fe2O3 T (2)

A1203

Tio2
MnO
Mgo

34 735

30.205

30 17

0.961

0.656

t 282
0

34.643

30 848

29 03s
I 129

06
I 395

0

TOTAL 98 009 97 65

v (3)

Zr
Y
La

Ce

Nd

Yb
Lu
U

i i40
0

?7 40

60

0

i50
260

660

0

2260

t00
500

140

290
0 1300

t00 0

(l) Element abundance in rveight percent oxide
(2) Total iron expressed as Fe2O3

(3) Element abundance in ppm
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APPENDIX VII: AEGIRINE-ATIGITE
Chernical cornposifions of aegirine-augite crystals from the Type III pegrnatites.

Location 547-PYI-6 547-PY1-7 sAl-PY1-4 sAl-PY1-s 5A1-PYr-7 sAl-Py2-l
Zoning Dark Dark Dark Dark Dark Dark
sio2 (1)

Tio2
Nzo3
Fe2O3 (2)

MnO
Mgo
CaO
Na2O

v20,s
La2O3

Ce2O3

Yb203
Lu2O3

52 43

0 045

2.084
16.884

0 912
r3 035

11.456

| 02?
0 011

0.006

0 008

0

0

52 024

0

039
16 672

0 872
8.027

20 771

r.63

0 016

0.002

0

00r
0

51.ó93

0.034

0.545

16.317

| 044

8 026

19.792

I 75i
0

0

0 014

0

0

51.454

0.036

0 451

16.725

I ì0t
8 174

20 219
182
002

0

0.006

0 008

0

5 r .065

0.029
0 439

16.t67
I 066

8.089

20.245

t85
003

0

0 0r6
0 006

0

5r.8t8
0.01 I

0.48 t

l5 235

I168
8.63 I

19 782

| 994
00i

0

0.056

0

0

TOTAL 97 893 100 415 99.2t8 100.013 99 002 99 207

Locafion 5Ar-PY2-4 547-PY1-l 547-PY1-2 5A7-PYl-3 5A7-PY1-4 5A7-PY1-s
T,ontng Dark Lighf Light Lighf Light Lieht
sio2 (r)
Tioz
A1203

Fe2O3 (2)

MnO
Mgo
CaO

Na2O

v205
LaZO3

Ce2O3

Yb203
Lu2O3

sl.926
0 013

0 468

l5 904

I 085

8.1 57

19 823

1.857

0

0

0 005

0.007

0

50.926

0 044

0 773

21.05

0 104
5 9r9

t9 451

2.204

0 t3ó
0

0

0

0

52.048
0.034

0.405

r6 659

r.t65
8 079

20.421

1 774

0

0

0

0.002

0

51.44

0 046

0.17

21 696

0.802

5 655

19.398

2.234

0.129
0

0 0r9
0

0

52.591

002
0 40t

16.123

I 051

8. il6
20 818

1 769

0.1

0

0

0 006

0

51.635

001
0 647

I9.56
0 864

6.745

t9 852

2 039
0 012

0

0 043

0

0
TOTAL 99.245 t}t 201 I 00.593 t02 t88 101 59s t0i 408

(l ) Element abundance in weight percent oxide
(2) T otal iron expressed as Fe2O3 .
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APPENDIX VII: AEGIRINE-AUGITE
Chemical compositions of aegirine-augite crystals frorn the Type III pegrnatites

Locafion 547-PY1-8 sAl-PYl-t sAl-PYl-2 5At-PYr-3 sAl-PY1-6 sAl-PY1-8
Zoni Lieht isht Lieht Li
sio2 (r)
Tio2
Nzo3
Fe2O3 (2)

