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Abstract

Accessory rare metal mineralization has been investigated in seven
lithologies in intrusive Centres | and |1l of the Coldwell alkaline complex. All
units contain minerals that are enriched in a suite of granitophile elements,
which typically include Nb, REE, ¥, Th, U and 2r. Mineral abundances,
composition, and mode of occurrence differ between units.

Centre 11 is characterized by crystallization of subhedral-to-euhedral
chevkinite, pyrochlore and monazite from late-stage melts or residual pore
fluids in the more-evolved quartz and ferro-edenite syenites. These minerals
are invariably sltered to fluorocarbonate or recrystallized by later F~ and
CO;%"-bearing deuteric fluids. The Centre |, ferroaugite syenite minerals
exhibit similar morphologicel and replacement textures to those present in
Centre ill. In contrast, the Craddock Cove syenite is mildiy K and
Fe-metasomatised with incipient replacement of plagioclase and amphibole by
K-feldspar, zircon, fluorocarbonate, Nb-rutile {?), allanite, and rare chevkinite.
Fe-rich fluids under oxidizing conditions are believed to have precipitated
Fe3*-bearing fluorocarbonate in which one third of the (REE)F layers are
replaced by Fe®* layers.

Most Centre | rare earth minerals are enriched in the HREE relative to those
from centre i1, in particuler pyrochlore, fluorocarbonate, allanite in the
eastern contact pegmetites and the quartz syenite dykes. Compositionai data
for adjacent syntaxial intergrown domains of bastnaesite, synchysite, and
parisite indicate that HREE-enrichment may, in part, be influenced by the Ca
content of the species.

The highest contents of Ce (4193 ppm), 2r (1613 ppm), ¥ (650 ppm), Th (223
ppm) and U (426 ppm) were found in the quartz syenite dykes intruding the
Craddock Cove syenite and Port Munroe megaxenolith. The emplacement of the
quartz syenite dykes and the introduction of the metasomatizing fluids of the
Craddock Cove syenite may be temporaliy related to the differentiation of
residual fluids in the apical zone of the Centre | magma chamber. Complexing
of F~ and CO5%" with rare metals may have permitted their concentration,
transportation and precipitation in structurally favourablie settings. The
megexenaliths have been susceptible to brittle fracturing and should be
considered primary targets for further exploration. The Craddock Cove syenites,
although intruded by the dykes, may have been hot during duke empiacement and
therefore not as prone to brittle fracturing.
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1.0 Introduction

1.1 Regignel Geology

The Coldwell alkaline complex, located on the north shore of Lake Superior,
intrudes the metavolcanic and metasedimentary rocks of the Schreiber-white
Lake Archean Belt. It 1s situated at the bifurcation of two tholeiitic volcanic
belts, the Osler volcanics to the west, and the Mamainse-Michipicoten
volcanics to the east and is the southern most member of a series of
north-south trending alkaline-carbonatite intrusions (Killala Lake, Prairie
Lake, Chipman Lake). To the east another belt of alkali intrusives follows the
Kapuskasing gravity high {(Fig 1.1).

The type of regional igneous activity - intrusion and extrusion of large
volumes of basic magma and emplacement of alkaline and carbonatitic melts is
belfeved to reflect mantie plume generated intracratonic rifting. Such tectonic
settings, as found in the Gregory- Kavirondo rifts of east Africa and the
Kangedlugssuaq area of east Greenland, create triple junctions of failure
(Brooks, 1973). The intrusion of the alkaline rocks during the Keweenwan
rifting probably occurred along the failed arms of the rift centre with the
Coldwell complex being emplaced at the triple junction (Mitchell and Platt,
1978).

1.2 Th ldwell Complex

The complex, having a diameter of 25 Km, is the largest alkaline intrusion
in North America. The alkaline rocks of Neohelikian age are believed to be
products of three intrusive events, each defined by a distinct differentiation
trend.The magmatic activity commenced with the intrusion of the border gabbro
in Centre | and progressed in a westerly direction. The order of empiacement
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of magmatic centres are as follows.

Centre |: Saturated alkaline rocks with peralkaline
oversaturated residua.
Centre |1: Miascitic, undersaturated alkaline rocks.

Centre |il: Alkaline rocks with oversaturated residua.

[t is believed that the magmas were emplaced by cauldron subsidence, as
evidsnced by the occurance of concentric marginal intrusions and down-faulted
, partially-assimilatad remnants of the capping lavas. The central portion of
the complex, mainly Centre || lithologies, may be a down-faulted block and
therefare, may represent a higher stratigraphic level (Mitchell and Platt, 1978,
1982)(Fig 1.2).

1.2.1 ntre |

The original form of the centre { intrusion has been complicated by
past-intrusive block faulting, particularly in the western portion of the body.
These rocks are characterized by extensive metasomatism, brecciation and the
inclusion of basalt xenoliths along brecciated lithologies. K-metasomatism is
present in the north western syenites (highway 17 syenites adjacent to the
Redsucker Cove breccia zone) and Na-metasomatism and albitization in the
south west( Currie, 1980; Kent, 1981). The formation of these rocks is unclear.
Currie, (1980) classified the western syenites as fenites formed by the
infusion of metasomatising fluids during the emplacement of the adjacent
nepheline syenite melt. A second hypothesis suggests that the western
syenites of Centre | represent volatile-rich rocks originally close to the roof

of the complex (Mitchell and Platt, 1978). This is supported by the presence of



complex pegmatites in the region and abundant basaltic enclaves, which may in
fact be capping lavas down-faulted into the apex of the magma chamber during
cauldron subsidence.

The border gabbro is the oldest unit of the complex and occurs as aring
shaped body forming the eastern and northern margin of the intrusion.
Intruding the gabbro is a ferroaugite syenite which forms the bulk of the Centre
| rocks. This red to dark green syenite can be massive or layered. Mitchell and
Platt, (1978) studied the southeastern ferroaugite syenite and determined that
the body crystallized from the base upwards (east to west) with simultaneous
crystallization at the roof, trapping residual fluids in the upper portions of the
sequence. Distinctive differentiation trends towards iron enrichment is
evidenced by the formation of acmite and ferrorichterite and increased
peralkalinity by the crystallization of aenigmatite and sodic amphiboles in the
trapped intercumulus liquids of the upper syenites. The eastern contact patch
pegmatites, containing ferrorichterite, alkali-feldspar, aenigmatite, acmite
pyroxene , quartz, zircon, and calcite, are considered final differentiates and
are the only rocks which are wholly peralkaline (Mitchell and Platt 1978).

The southwestern syenite in the Craddock Cove - Port Munroe localities is
complex. A large , hundred of metres in size, basalt xenolith is exposed west
of port Munro. Brittle fracturing has occured within the basalt allowing for the
injection of numerous syenite and quartz syenite dykes. Tinquaite, quartz
syenite and lamprophyre dykes alsc crass cut the syenite. Thin veins of epidote
and fluorite mineralization fill fractures in the west. The southwestern
syenites (red syenites) are intensly Na-metasomatized along the Redsucker
Cove breccia zone with the degree of alteration decreasing to the east (Kent,
1981).



Near vertically-dipping syenitoid dykes vein and permeate both the western
syenites and basalt xenoliths and are composed of an assemblage of albite,
calcite, magnetite, quartz, andradite, and chalcopyrite. Kent,(1981) described
staurclite as a common phase in these dykes. Based on semi-quantitative
analysis and x-ray diffraction data, it is believed that the mineral referred to
as staurolite was mis-identified and that it is in fact anisotropic garnet
{andradite).

The mineralogy and petrography of the quartz syenite dykes are similar
with the exception of the most easterly dyke C2925. it has, in addition to the
assemblage described above, green aegirine-augite and strongly plecchroic dark

green amphibale filling thin (< 10 mm) fractures in the dyke.

122 Centre ||

Centre Il is composed of a biotite-bearing gabbro body exposed on the
Coldwell Peninsula which is intruded and metasomatised by a natrolite-bearing
nepheline syenite.

Mineral compositions in Centre |l nepheline syenite display moderate iron
enrichment. Amphiboles in the syenites are aluminous and range from
magnesian hastingsitic hornblende to hastingsite, while the pyroxenes exhibit
Na and Fe3* trends from aegirine-augite towards acmite (Mitchell and Platt,
1982).The rare metal mineralogy of Centre |1 rocks was not examined in this

study.

123 Centre Ill

Rocks of this magmatic episode are exposed in three main areas: Pic Island -
Guse point, north of the Coldwell Peninsula between Killala Lake road and the

Little Pic River, and in the western contact zone. The syenites of centre (I are



a complex composite group of rocks ranging mineralogically from quartz
bearing syenites to granites.The syenites and quartz syenites are characterized
by the presence of sodic amphiboles, fluorite , zircon and braid perthites.
Earlier syenites are veined and brecciated by later syenites, indicating several
episodes of intrusion. Lukosius-Sanders, (1988) has distinquished four separate
intrusive phases defined on mineralogical and textural considerations. The
chronological order of intrusion is as follows: Magnesio-hornblende syenite,
ferro-edenite syenite, contaminated ferro-edenite syenite, and quartz syenite.

Magnesio-hornblende syenites have limited distribution. They are
characterized by a synneusis texture and the constituents include patch
antiperthite, albite, magnesio-hornblende, aluminous pyroxene, biotite, apatite,
quartz, zircon, magnetite, ilmenite, and fluorite.

Multiple intrusions of ferro-edenite syenite constitute the predominant
Centre {1l lithology. Generally it is a porphyritic rock with braid antiperthite,
calcic to alkali amphibole, annite, aluminous hedenbergitic pyroxene to acmitic
hedenbergite, quartz, zircon, apatite, fluorite, magnetite, and {imenits.

Alkaline basalts and Archean country rocks were brecciated by, and
incorporated into , the ferro-edenite syenites. The repetitious nature of
ferro-adenite syenite injection has resulted in brecciation of early syenites by
later ones.This suite is hybridized by assimilation of autoliths of ferro-edenite
syenite and xenoliths of basalt and metasediments forming 8 compositionally
distinct contaminated ferro-edenite syenite.

The quartz syenites are coarse grained, massive rocks conteining braided
antiperthite, abundant quartz, calcic to alkali amphibole, hedenbergite, annite,
magnetite, ilmenite, fluorite, apatite, sphene.

The majority of Centre |1l syenites crystallized under relatively dry,
hypersolvus conditions. However, rocks situated at the periphery of the exposed



centre [11 intrusions, particularly the Guse Point-Pic Island area have
undergone alteration by hydrothermal fluids, introduced along zones of

weaknass.

1.3 Uranium and Niobium Exploration

Uranium and niobium occurrences in the Port Munro area have encouraged
sporadic claim staking by prospectors and mining companies since 1932.
Exploration activity has focused primarily on 2 structures, the numerous quartz
syenite dykes cross cutting the basalt xenoliths and red syenites, and on the
xenalith - syenite contacts. Although assays showed significant rare metal
abundances in both environments, the highest grades were obtained from quartz
syenite dykes. They have been found along the east shore of Port Munro, Maons
Point, Ypres Point, and north of highway 17 near Craddock and Johnson lakes
(Marathon Columbian Property, Norande Mines, 1954) and are easily identifiable
by exhibiting radioactivity 2 -3 times above background levels. The highest
grade dyke, located along the C.P.R. tracks just west of Port Munro, was staked
by Tor Gustafson in 1949, Pye {1954, p. 2)described this showing in some
detail; " The dyke rock is pink and fine-grained, and contains numerous
irreqular cracks which are filled by a coarse-grained green pyroxene, and where
this pyroxene is mast abundant the radioactivity is such as to give readings
anywhere from 30 to 60 times above background throughout the length of the
dyke. Assays of grab samples indicate up to 1.35 ® Nb205, 0.08 T UG2, 3.00 &
ThO2, and 0.12 % Ce,05". Samples coded C2925 in this study were obtained

from the Tor Gustafson occurrence.

1.4 Study Areq

- The study has attempted to document and describe rare metal



mineralization in specific lithologies and localities in Centre | and Centre |||
syenites. To prevent confusion, names of lithologies and localites used in past
reports, theses, and papers have been retained, while new ones have been added
only where necessary. With the exception of the 2900 series (Fig 1.3), rock
specimens used in this thesis were collected during previous petrological
investigations af the Coldwell complex. In Centra lil, samples of
magnesio-hornblende, ferro-edenite, contaminated ferro-edanite, and quartz
syenites from the western contact, the Ashburton Lookout and Neys Lookout are
mainly those collected by Lukosius-Sanders, (1988).

Five separate localities and lithologies have been investigated in the
southern part of Centre |. 1) The Craddock Cave (red) syenites are located along
highway 17 between the Redsucker Cave breccia zone and Wolf Camp Lake. 2)
The southeastern ferroaugite syenite including those samples (C30-C70)
obtained approximately 4 km west of Marathon. Sample localities are given in
Mitchell and Platt, (1978). 3) The eastern contact pegmatites found at the
eastern margin ferroaugite intrusion, along highway 17. 4)The Angler Creek
ferroaugite syenite, samples C2905 - C2910, adjacent to the Craddock Cove
syenite. 5) The quartz syenite dykes intruding the basalt xenclith and red
syenites of the Port Munro and Craddock Cove area (Kent, 1981).

Compositional data for the rare metal minerals were obtained using an
Energy Dispersive Spectrometer in conjunction with an Hitechi 570 Scanning
Electron Microscope. Analytical precision, accuracy and methods of aquisition

are outlined in appendix 1.1,
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29 Flyorgcarbonates

The bastnaesite group of fluorocarbonates has four main members:
bastnaesite (La, Ce, Nd) (CO5)F, parisite ( La, Ce, Nd ),Ca(C03)F,, roentgenite
(La, Ce, Nd };Ca,{C04)sF5, and synchysite ( La, Ce, Nd )Ca(COg),F. They are
strongly LREE-selective with the rare exception of bastnaesite-(¥),
bastnaesite-(Nd), and synchysite-(Y). The structure of the family can be
described in terms of layers of (REE)F, Ca ions, and COz (Van Landuyt et al,
1975) . The compaosition of the various species is dependant an the periodicity
of each layer within a mixed layer compound. In this respect, the intermediate
members, parisite and roentgenite can be viewed as being composed of
alternating layers of the Ca absent member (bastnaesite), and the Ca-bearing
member {synchysite).

Fluorocarbonates are commonly found as deuteric alteration products of
other rare earth bearing minerals, such as allanite (Meintzer et al, 1988;
Littlejohn, 1981a,1981b; and Cerny et al , 1972) and chevkinite (Segalstad and
Larsen, 1978). The replacement minerals are attributed to postmagmatic fluid
activity involving F and CO; enriched hydrothermal solutions. These processes
commonly result in the development of intergrowth textures between
fluorocarbonate and other rare earth fluorides and oxides {Lahti et al, 1988).
The fluorocarbonates may form pseudomorphs, 8.g. bastnaesite after
okanoganite in the Golden Horn Batholith (Boggs, 19864).

One or more fiuorocarbonate species have been identified in all lithologic
units studied in the Coldwell complex and are the dominant REE mineral in the
Centre | Craddock Cove syenites and eastern contact pegmatities. Occurences
are unevenly distributed within units and sbundances fluctuate greatly betwesn

samples. The flourocarbonates occur as individual crystals and, more
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commanly, as syntaxial intergrown polycrystals of the type described by
Donnay et al (1953), Boggs (1984), de St Jorre {1986). The species positively
identifed using x-ray diffraction (Fig 2.1 and Table 2.1) and /or quantitative

chemical analysis are:

bastnaesite- (Ce) (Ce,La)COzF
synchysite- (Ce) {(Ce,La)Ca(COy),F
parisite-{Ce) (Ce,L8),Ca(COg)sF,

The largest grains of fluorocarbonates are typicelly intergrowths of
bastnhaesite-parisite, bastnaesite-synchysite, or more rarely
bastnaesite-synchysite-parisite. Though most grains are of micron size and not
large enough for macroscopic identification or extraction, aggregates
consisting of the three carbonate species and Nb-rutile were obtained from the
eastarn contact pagmatites. Macroscopically these show a range in colour from
grey~to-oranga to brick red. Colouration appears to be a function of the species
content with grey aggregates being bastnaesite-rich, and the red grains
containing synchysite. In thin section, the syntaxial intergrowths are visible
as alternating bands of colouriess bastnaesite and transiucent blood red
synchysite and parisite. The bastnaaesite shows moderate-to-high
birefringenca, whereas Ca-fluorocarbonate birefringence is masked by its
intense colour. Fluorocarbonates from the other 1itholagic units were too small
for macroscopic or optical study, therefore their morphology and paragenssis

were investigated using SEM back-scattered electron imagery.