MnO
Mgo
CaO

Na2O

v205
La2O3

Ce2O3

Yb203
Lu2O3

5t 28

0.00 r

0.639

2t.195
0 ó63

5.844

l9 5,s l

2 204

0 043

0

0

0 002

0

51.774

0 026

0 466

t7 616

0 974

7 361

20 248
1.897

0 054

0

0 016

0

0

51.402

0 016

0 488

r7 t95
0 9l

7 641

20 069

t.931
0

0

0

0

0

50 498

0 025

0.792

20 494

0 717

6 034
19 445

2 206
0

0

0 006

0

0

50 886

0 026

0.712

20 341

0 689

5 879

19 157

22tl
012

0

0 013

0 034

0

50.453

0

0 789

20 201

0 695

6.119
19 24

2 tlt
0 05,s

0.009

0

0

0
TOTAL tot.422 t00 492 99 6s8 100 217 t00.134 99 673

Locafion 5Al-PY2-2 541-PY2-3
Tnning Light Liehr
sio2 (1)

Tio2
A1203

Fe2O3 (2)

MnO
Mgo
CaO

Na2O
v20s
LaZO3

Ce2O3

\.b203
Lu2O3

s0.295

0.044

0 823

20 706

0 761

5 854

t8 7i3
2 347

005
0 005

0

0 034

0

50531
0 061

0.784
20 45s
0.652
574

l8 832

2 269

0 027

0

0

00i
0

TOTAL 99 632 99 38

( I ) Element abundance in weight percenl oxide
(2) Total iron expressed as Fe2O3.
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APPENDIX VII: AEGIRINE-ATIGITE
chemical compositions of aegirine-augite crystals frorn the Type IV pegrnatites

[,ocation 6A6B-PY1-3

Centre

6AóB-PYI-4

Centre

6A6B-PY2-I

Centre

6AIC-PY1-3
Centre

6AIC-PYz-I
Centre

6AIC-PY3-1
CentreZoni

sio2 (l)
Tio2
Al20i
Fe2O3 (2)

MnO
Mgo
CaO

Na2O
v205
LaZO3
Ce2O3

Yb203
Lu2O3

50 841

0 045

0 356

2ì 551

I r94
5 387

t9 029

2.i35
0.043

0

0

0

0

s0 655

0 022
0 492

22 779

r.138

4 846
t8 752

2 473

0.046

0 007

0 039

0

0

50.699

0 039

0.839

22 438

1 164

5 037

18 707

2 569

0.009

0

0 0r9
0

0

50 852

0

0 406

22 739

I 215

4 945

18 584

2.454
0.1 l6
0 002

0

0

0

st 446

0 028

058
l9 718

1.019

6.265
l9 438

2 197

0.016

0

0.016

0

0

51 179

0

0 406

2t 589

l.t7
5 59-5

19 336
2.227

0 016

0

0.014

0

0
TOTAL r00 781 l}t.249 101.52 101.313 100 783 l0l 532

Location 6A6B-PY1-l
T,oning Rim

6A6B-PY1-2 6A6B-PY2-2

Rim Rim
6A1C-PY1-2 6^rc-py2-2 6A1C-py3-2

Rim Rim Rim
sio2 (t)
Tio2
A1203

FezO3 (2)

MnO
Mgo
CaO

Na2O

v20s
La203

Ce2O3

Yb203
Lu2O3

49 791

0 016

0.7U
22 803

1 091

493
r9 285

2 128

0

0

0.01

0

0

47 744

0 001

4 681

l8 436

1 026
6 447

n 263

1.817

0 096

00i
0

0

0

50.889

0 073

0 568

21.542

| 141

5 383

t9 132

Z,Jó)

0 016

0 005

0 097

0

0

50 403

0

0 285

20.289
1.191

6 r85

20.152
I 873

0.014

0.008

0 078

0

0

st 395

0

0 468

18.965

I 169

6 75_s

20 338

l 861

0 055

0

005r

0

52 364
0.014

0.384

15 989

I 061

8 713

2t 686

I 253

0 002

0

00r
0

0
TOTAL 99 245 101 207 I 00 593 t02 188 t0l 595 t0t 408

(l ) Element abundance in weight percent oxide
(2) Total iron expressed as Fe2O3.
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APPENDIX VII: AEGIR.INE.AUGITE
Chernical compositions of aegirine-augite crystals from the Type IV pegrnatites.