13

4 File: Res:28 Tube:Cll Ku/Ma:38/26 28

e )

. 5 W& ogH 05 &
. 2 S i s . T3 p
M vmeri? R irgery? P e A \‘A"-*". ol M‘MA'N:--M“MJ"W e A e

Corr= —-@.1,

e T e B B

= B3

1

1- 211276: Rutile, sun
2= 198284 Synchysite—(Ce ) _ o e e e e
Mueme: Bastnaesite—{Ce>» _ e e e e e
|
l
!
|
J
| |
, i
\
!: l F/gl
£ | :
!' | 1
X ' s
! | :
: g :
}‘l : | ‘. A
k . i | :
: - ; l .
i ? : | 1
IIHlzlsﬂlllllllzléllHllllzl?HIHHIl:le]llllllll%g{lllllllléeﬂllllIllsllflllllHlalilllllllll?:s!l!llllll
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signify bastnaesite and synchysite. Intensities are proportional to their
relative abundance. Peak at 3.245 & denotes the presence of Nb-rutile.
Sample (C1A) is from the eastern contact pegmatites.
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1.036 6
1.027 4
0970 2
0.964 2

Table 2.1, X-ray powder data for fluorocarbonates and Nb-rutile.
B-bastnassite, S-synchysite, R~ nb-rutile.
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2.1 Textursl Relationships

1.1 C |, Ferroaugite Syenite

All three members of the flucrocarbonate family are found in the central
ferro-augite syenites and usually occur replacing apatite, amphibole and
earlier formed REE bearing minerals. Apatite exhibits extensive marginal
replacement by assemblages of coarse monazite, fluorocarbonate (70pum)
(bastnaesite-to-synchysite) and caicite. The largest fluorocarbonate grains
consist of syntaxial intergrowths, while finer grains (<dum) replace the mafic
phases along fractures. In rare cases, small grains of bastnaesite, zircon,
chlorite, fergusonite, elpidite, pyrochlore, quartz, and a REE-silicate
tentatively identifiad as britholite form aggregates interstial to feldspar
grains.

Fluorocarbonates in the southeastern ferro-augite sysnite also replace
apatite with syntaxial intergrowths of bastnaesite and parisite or anhedral
intergrowths of bastnaesite and monazite.

2.1.2 C 1, Eastern Contact Pegmatites

In the eastern contact pegmatites the fluorocarbonates occur as anhedral
polycrystalline aggregates intimately intergrown with anhedral-to-acicular
Nb-rutile, and rarely Nb-bearing ilmenite, forming complete pseudomorphs
after a large primary mineral. The neariy-opaque pseudomorphs can be as large
as 4.0 mm but usually do not exceed 1.0 mm, and are euhedral stubby prisms and
skeletiform grains. They are cammonly found partially-included in K-feldspar
and as inclusions in amphibole, suggesting a rather early stage of formation for

the precursor mineral. Rutile and columbite are present in concentrations high
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enough to resuit in near-complete opacity of the assemblage, 1eaving only
small irregular translucent-to-transparent patches of pure fluorocarbonate.
Backscattered electron imagery reveals a complex polycrystalline intergrowth
of Nb-rutile and the fluorocarbonates composed of approximately 60%
flourocarbonate and 40% fine grained rutile together with traces of columbite
(Fig 2.2 & 2.3). Of the fluorocarbonates, bastnaesite is the dominant
replacement minaral and parisite is more abundant than synchysite.

The thickness of the fluorocarbonate domains in syntaxial intergrowths
may range from lum to 30um. The syntaxy is complex with crystal interfaces
being distinct and planar to gradetional (Fig 2.2), the latter is probably due to
orientation edge effects. Donnay et al (1953) describe similar syntaxial
polycrystalline aggregates with planar interfaces parallel to (0001). They
suggest that syntaxy of the fluorocarbonate species reflects the lack of solid
solution in the (REE)FCO; - CaCO4 system and conclude that the pericdicity of
the phase may be a function af pH fluctuation in the mineralizing fluid.

Because of the similar morphology of the pseudomorph to chevkinite and
its replacement phases,found in the Ashburton Lookout syenites, as well 8s its
replacemeant phases, it is suggested that chevkinite is a probable precursor
mineral. However, relict chevkinite is not been found, and therefore other REE

minerals cannot be excluded as possible predecessors (allanite ?).

A similar intergrowth of bastnaesite and Fe~Ti minerals has been
identified in a paralkaline granite from Mulanje in the Chilwa alkaline province,
Malawi. The bastnaesite phase of 8 monazite, fluocerite, and bastnaesite
intergrowth, is itself, intergrown with an unidentified Fe, Ti, Nb-oxide (Platt
et al, 1987).
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Fig 2.2 and 2.3. [Centre |, pegmatite eastern Contact]. 2.2) Backscatterad
micrograph of a skeletal pseudomorph of bastnaesite, synchysite,
Nb-rutile and columbite. 2.3) One aggregate domain of bastnaesite (b) -
synchysite (s) shows syntaxial intergrowths and a second domain is
composad of aciculer and anhedral Nb-rutile (rt) end interstitial
columbite (c) (sample - C1A).

Fig 2.4 and 2.5. [Centre |, Craddock Cove syenite]. 2.4) Backscattered
micrograph of acicular synchysite, iimenite, megnetite, biotite and
quartz assemblage. 2.5)Acicular synchysite (s) and bastnaesite (b) show
syntexial as well as irreguiar intergrowths. Other minerals include
iimenite (i1) and magnstite {(m) (sample - C1A).
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213 C 1 Craddock Cove Syenites

The Craddock cove syenites include the southern syaenites located between
Redsucker Cave and Port Munroe as defined by Kent, (1981.) together with the
red syenites found along highway 17 between the Redsucker braccia zone and
the ferro-augite sysenite contact. Most samples obtained from this region
contained minor amounts of fluorocarbonates, with the exception of the
synchysite-rich sample C1513.

The southern Craddock Cove syenites are characterized by extensive
Na-Metasomatism, in which the degree of albitization increases towards the
west. Secondary albite (Ang_«) is the dominant alkali feldspar and forms up to
80 % of the mode in altered specimens. In highly-altered samples near
Redsucker Cove, albite is the only feldspar in the rock and is stained and
pseudomorphed by hematite (Kent ,1981). In these western samples
bastnaesite occurs as small anhedral blebs (<4 um ) in the secondary albite.
Samples obtained near Craddock Cove show little fluorocerbonate
mineralization.

The northern Craddock Cove rocks encompass syenites and syenitic
pegmatites composed mainly of large subhedral perthite and minor amounts of
fluorite. These rocks are characterized by low grade K-metasomatism, as
K-feldspar replaces early euhedral and interstial amphibole. Western syenite
samples C1513-C1524 show an appareht trend of decreasing fluoracarbonate
mineralization and K-metasomatism towards the east. The eastern syenitic
pegmatites have little fluorocarbonate mineralization.

Western mineralization is dominated by synchysite, to a lesser extent

bastnaesite, and rarely parisite. The fluorocarbonate phases exhibit two
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morphological types of intergrowths.

1) tabular crystals of synchysite or bastnaesite-synchysite syntaxial
intergrowths.

2) intimate, non-syntaxial intergrowths of synchysite and bastnaesite with
Nb-rutile {?).

Both intergrowths replace mafic phases and form partial replacement
aggregates with K-feldspar, zircon, quartz, calcite, and niobium rutile. The
textural relationships and the close association with K-feldspar indiate that
the fluorocarbonate precipitation may be contemporaneous with the
K-metasomatism.

Tabular grains replace amphibole along their rims and form mixtures of
K-feldspar, quartz, calcite, magnetite or, less commonly, zircon, and Nb-rutile.
Coarse fluorocarbonates are commonly present as syntaxial intergrowths or
isolated tabular-to-acicular synchysite (Fig 2.4 and 2.5). Associated with the
coarser fluorocarbonate is a chaotic intimately intergrown fluorocarbonate,
that is possibly adissolution of the coarser fluorocarbonate. Unusual
textures consisting of synchysite, bastnaesite, and Nb-rutile occur as
replacements of an early euhedral mineral. Intergrowths of synchysite
bastnaesite and Nb-rutile form ovoids (upto 20um) in the longitudinal direction
of the pssudomorph. Ovoids are typically rimmed by a thin bastnaesite coating
which in turn is enclosed in homogeneous synchysite (Fig 2.6). The origin of
this morphology is unknown.

The Nb-rutile and fluorocarbonate mixture also completely pseudomorph
euhedral minerals (chevkinite ?). Due to the fine grained nature of the
intergrowths 1t proved impossible to obtain accurate compositional data for
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Fig 2.6. [Centre |, Craddock Cove syenite]l. BSE image of an unusual texture
showing replacement "ovoids” of Nb-rutile (7) and fluorocerbonate
coated with thin bastnassite rims and encapsulated in homogeneous
synchysite (sample C1513).

Fig 2.7 end 2.6. [Centre |, quartz syenite dyke - C1432]. BSE micrograph of
tabular fluorocarbonate species (parisite, synchysite, and bastnaesite)
with clusters of anhedral ztrcon inclusions. Both rere metal minerais
are embedded in chlorite and quertz.
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the fluorocarbonate phases present.