L,ocation 6A1C-PY1-4 6A1C-PY3-3 6A1C-PY3-4
Zoning Altered Altered Altered

sio2 (1)

Tio2
A1203

Fe2O3 (2)

MnO
Mgo
CaO

Na2O
v205
La2O3

Ce2O3

Yb203
Lu203

52.763

0.022
0.434

l3.851

l0lt
l0 029

22.13

1.068

0

0

0

0

0

51 547

0 017

0 215

14 726

I 055

9 034

21.602
I 148

0 059

0

0.07r
0 005

0

52 335

0.018

0 243

r3 888

I 048

97
21 983

0.995

0

0

0.056

0 002

1 274
TOTAL t0l.308 oÕ ,.r70 t]t 542

( 1) Element abundance in u,eight percent oxide

(2) Total iron expressed as Fe2O3
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APPENDIX VIII: FELDSPAR
Chernical compositions of K-feldspar crystals from the Type iII pegmatites

Location 547-KFl-l
K-feldspar

547-KFl-2 547-KFI-3
K-feldspar K-feldspar

sA7-KFr-4 1OC-KFr-r l0C-KFr-2
K-feldspar K-feldspar K-feldspar

sio2 (r)
4t203
Fe203
CaO

N¿O
K20
BaO

SrO

63.641

18.806

0 183

0

0.644

t5 624

0.406

0311

63.58

18.909

0 109

0

0.762

15 556

0 655

0.164

64 t58
t8 733

0.ti6
0

0 696

15693
0.654

0 ì2r

63.944

l8 53

0l4l
0

0.336

16 632

0.63

0 t08

64.442

t8.421
0 2ri

0

0.213
I6.909
0 066

0

64 711

18.469

026
0

0.35

16 641

0 025

0

TOTAL 99 621 99 136 100 r9r I00.32 100 264 I 00 45ó

La (2)

Ce

Nd
Sm

Eu

Yb
Hf

0

I 950

0

200
0

0

810

0

2260

t 10

0

70

0

660

0

r 840

80

0

80

_j00

+ t(,

0

t440
0

40

0

130

870

0

230

0

0

0

IO

730

t20
250

120

50

130

ì20
770

Location 10C-KF1-4 1OC-KFI-5
K-feldspar K-feldspar

sio2 ( r)
4t2o3
Fe2O3

CaO

Na2O

K20
BaO

SrO

64.04

\8.462
0.06

0

0.i5
I6.831

0.499
0

63.976

18.644

0.097

0

0 345

t6 427
0 259
0.07

TOTAL 100.042 99.8 i 8

La (2)

Ce

Nd

Sm

Eu

Yb
Hf

0

1 120

350

260
0

0

800

0

I 700

0

0

80

60

780

( I ) Elernent abundance in weight percent oxide
(2)Trace element abundance in ppm.
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APPENDIX VIII: FELDSPAR
Chernical cornpositions of plagioclase grains from the Type iil pegmatites

L,ocation 547-NP1-t

Plagioclase

547-NP1-3 5A7-NP1-4 r0C-NPI-l
Plagioclase Plagioclase Plagioclase

547-NPl-2
Plagioclase

sio2 (1)

A1203

Fe2O3

CaO

Na2O
K20
BaO

SrO

68.164

20 1r4
0 054

0 264

lt 448

0.07

0 067

0 436

69 257

20.194
0.032

0.059

l0 507

0.091

0

0 121

67 8t?
20 033

0 13

0.18i
I 1.599

0 084

0

0. I48

65.933
21 919

0 053

0.255
il r28

0.14

0 049

0.053

68.311

t9 741

0.36i
0 066

¡ 429

016
0 025

0 0ó6
TOTAL 1006r7 100 26r 99 987 99 53 100 23i
La (2)