2.1.4 C 1, Quartz Sysenite Dykes

Only one quartz syenite dyke (C1432) contains significant quantites of
fluorocarbonate. In this dyke large (100p) tabular flucrocarbonate grains occur
as discrete one species grains or as syntaxial intergrowths of two or more
species. The dominant member is parisite, followed by bastnaesite and then
synchysite. The intergrowths are usuaily broad, with grains rareiy composed of
more than 3 syntaxial domains. They are interstial to the k-feldspar grains and
commonly embedded in quartz and chlorite together with other rare-metal
minerals, i.e. pyrochlore, columbite, allanite and zircon (Fig 2.7 and 2.8).
Inclusions of zircon (upto 15um) in the fluorocarbonate are common. Samples
C1428,C1429, and C1418 contain extremely rare Ca- fluorocarbonate as
minute grains { <3um) bordering allanite.

2.135 C 1, Ferro-edenite Susnite
In the western contact zane, rare bastnaesite occurs as smatll (10um)

anhedral isolated grains bordered by interstitial secondary albite and rarely

quartz, and may be seen interstially betwesen perthite grains. The bulk of the
bastnaesite is associated with albite. Small anhedral grains of monazite and
/or iimenite form aggregates with the fluorocarbonate.

Lukosius-Sanders (1988) suggested that the secondary plagioclase is a
product of deformation recrystallization due to the influx of water of possibly
meteoric origin. However, due to the strong association of plagioclase and
bastnaesite it is l1ikely that REE- bearing carbothermal fiuids and not ground
water were the source of both the bastnaesite and plagioclase.

. The Ferro-edenite syenite from the Ashburton lookout area contains rare



22

AR1A1S

Fig 2.9 and 2.10. [ Centra |Il, ferro-edenite syenite, Neys - Ashburton
Lookout area). Acicular synchysite (s) surrounding ilmenite (il1) replaces
alteration silicate {(as). Synchysite rarely nucleates on bastnaesite (b)
(sample # C2122).



Fig 2.11 and 2.12. [Centre 11|, quartz syenite]. BSE imegs of a pyrochlore (?)
altered to fluorocarbonete, thorite and a Nb-Ti-bearing mineral.
Stringers of Nb-REE mineraloid penetrate into surrounding phases. 2.12)
X-ray maps of Th, Nb, Ce (REE), and T1 defining replacement phases. High
Th and Ce concentrations denote thorits (thorogummite ?) and
fluorocarbonate replacement respectively (sample # C2155).
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small acicular crystals intergrown with secondary chiorite. Bastnaesite may or
may not occur as nucleation points for the Ca-bearing fluorocarbonates (Fig 2.9
and 2.10). Ca-fluorocarbonate rarely occurs with anhedral ilmenite and
monazite. The monazite and fluorocarbonate boundary is usually distinct, but in
some cases monazite and bastnaesite may be intimately intergrown .

Samples examined from ferro-edenite syanites have rare fluorocarbonate
as small anhedral grains of basthaesite or synchysite bordering large LREE

bearing apatites.

2.16C 111, Quartz Syenite

The quartz syenite from the western contact zone contains rare acicular
Ca- fluorocarbonate intergrown with iddingsite-bowlingite, Ti-Nb-bearing
oXides and thorite. The small size of the Ti-Nb-mineral precluded
identification, but it is possibly Nb-rutile, which s rarely seen partially-
rimming other alteration silicates. Fluorocarbaonate is present in fractures in
amphibole grains, within cleavage traces and along grain boundaries in biotite.

The textural relationships in the quartz syenite from the Ashburton region
are similar to those seen in the western contact zone. Rare fluorocarbonate is
associated with thorite, Nb-oxides( pyrochlore ?), and secondary silicates.
Grains composed of multiple phases of fluorocarbonate, Nb-oxide, and thorite
replace a primary precursor - pyrochlore (Fig 2.11 and 2.12). Twao chevkinite
rich samples taken from Ashburton lookout area show replacement by acicular
Nb-bearing {imenite embedded in anhedral bastnaesite (Fig 2.13).

One quartz syenite sample was examined from the Radio Tower Hill area

and showed no fluorocarbonate mineralization.



Fig 2.13. Relatively large chevkinite showing both mottied alteration and
partial replacement features. Acicular niobium bearing ilmenite {dark)
is embedded in bastnaesite (light) (sample # 2454).
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Centre |

© - Eastern contact pegmatites ¢
Ce Craddock Cove syenite
X = Quartz syenite dyke

Centre |11

¢ - Quartz syenite

a - Ferro-edenite syenite

o - Contaminated Ferro-edenite
syenite

+ - Carbonatite- Fen complex
(Anderson, 1988)
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Fig 2.14 La-Ce - Nd plots of Ca-fluorocarbonate ( top ) and bastnaesite ( bottom). The Ca - bearing fluorocarbonates
plot in a larger compostional field than the bastnaesites. For both species Centre | compastions are apparently
enriched in Nd than Centre iil.



27

2.1.7 C1ll, Magnesio-hornblende Syenite
Fluorocarbonaete is rare in the magnesio-hornblende syenites from the

Neys-Ashburton lockout area and is prasent only as smail grains along

fractures in amphibole.

Compositions of fluorocarbonates determined in this work are listed in
Appendix 1.1. Analysis of the fluorocarbonates from both centres show the
carbonates to be La, Ce and Nd-enriched bastnaesite, parisite and synchysite.
Several compasitions, aspecially those from Centre |11, have Ca0 wt % ranging
from 1.00 wt® to 400 wt 8. These samples have Ca and REE proportions
intermediate between the ideal stoichiometry of the four fluorocarbonate
endmembers. Elactron probe studies of fluorocarbonates from an arfvedsonite
granite in the Golden Horn Batholith(Boggs, 1984)and from an ankeritic
ferro-carbonatite in the Fen complex, SE Norway (Anderson, 1986) also have
compositions intermediate to the four endmembers. This could be due to the
presence of additional members suggested by Van Landuyt et al,{ 1975).
However, It is assumed that the intermediate compositional values of the
Coldwsll complex fluorcarbonates are a result of electron beam overlap of
intargrowths of more than one identified species and not due to the presence of
intermediate compounds.

Bastnaesite and Ca-fluorocarbonate are plotted on separate La-Ce-Nd
ternary diagrams (Fig 2.14). Coldwell bastnaesites, as a group, plot in a narrow
range, between 50-60%Ce and 20-30% La with only subtle differences betwsen
those from Centre | and Centre [1]. The Centre | bastnaesite grains are Nd-rich
compared to those from Centre (1, with the eastern contact pegmatite
rainerals exhibiting the greatest Nd-enrichment. The bastnaesites from the
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vwastern contact zone and Ashburton 1ookout areas of Centre ||l show no
distinct differences in composition.

The Coldwell bastnaesites are relatively more Nd and Ce-rich than the Fen
complex bastnaesite (Andersen, 1986) and more Nd-rich than those from the
Fjalskar granite, Finland (Lahti et al, 1988).

Because of the variable Ca content and the problem of determining species,
all calcium-bearing fluoracarbonates were plotted on a single La-Ce-Nd ternary
diagram. Comparisons between the two ternary diagrams indicate that the
Ca-fluorocarbonates REE proportions are more diverse and are slightly more
Nd-rich and Ce-poor than the bastnassites.

The centre |1l minerals show a broader distribution of Ce-La content
ranging from 51% Ce (contaminated ferro-edenite syenite) to 74% Ce
(ferro-edenite syenite) relative to centre |. With the exception of the one
Ce-enriched Ca-fluorocarbonates from the ferro-edenite syenite, those from
the quartz syenite are Ce-rich in comparison to Ca-fluorocarbonates from the
ferro-edenite and contaminated ferro-edenite syenites. The
Ca-fluorocarbonates are, in general, more Ce-rich than fluorocarbonates from
the Fen Complex (Fig 2.14).

Fluorocarbonates occurring in various rock types increase in light
lanthanide content in the series; granite and granite pegmatite, alkaline
rocks, carbonatites. The degree of increase is different for each endmember
(Fleischer,1978). In the same rock type, bastnaesite is LREE-enriched relative
to Ca-bearing members, this relative enrichment increasing with Ca-content.
The difference in relative enrichment increases from granite and granite
pegmatites through to alkaline rocks. Fluorocarbonate data from several centre
| samples are plotted on a La/Nd vs. Ca/REE diagram (Fig 2.15). The eastern

contact pegmatite and quartz syenite dyke C1432 fluorocarbonates
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Fig 2.15. La-Nd enrichment vs Ca/REE plot for various compositions of

fluorocarbonate from centre |. The ideal Ca/REE for bastneesite is 0.0,
for porisite is 0.5, and synchysite is 1.0. Adjacent syntaxial domain
compositions are signified by tie lines. Thers is a distinct trend of
HREE enrichment for the Ca- bearing members from bastnaesite through

annahuiaita




30

polycrystals are the coarsest grained in the complex and show syntaxial
intergrowths of bastnaesite and various Ca-fluorocarbonates. On the diagram
tie lines join adjacent intergrowths. A similar trend of decreasing La/Nd as
well as La/Ce from bastnaesite through the group to synchysite was
qualitatively described in the Thor Lake fluorocarbonates (St. de Jorre, 1985).
This relationship halds true for fluorocarbonates from the same sample and
for adjacent fluorocarbonate intergrowths.

By definition the adjacent intergrowths formed in one precipitory event
(Donnay and Donnay, 1953), therefore it can be assumed that major fluctuations
in pressure, temperature, and REE proportions would not occur during genesis.
ft may be concluded that LREE-enrichment of bastnaesite relative to an
adjacent Ca-fluorocarbonate is & result of crystal 1attice differences
between the mixed compounds. One is composed of (REE)F and CO5 layers, the
other has additional Ca ion layers. The presence of these extra layers may in
some way affect the REE site making it more favourable to the smaller HREE
elements. This hypothesis would imply that the Ca-fluorocaerbonate trand on the
ternary diagram (Fig 2.15) is not only a function of REE proportion in
mineralizing fluid, but also a function of the amount of Ca in the species.

The C1513 fluorocarbonates from Craddock Cove syenites contain
considerable amounts of Fe (1-12.8 wt%). Most of this iron must be in the
trivalent state to satisfy the charge balance and Fe3* incorporated into the
REE site results in stoichiometry close to synchysite. There are two possible

site models:

1) The Fe* and REE may occur in solid solution, where Fe3* replaces REE
from the (REE)F layers. This would explain the presence of Fe** content in the

Ca- bearing endmembers and not bastnaesite. With increased Ca the smaller
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HREE and Fe*. relative to the LREE and Fe2*, may be more easily accomodated
into the lattice. However, the cation radius of Fe®* of 0.63 (Shannon and
Prewitt,1966) is still significantly smaller than that of Nd (1.135) and it is

unlikely that significant amounts of Fe>* would substitute.

2) The second passibility is that the Fe** ions form individual layers that
substitute for individual (REE)F 1ayers. In Fig 2.5 many of the
Ca-Fe-fluorocarbonate compositions cluster around 1.5 on the Ca/REE axis. If
an average of 1.5 is assumed for this compound,deviations from the average
being explained by assigning different portions of Fe to the Ca sites as Fe2* and
the rest to the REE site as Fe3*, it would imply a replacment of one third of the
(REE)F layers by Fe** layers.

Iin the Centre [l lithologies and the Craddock Cove syenite, the
fluorocarbonates form secondary minerals replacing primary REE-bearing
phases - pyrochlore, chevkinite, apatite, allanite and rarely sphene. Comparable
replacement relationships have been found in granites (Littlejohn, 1981; Lahti
and Suominer, 1988; Cerny and Cerna, 1972) and have been interpreted as
alteration products due to hydrothermal action by late-stage magmatic fluids.
Both the Coldwell units are similar in that F = and CO, rich solutions have
permeated the rocks transporting and/or remobilizing the REE elements, but
major compositional and genetic differences exist between fluids from
Craddock Cove and Centre [il.

In Centre 11l 1ithologies, fluorocartonates are rare and occur as a fine
grained replacement for pre-existing REE-minerals and less commonly
associated with alumino-silicate alteration. During "bastnaesization™ REE may

be removed from the precursor mineral and redeposited as a secondary
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generation of fluorocarbonate and thus, represent a localized redistribution of
the rare earth elements. Such a "autometasomatic™ arigin is implied for all
fluorocarbonate mineralization in the samples investigated from Centre Iil.
The relatively large amounts of fluorocarbonate (C1513) cannot be
explained by remobilization of REE from the breakdown of early minerals.
Fluorocarbonate mineralization is directly related to K-metasomatism as
evidenced by replacement relationships. Therefore, it is postulated K,
rare-metals, and Fa - enriched fluids have infiltrated the western red syenites
from an “external source”. Whether the hydrothermal alteration is a result of
residual fluids from the crystalization of the red syenite or related to other

magmatic events is uncertain (see section 16.0).
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2.0 Chevkinite (Perrierite ?)

Chevkinite is a rare earth titanium silicate mineral that readily
accommodates elements such as Zr, Nb, Ta, ¥, Th, and Sr within its lattice.
The ideal stoichiometry is A,BC,51,0,, where A site= REE, Th, Ca, Sr, Na, K; B=
Fe2* Mg, Mn, Ca; C= Ti, Mg, Mn, Fe3*, Fe2*, Al (Segalstad, 1978; Ito et al, 1971;
Platt et al, 1987) . A represehtative EDS spectrum of chevkinite from the
Coldwell complex is shown in Fig 3.1.

The identification of chevkinite is complicated by the existence of the
dimorph, perrierite, which is almost identical in composition and similar in
structure to chevkinite. Therefore, X-ray diffraction is necessary for a
conclusive identification of the mineral. Unfortunately the small grain size of
the Coldwell chevkinite from the various lithologic units made it impossible
to separate concentrates for x-ray diffraction study. In the absence of
crystallographic data a method based on the ionic radius is used to determine

the mineral species (see below).

3.1 Textural Relationships
The chevkinite is found in four distinct lithologic units within the

Coldwell complex. In centre | rare grains are found in the ferro-augite syenite
(samples C2905,C2909, and C2908) and one sample from the red syenite
{C2920). In Centre lil , isolated areas in the contaminated ferro-edenite
syenite (C2026 and 2036- Western Contact) and the quartz syenites
{(C2116,C2923, and C2454- Ashburton Lookout area) may contain chevkinite.

=11 C il Quartz Syenite

The alkaline quartz syenite near Ashburton Lookout contains relatively
large amounts, up to 0.5 modal &, chevkinite. The stubby euhedral-to-subhedral
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CHEVKINITE

Fig 3.1. EDS spectrum of chevkinite from ferro-sugite syenits (C2908).

.243
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Alkali Feldspar
Chevkinite —

Zircon —
{Imenite —
Fluorite
Pyroxene
Amphibole

Quartz

Fluorocarbonate

Time >

Fig 3.2 Paragensetic sequence in Centre |1l quartz syenite - Ashburton Lookout
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Fig 3.3. SEM backscattered micrograph of chevkinite {CH) and alteration
mantles interstial to perthite (P) and partially included in amphibole {AM).
The "fresh” core (light) is surrounded by hydrated alteration (dark) (sample
# C£2454).

Fig 3.4. SEM back scattered micrograph of chevkinite, alkali-feldspar and
fluorocarbonate from the ferro-edenite syenite. Fluorocarbonate .has
precipitated along fractures and dilated feldspar cleavage planes
Alteration occurs around grain margin as 3 distinct compositional domains
a,b, and ¢ (see appendix 2.2). Elemental comparisons between domains are
graphed in Fig 3.9 (sample * C2036).

Fig 3.5. SEM backscattered micrograph of allanite (al), K-feldspar, caicite (ca),
and chevkinite (ch) aggregate replacing amphibole {(sample *# C2920).
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grains range in size from 50 um to 250 pum, and occur as inclusions in interstial
quartz between perthite prisms, occasionally included or partially-included

in amphibote or perthite and more rarely in zircon, ilmenite and magnetite.
The proposed paragenetic saquence is given in Fig 3.2. In thin section dark
reddish brown cores are rimmed by light brown-to-pale-orange alteration
manties. The lack of pleochroism and complete opacity of the “fresh” cores
and mantles in polarized transmitted light is undoubtedly a result of severe
metamictization. Backscattered images of the grains show alteration
manties as mottled rims around a heterogeneous core (Fig 3.3). Complete

alteration of the chevkinite is rare.

3.1.2 Contaminated Ferro-edenite Syenite

Chevkinite is rare and too small for optical investigation. Back scattered
imagery reveals small anhedral-to-subhedral 20pm-40umin diameter
chevkinite as inclusions in perthite with the larger grains exhibiting &
similar mottied alteration mantie to that seen in the quartz syenite. One
unusually large chevkinite - alteration grain contains three distinct alteration

domains (Fig 3.4). Chemical analysis of the zoning is given in appendix 2.2.

3.1.1 Ferroaugite Syenite

Chevkinite in the Craddock Cove ferro-augite syenite is found in samples
C2903, C2908, C2909, and C2914. Small grains, commonly less than S0um, are

anhedreal-to-euhedral and are included in the interstial mafics. Rare large

grains of chevkinite show a distinct chemical zoning, reflecting variations in
Ti, Nb and Fe. Chevkinite is absent in the southeastern ferro-augite syenite

3.1.4 Croaddock Cove Red Syenite
Only 2 samples are known to contain chevkinite, C1513 and C2920. In
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section C2920 chevkinite is found associated with aggregates of allanite,
calcite, and potassium feldspar (Fig 3.5). Small (<40 um) anhedral grains are
included in anhedral to subhedral allanite, or calcite. In sample C1513
euhedral chevkinites approximately SOum in diameter are commonly altered to
multiple Nb-bearing phases (tentatively identified as Nb-rutile and

pyrochlore) and fluorocarbonate.