Ce

Nd
Sm

Eu

Yb
Hf

0

JU

t70
70

0

30

0

0

ll0
0

0

t20
0

0

0

90

0

0

0

0

0

0

0

0

0

0

0

0

0

40

160

210

300

40

0

Location l0C-NPl-2
Plagioclase

lOC-NPl-3 lOc-NPl-4
Plagioclase Plasioclase

sio2 (1)

Á.1203

Fe2O3

CaO

Na2O
K20
BaO

SrO

68.256

t9 411

0.33 7

0 065

u 588

0 t58
0

0 066

67 991

19.623

0 273

0 095

11 471

0.134

0

0

68 269

19 662

0 269

0.069

1t.662
0 012

0

0.092
TOTAL 99 941 99.587 r00 095

La (2)

Ce

Nd
Sm

Eu

Yb
Hf

0

0

0

0

r90

r90

0

0

0

0

80

30

0

0

0

0

0

30

0

t20
0

(1) Element abundance in rveight percent oxide.
(2)Trace element abundance in ppm,
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APPENDIX VTII: FELDSPAR
Chernical compositions of K-feldspar crystals from the Type IV pegmatites

Location 6AlC-KFI-l 6AIC-KFT-2 6ATC-KF2-I 6AIC-KF2-2 6AIC-KF2.3 6AIC-KF2-4
K K K-fi

63.171 63 958

19 014 18 78

0.08 0.167
00

0 614 0 605

t 5 816 16.091
0.574 0.3494645
0.272 0 21523502

K-feldspar K K-feld
sio2 (r)
A1203

Fe2O3

CaO

Na2O

K20
BaO

SrO

63. I 16

i 8.802

0 044

0

0 36i
t6.li3
0 477

0lt9

63.s84
18.465

0.414
0

0 685

15 453

0.408

0.194

63 .73 8

18.839

0 062

0

0.504

16 t24
0 435

0.123

64.474

18.727

0.1 59

0

0 624

16.112

0 316

0 186
TOTAL 99 054 99 541 100 172 99 202 99 825 I 00 598

La (2)

Ce

Nd
Sm

Eu

Yb
Hf

0

2060
0

30

0

0

980

0

2050
170

0

I80
0

900

30

1420
o

290
r60
290
590

0

1320

190

140

0

0

550

0

I 200

0

0

0

0

650

0

I 020

30

0

0

200
900

Location 6AlC-KF2-5
K-feldspar

sio2 (r)
A1203

Fe203
CaO

Na2O
K20
BaO

SrO

63.109

18.893

0 095

0

0.582

t5 8il
0.452

0 r89
TOTAL 99 731

La (2)

Ce

Nd

Sm

Eu

Yb
Hf

0

1760

170

0

0

0

590

( I ) Element abundance in weight percent oxide
(2) Trace element abundance in ppm.
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APPENDIX VIII: FELDSPAR
chernical cornpositions of plagioclase grains from the Type IV pegmatites.

[,ocation 6A1C-NPI-3 6AIC-NP3-1 8-4C-PG1 8-4C-PG2 8-4C-PG3
Pla ioclase

sio2 (t)
AJ2O3

Fe2O3

CaO

Na2O

I(2O
BaO

SrO

67.624

20.368
0.861

0 464

1l 363

0 129

0

0 I83

67.774

20.384
0.r07
0 634

It 094

0 224

0

0.272

69.7

20 03t
0il9
0.t07

lr 509

0 2r
0.ti2

0

68.691

20.634

0ll
0.62

il 089

0 164

0

033

68.847

20 478

0 056

0 451

ILt95
0.081

0.025

0.303
TOTAL 100 992 100 489 l0t 808 t0l 638 l0l 435
La (2)

Ce

Nd
Sm

Eu

Yb
Hf

0

60

0

220

0

0

0

0

170

60

r80
OU

80

0

0

50

20

270

40

0

0

0

90

190

0

t30
0

0

0

t20
t0
0

0

0

0

( l ) Element abundance in weight percent oxide.
(2) Trace element abundance in ppm.
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