3.2 Composition
Representative compositions are given in appendix (2.2). Most Coldwell

chevkinites exhibit low total oxide percentages as a result of their apparent
metamict and hydrated nature. Chevkinites from the different lithologic units
show similar compositions with subtle differences occurring in elemental
proportions. The centre |1l contaminated ferro-edenite syenite (C2028 and
C2036) and quartz syenite have similer total (REE),0; wt & contents, ranging
from {36.03-41.19 wt®) and (36.53-42.268 wt &) respectively. The Centre |
minerals appear to have higher (REE)203 wt® contents with the ferro-augite
syenite containing 38.16% - 45.79% and the red syenite having 45.06 - 46.21
wtZ. The chevkinite of centre Il] exhibits & general trend which is seen in
other REE-bearing minerals from various deposits, namely, a gross enrichment
of LREE from granite pegmatites through syenites or quartz syenite to alkaline
syenite or syenite pegmatite (Fieischer, 1965). Material in the contaminated
ferro-edenite syenite is enriched in the MREE relative to that in the quartz
syenite (Fig 3.6). Chevkinites from the ferro-augite syenite also have REE
proportions similar to other alkaline quartz syenite rocks.

Differences in Ca0 (wt %) content are evident between chevkinite from
each of the Coldwell centres. in centre |1i Ca0 abundances range between
Z9-5.01 wt&, while lower Ca0 contents {0.95-3.13 wt &) are found in centrs |
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Fig 3.7 Distribution of Coldwell chevkinites as a function of average cation
radii of A and B + C sites. Group | and Group || are defined after Segalstad
and Larsen (1978) and Platt et al (1987). Fe is calculated as Fe?*



Correspondingly the total rare earth contents of the ferro-sugite syenite and
Craddock Cove syenite chevkinite are higher (41.34-46.21 wt & oxide) then
those of centre 111 (36.03-42.26 wt %).

Thorium is prasent in most chevkinites and occurs in significant amounts
in examplas from the contaminated ferro-edenite syenite (Th02= 0.84-4.23 wt
z).

It is interesting to note that chevkinite from the Craddock Cove syenite
sample shows unusually high amounts of Fe0 (13.07-13.39 wt %). High Fe0 is
also characteristic of the fluorocarbonates (see section 2.2) and pyrochlores

(see section 4.4) from this area.

3.3 Chevkinite vs Perrierite
Although the similar composition of the two minerals suggests a

polymorphic relationship between chevkinite and perrierite, crystal-chemical
differences exist between the related species. Studies of synthetic members
by Ito (1967) showed that the relative cation size between A, B, and C sites
determines which structure will form. An excessive difference in the average
cation size between the A site and the B, C sites favours the stability of
perrierite over chevkinite. This compositional control appears to be stronger
than any temperature effect. Pressure and temperature indirectly affect the
structure by influencing the A site composition, at 1east in the 7.5-20 Kbar
and 900-1050°C range (Green and Pearson ,1988) . Compositional veriation in
the B, C sites occurs with changing f02 conditions. Fe becomes more abundant
with increesing f02 as the Fe3* increases. As suggested by Haggerty and
Mariano (1983) and Green and Pearson (1988), it is difficult, especially when
pressure affects are not known, to distinguish chevkinite from perrierite

solely on the basis of composition and cation radius of elements in specific
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sites. Therefora, the identification of the Coldwell chevkinites using this
method cannot be considered definitive.

Segalstad and Larsen (1978) found that 12 analyses of chevkinite and
perrierite formed 2 distinct groups: group I has Ca completely accommodated
in the A sites, and group II has most Ca located in the B and C sites.

Average A site cation radius vs. average B+C cation radius for the
Coldwell chevkinites are shown in Fig 3.7.The grains from C2920, C2116,
C2028, C2036, C2454, and C2923 are plotted as averages of the chevkinite
compositions from each sample while the others ( C2905/28, C2909/2, and
C2908), due to the scarcity of grains for analysis, are values from single
grains. Cation radii, as determined by Shannon and Prewitt (1969), wers
applied to the chevkinite compositional data and the appropriate cations were
assigned to sites A, B, and C of the structural formula presented on p. 33. All
Ca2* was assigned to site A. The cation radius values plot well within the
chevkinite field of group | reflecting compositions with relatively high Ca
abundance ( 2.90 - 5.01 wt & Ca0) for centre |1l chevkinites and 0.95-3.13 wt
& Ca0 for Centre | syenites ) and lower REE abundance (36.03- 42.28 wt %
(REE), 05 for centre Il and 41.34 - 46.21 wt® (REE), 05 for the centre |
syenites). Cation proportions suggest the accommodation of most Cain the A
site. Sample C2909 is anomalous in its close proximity to the
chevkinite/perrierite boundary.

The location of data points on Fig 3.7 is based on calculation of total iron
as Fe0, however it is probable that a portion of Fe is prasent in the trivalent
state. Significant amounts of ferric iron wil reduce the average cation redius
for the B+C cations shifting plots closer to the group | chevkinite-perrierite
boundary (Platt et al, 1987). Therefore, the determination of the oxidation
state of the iron will have a bearing on the confidence of the species
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Fig 3.6. Significant LREE enrichment occurs from granite pegmatites through
syenites or quartz syenites to alkaline syenite or syenite pegmatite
(Fleischer, 1965). A similar trend is seen in the higher La/Nd ratio for the
contaminated ferro-edenite syanite chavkinites relative to the quartz
syenite. The compositions from the ferroaugite syenite correspond to
chevkinite from other alkaline syenites or quartz syenites.
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determination. It is assumed that for chevkinites from both centres the
dominant state of Fe is divalent. This is based on two independant pieces of
evidencs.

1) Analysis of chevkinites from other occurrences consistently show
divalent Fe to be mare abundant than trivalent Fe. Platt et al, (1987)
astimated the Fe2*/Fe* content of an average of 6 chevkinite analysis from a
peralkaline quartz syenite to be 1.5 or greater based on the distribution of iron
when calculated to 13 cations. Segalstad and Larsen (1978) determined by
analysis that chevkinites from a series of syenite pegmatites from the Oslo
region in Norway contains iron almost exclusively as Fe0. McDowell (1979)
obtained ratios Fe*/(Fe2* + Fe*) ratios that ranged between 0.14 - 0.40.

2) Recalculation of Fe?*, Fe3* on & stoichiometric basis (Droop,1987),
shows that the Fe3*/(Fe2* + Fe3*) ratios of the Coldwell chevkinites range
between (0.13-0.30),which is consistent with the values found in the

literature.

3.4 Alteration of Chevkinite

Quantitative analyses (appendix 2.3) of alteration rims of grains from the
Ashburton Lookout quartz syenite and western contact contaminated
ferro-edenite syenite were compared to the enclosed "fresh” cores to
determine major compositional 1oss or gain of elements from a deuteric or
hydrothermal fluid. To correct for the low analytical totals (60-85 wt %) of
the alteration mantles, element propuriions are calculated for each particular
cation as a percentage of the total amount of cations. In Fig 3.8 the elemental
differences in Fe, Nb, Ti, Ca, La, Ce, Pr, Nd, Si, and Th of the mantle relative
to the core are shown as percentages.

. The 3 grains from the quartz syenite show a strong pattern of Fe, Ca, and
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to cores for chevkinites in the quartz syenite and a chevkinite from the

contaminated ferro-edenite syenite. All grains show strong depletion in Fe

’

Ca, REE and enrichment in Nb, T1, Si. Preferential removal of LREE vs. MREE

is evident.
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rare earth-depletion and a relative enrichment in Ti and Si. Of particular note
is the apparent depletion of Nd through La. A similar orange alteration rimming
chevkinite in alkaline granites (Payette et al. 1988) is also characterized by s
depletion in Fe, Ca, and REE and snrichment in Ti.

A complex alteration pattern observed in the contaminated ferro-edenite
syenite chevkinite shows 3 distinct alteration regions (Fig 3.4). Though the
altered zones are compositionally distinct, the general patterns of Fe, Ca, and
REE depletion and the strong enrichment in the Ti (Fig 3.8 ) are similar to
those described above.

The origin and mobility of the REE derived from the chevkinite are
confirmed by fluorocarbonate mineralization along feldspar cleavage planes.
Hydration of chevkinite resulted in grain expansion, dilation of adjacent
feldspar cleavage planes, removal of REE, and precipitation of fluorocarbonate

along the opened fractures.

=2 Comparisons

Chevkinite is a rare mineral occassionally found in granites (Harding et
al, 1982 and Mcdowell, 1979). A significant proportion of identified
chevkinites are associated with peralkaline and alkaline syenites and granites.
Platt et al, (1987) investigated chevkinite in two peralkaline quartz syenites
from the Chilwa alkaline Province, Malawi. Payette et al (1988) identified
chevkinite in peralkaline and alkaline granites of the Welsford anorogenic
igneous complex. Segaistad and Larsen (1978) reported an occurrence from the
Oslo peralkaline granites and chevkinite has been found in metaluminous and
mildly peraikaline ryholite tuffs (Novak and Mahood, 1986) .

Major element compositions, Ca, Fe, Ti, and LREE of the Coldwell

chevkinites are comparable to those mentioned above (Table 3.1). However, the



Table 3.1.

Si02
A1203
Ti02
Nb20S
Fe0
Fe203
MnO
Mg0
Ca0
ThQ2
Y203
La203
Ce203
Pr203
Nd203
Sm203

Sum
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Chemical composition ( weight percent oxides) of chevkinites from various localities

a

19.86
0.07
17.07

nd
10.06
1.01
0.05
3.20
1.62
0.29
23.76
19.26
2.46
2.32

nd

101.03

b
20.33
2.79
18.76
0.02
7.27
0.11
0.85
S.67
0.79
0.24
11.44
17.85
2.03
5.49
0.88

94.50

c
19,50
0.16
17.50
1.60
11.20
nd
nd
3.31
0.60
0.57
13.00
18.60
2.00
10.10
1.38

97.92

d
20.20
0.12
18.30
0.64
11.30
na
na
2.82
0.33
0.23
12.10
21.40
na
6.29
2.67

97.10

a- Segalstad and Larsen,( 1978); from syenite pegmatite, Oslo, Norway.

b- McDowell, (1979); from Little Chief Granite. ,

c- Platt et al, ( 1987); from quartz syenite, Chilwa, Malawi.

d- Novak and Mahood, ( 1986); from peralkaline tuff, Kane Springs Wash Calderak, Nevada,
e- Zhang et al, ( 1976); from quart syenite dykes, Hubei, China.

17.88
0.47
17.71
0.23
10.50
7.08
0.02
2.66
361

36.26

96.42

REE20:
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minor elements, Nb and Th, are typically more abundant in the Coldwell
specimens (eg. maximum Nb,O5=7.21 wt & in the ferro-augite syenite, and
maximum ThO,= 3.28 wt 2 in the contaminated ferro-sdenite). The Craddock
Cove chevkinites ars unique, relative to Coldwell samples and those from
other deposits, in their unusually high Fe content of over 13 wt &. Typical FeO
contents range from 8-11 wt X in minerals from granitoid rocks with the
exception of iron chevkinite in 8 quartz syenite fram Hubei, China {Zhang et al,
1976). A significant amount of Fe,0; (7.08 wt &) in the mineral is attributed
to water-transported ferric iron introduced into the mineral lattice through
fractures (Zhang et al, 1976). The Craddock Cove chevkinites appear to be a
minar part of a replacement assemblage of allanite, K-feldspar, and calcite
formed during & metasomatic event. if experimental studies by Green and
Pearson, (1988) are applicable to (low ?) temperature and pressure
metasomatism, the higher Fe contents may be a8 result of a raised f0, and the

predicted increase in Fe3* in the mineralizing fluids.
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4.0 Pyrochiore

The minerals of the pyrochlore subgroup are the commonest niobium
minerals in alkeline intrusions and comprise some of the most complex
rare-metal bearing species. The general formula is A,_ B,0,(0,0H,F),_, < PH20,
where m=0-1, n=0-1, p is variable, and the A site= Ca, Na, REE, U, Th, Sr, and
Fe; the B site= Nb, Ti, and Ta (Foord, 1982). The complexity of the substitution
has lead to & chemical classification of minerals with the pyrochlore
structure by subgroups based on the B site composition. Individual species
within each subgroup are defined by the A site constituents (Hogarth, 1977).
The Coldwell niobates, with the exception of one composition in the betafite
subgroup, are strongly partitioned into the Nb-dominant pyrochlore division of
the group triangle (Fig 4.1).

Pyrochlore is the most abundant of the Nb-bearing minerals in the
Coldwell rocks. |t has been identified on the basis of composition in the centre
Il quartz syenite, contaminated ferro-edenite syenite, ferro-edenite syenite
and in the Centre | ferro-augite syenite, Craddock Cove red syenites, and the
quartz syenite dykes. The large grain size of the mineral in the ferro-augite
syenite patch pegmatites from the eastern contact allowed separation and
canfirmation of the identity by X-ray diffraction techniques. Mineral
paragenesis varies within the complex from simple primary crystallization
from the meit to precipitation and replacement of earlier niobate phases by
metasomatic/hydrothermal fluids. Commonly both modes of occurrence appear
in the same sample. The size of the grains and complexity of the replacement
intergrowths between two or possibly more phases made SEM X-ray mapping

gssential in determining the multiphase interrelationships.
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Betafite

Pyrochlore Microlite

Ta

O - Eastern Contact pegmatite

Circle - Quartz Syenite Dyke C2925

Nb 90 80 70 Tﬂ

Fig 4.1 Pyrochlore subgroups as defined by Hogarth, (1988). The atomic
compositions for the Coldwell pyrochlores are plotted on four Ti-Nb-Ta
ternary diagrams. The pyrochlores as a group are Nb-dominant. Compositions
of minerais from different lithologic units are viewed in detail in lower
diagrams. In Centre |, 1= Quartz syenite dykes, 2=Ferroaugite syenite,
3=Craddock Cove syenites; in Centre lil, 4=Ferra-edenite syenite,

-~ contaminated ferro-edenite syenite, and quartz syenite.
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4.1 Textural Relationsghips

4.1.1 C 1 Quartz Syenite Dukes
Pyrochlore is found in four quartz syenite dykes (C1418, C1428, C1432,

and £2925) as a replacement phase of the previously formed Nb-bearing
minerals, columbite and fersmite (Fig. 4.2 and 4.3). lrregular pyrochlore
alteration mantles enclose grain remnants and in some cases, aimost
completely pseudomorph the original grain. The primary anhedral-to-subhedral
minerals seldom exceed 100um, whereas the pyrochlore alteration seidom
exceeds 20pm. Rare small (approximately 70pm) subhedral-to-euhedral
pyrochlore grains are found in several of the dykes. Two or more pyrochlore
varieties are present in one grain, commonly a core of one composition is
mantled by material of distinctly different composition. The genesis of these
grains 1s unclear . They may represent a complete pseudomorph of fersmite or
calumbite or be a partial replacement of a primary pyrochlore. Grains that are
large enough for optical examination are corroded and turbid in appearence.
Enclosing and adjacent mafics ( Pyroxene-C2925, Amphibole,
biotite-C1418-C1432) show evidence of alpha- radiation damage - halos and
radial fractures around the hydrated minerals. The niobates are closely
associated with fluorite and the other dominant rare metal minerals,
fluorocarbonate, thorite and zircon. in dyke C2925, niobates and thorite-zircon
intergrowths rim or occur as inclusions in fluorite. The resulting radiation
damage causes &8 reddish purple colouration around fluorite grain borders or as

patches and zones within the fluorite.

4.1.2 Ferrosygite Syenite
In the ferroaugite syenite rare subhedral-to-euhedral pyrochlore (<100um)

form inclusions in amphibole and quartz and are partially included in potassium



Fig 4.2. Complex replacement texture of columbite (cb) and pyrochlore {p) is
exhibited in back scatter micrograph and X-rey maps. Patches enriched in
Ca and REE identifies pyrochiore, Nb and Fe signify columbite domains.
X-ray maps: Upper Left - Nb, UR - Ca, LL - Fe, LR - REE {(sampla * C1432).
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Fig 4.3. Fersmite (f), from quartz syenite dyke C1418 is corroded and
partially replaced by pyrochlore along margins.

Fig 4.4. Mottled pyrochlore (p) inclusion in perthite is surrounded by an
alteration silicate (as) corona. The alteration may result from the
breakdown of the feldspar lattice by a~particle emission of the actinide
bearing pyrochlore.
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feldspar. Associated rare-metal minerals are fargusonite and zircon.

The southeastern ferroaugite syenites have been found to contain
pyrochlores only in the most highly differentiated phases. Here they are
associated with the interstitial residual minerals- zircon, calcite, and quartz.

Several of grains contain small {<2um) inclusions of galena.

413 Craddock Cove Suenite
Small (20-30um) grains of pyrochlore appear to be primary subhedral

prisms included in albite or amphiboles. Back scattered imaging shows distinct
mottiing of the crystal. Grains in albite typically have halos of alteration
silicate due to radiation damage from uranium and thorium-bearing pyrochlore
(Fig. 4.4).Hematite is commonly associated with the alteration silicate. In
C1513 the niobates of variable compositions from Nb- Ti02 (Nb-rutile ?) to
pyrochlore, inciuding fluocarbonates are alteration products of a primary

mineral, possibly chevkinits.

414 tastern Contact Pegmatite

The larger crystals in the pegmatite allowed their concentration in a
heavy mineral separate for X-ray diffraction. A heated - mineral concentrate
produced the powder X-ray diffraction pattern seen inFig 4.5. This and Table
4.1 confirm the presence of pyrochlore in addition to fersmite. The large
(> 1mm) dark brown to dark reddish brown grains are translucent-to-opaque
with concoidal fractures. In thin section the pyrochlore is dark reddish brown
and turbid. Back scattered imagery reveals euhedral heterogenous prisms are
altered to Nb-rutile, fluorocarbonate and alteration silicate. Fig 4.6 shows
replacement by an alteration silicate and textural features of pyrochlore

recrystallization (ie growth zones encroaching on alteration silicate patches.



54

Ze Fi 1&:”701'&1?;9—22 Res 48 Tube:CU Rv/Ma:44/22 2
. o RS N e i AN SR A ) Tk T P N ~ Wiy )
|~ e . - A
e
LIEs Ildb—————— e ———————— e ————————————— LOTET @, 198-—

3- 1883821 Farsmite, syn |
4~ 1787471 Furcchiare, neated Bl
!
!
i
I
i
!
:
i
i
H
i
|
i
H
- |
Ao , |
14 i b ' 2
1

i
!
‘

v 1

- : B

Co : 3

: . : - N - . L, i
GO TR TR P R i i i i i i i i e e i
s 24 #™ % 27 5 29 Rt 3 33 34 3™ I

Fig 4.5. X-ray diffractometer scan of an heated heavy mineral separate from the
eastern contact ferroaugite pegmatites over the region 22-37°. Peaks 3.05
and 3.792 signify the presence of fersmite, while peaks 3.002 and 2.603

~ indicate pyrochlore.
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Table 4.1. X-ray diffraction data for heated heavy mineral separate from the

eastern contact ferrosugite pegmatites. Fersmite and pyrochlore d-spacings
- are designated by (F) end (P) respectively.
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415 C 1, Quartz Syenite
Ashburton Lookout area pyrochlores are relatively large {approximately

40pm, but can be upto 200um}) euhedral six sided prisms occurring as inclusions
in interstial biotite and partially-included in potassium feldspar. They may
or may not contain inclusions of K-feldspar and fluorite. Compositions are
diverse due to recrystallization and alteration to fluorocaerbonate and other
unidentified niobates, as well as. Fig 4.7 i1lustrates recrystallization of
hydrated pyrochlore,while Fig 4.8 and corresponding X-ray maps show
compositional differences between core and altered rim.

Smalier subhedral-to-euhedral grains in Western Contact quartz syenites
(C2040)(<20pum) are included albite, quartz, or K-feldspar. Rare euhedral
apatite may be found as inclusions in the pyrochiore. Feldspars surrounding
pyrochlores are commonly changed to alteration silicates. Stringers of o
secondary niobium-titanium oxide phase permeates the alteration silicate
mantles. The stringers are too fine for quantitative analysis but
semi-quantitative analysis show the stringers have variable rare metal
composition but exhibit no distinct enrichment or depletion in Nb, REE relative
to the associated niobate grain. In the Guse Point quartz syenite large (150 pm)
altered euhedral prisms appear to be composed of two pyrochlores of differing

compostion, one "low" in Si, the other higher in S1.

4,16 Contaminated Ferro-edenite Syenite

Pyrochlore is found as small (<20pm) irregular inclusions in allanite or as

subrounded grains included in plagioclase, alkali-feldspar, biotite and quartz.
Surrounding feldspars are transformed to halos of calcite, hematite, and
alteration silicate. As in the quartz syenite, Nb-REE-Ti oxides are found

permeating alteration silicate and precipitating along biotite and K-feldspar
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Fig 4.6. BSE micrograph of altered and recrystallized pyrochlore (p) from
eastern contact pegmatites. It is compositionally heterogeneous and
extensively replaced by unidentified alteration silicate (as), calcite, and
nb-rutile (r). Associated minerals are metamict zircon (2r) and
fluorocarbonate (f1){(sample C1C).

Fig 4.7. BSE micrograph of pyrochlore from a quartz syenite pegmatite, Centre
t11. The fracturing of grain (dark) is evidence for metamictization and
hydration. Secondary niobate (bright) replaces the precursor around
rim{sample * C2924).
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Fig 4.8. Backscattered micrograph and X-ray maps of a compositionally
variable pyrochliore from the quartz syenite. Grain mantie is enriched in Si
(3.64 wt & S10;), Nb(44.85 wt T Nb,Og), and Fe(3.17 wt % Fe0) relative to the
core.
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cleavage planes.

4.1.7 Ferro-edenite Syenite
Small (<20pm) subhedral-to-euhedral grains of hexagonal pyrochlore are

found only in the western contact zone as inclusions in K-feldspar. Slight

alteration around rims and along fractures to fluorocarbonate is common.

=2 Compostion

Pyrochlore cennot be identified unambiguously on the basis of composition
alone . Numerous complex niobates having the general formula AB,0; or (AB),0,
(eg. aeschynite - Nb, vigezzite, fersmite, and ashanite) have compositional
overiaps with the diverse compositional range of pyrochlore. Additional
complications result from the common metamictization of pyrochlore and other
minerals. The complex replacement textures exhibited by the Coldwell niobates
also make analysis end identification difficult. Two pieces of evidence support
the pyrochlore identification: (1) pyrochlore from the ferro-asugite pegmatites
was identified by X-ray diffraction; (2)the compositionally similar complex
niobates, unlike pyrochlore, are not known to incorporated significant amounts
of Si. Thus, complex niobates containing Th,U, Ca, Ti, and REE are assumed to
be pyrochiore and compared as one mineral. Representative compositions and
EDS spectra are given in appendix 2.3 and Fig 4.9 respectively.

The characterstic extreme isomorphic substitution of the niobate is
evident in the diversity in composition within one thin section, eg. section
C1428 with Ca0 contents ranging from 8.37 to 23.72 wt &, Nb205 from 40.11 to
69.04 wt &, and Y203 from 0.53 t0 8.6 wtZ®.

Most compositions exhibit low analytical totals (appendix 2.3) indicating

the presence of undetermined elements, structural H,0 and F,or possibie
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Fig 4.9 Representative spectra illustrate extreme compositional variation of
the Coldwell niobates. Spectra 2 (from quartz syenite) and 3 (from Angler
Creek ferroaugite syenite) are similar to pyrochlores described in the
literature. Spectra 1 (from the quartz syenite) identity is uncertain due to
its unusually high Si contents.

-
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metamictization and hydration. Tremendous variation in the totals is apparent
in the pyrochlore from different lithologies, the most notable examples being
the niobates from the Angler Creek ferrosugite syenite with totals commonly
above 95 wt &, and the fluorite-rich quartz syenite dyke C2925 having totals
consistently below 94 wt . Such differences may be related to the stage and
conditions of formation. The Angler Creek pyrochlores are primary and are
unaltered in appearance. in contrast, those from other units show extensive
alteration and recrystallization. In such late-stage (deuteric) conditions, F and
H,0 activity is high and therefore, would be expected to be incorporated into
the pyrochlore crystal structure.

The Coldwell pyrochlores are unusual in their high Si0, values, the
majority of compasitions range betwesn 0.00-7.00 wt X S10,. Similar values
are found in pyrochlores from other alkaline silicate rocks (Payette et al,
1988) However, many grains contain 510, in excess of 12.00 wt ®. In all grains
with high Si content there is a positive correlation between high Si0, and UQ,
in pyrochlore. It is uncertain whether this represents Si and Uin a true
pyrochlore structure or the presence of a secondary phase.

Almost all pyrochlores can be classified into the pyrochlore subgroup
based on Nb/Ta and Nb/Ti ratios. Differences in the B and A site occupation do
occur between lithologic units. Pyrochlore from the quartz syenite dykes is the
most compostionally distinct in the Coldwell complex. Although all
pyrochlores are Nb-dominated minerals (Fig 4.1) the duke pyrochlores show the
greatest Nb-enrichment relative to Ta and Ti compared to pyrochlore from the
other units. This is particularly true for dyke C1428 and C2925.0ther
distinquishing features included the highest ¥,0; Ca0 and ThQ, content (Table
4.2). In contrast, the ferro-augite syenite pyrochlores have the lowest RE,0q,
¥.0; and ThO, contents. Those from the pegmatites have similar Nb-Ta-Ti
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Table 4.2 Mean composition (wt &) of Pyrochlores from Coldwell Alkali Complex.

Lithologic Units Nb205S Ta205 Ti02 RE203 Y203* Ca0  Fed  U02 ThQO2

Ferroaugite pegmatite
Centre | 5394 278 4341 611 | 1.73 ] 607 | 6.19 | 3.74 | 1.09

Ferroaugite Syenite
Centre | 5394 238 | 530 | 3911 032 | 688 |15.00] 3.32 | 052

Quartz Syenite Dykes
Centre | 5045 1,13 ] 3<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>