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ABSTRACT

The Coldwell Complex, northwestern Ontario, is a multiphase alkaline intrusion that is host to
rare earth element, actinide and other high field strength element mineralization. Preliminary
studies have shown that these minerals are concentrated in pegmatites associated with Center
One ferrorichterite-ferroaugite syenites and Center Three syenites. The Center One syenites
differentiate to pegmatitic residua and are characterized by cumulus perthitic-to-cryptoperthitic
alkali feldspar, hedenbergite-aegirine pyroxenes, and intercumulous quartz, calcite, and calcic-
to-sodic-calcic-to-sodic amphiboles. Center Three residua are similar, except that amphiboles are
limited to calcic varieties (hastingsite) and precipitate before feldspar (as opposed to after). All
pegmatitic residua are of the niobium-yttrium-fluorine (NYF) type. Back-scattered electron
petrography has been used to characterize the mineral paragenesis. Pegmatitic syenitic residua
emplaced in, but not derived from the border gabbro (Border Gabbro pegmatite), and residua
within ferroaugite syenite units (Railway pegmatites) contain a wide range of rare element
minerals which include britholite, chevkinite, fergusonite, monazite, allanite, kainosite,
xenotime, REE fluorocarbonates bastnaesite, synchysite and parisite. Other rare element
enriched minerals include apatite, thorite, zircon, zirconolite, niobium rutile and U-Th-Si-
pyrochlore. Early-formed rare element minerals such as allanite, britholite, chevkinite, kainosite,
and pyrochlore are commonly replaced by complex aggregates of later-forming phases such as
REE-fluorocarbonates. Other riebeckite-quartz (Upper Marathon Shore pegmatites), richterite-
quartz (Black pegmatites) and hastingsite-quartz (Center Three pegmatites) bearing pegmatitic
residua contain a more restricted range of rare element minerals, which include zircon,
xenotime, monazite and fluorocarbonates together with REE-bearing apatite, thorite and
pyrochlore. The differences in rock forming and accessory mineralization suggest that most, if
not all, residua are derived from different batches of ferroaugite syenite and syenite magma.

Intensive parameters have been estimated using the habit of perthites, the coexistence of zircon
and baddeleyite, Fe-Ti-oxide compositions, amphibole mineralogy, and fluorocarbonate
stability. These parameters indicate all pegmatitic units are similar, with initial silica activities of
10°7°, alkali-feldspar precipitation at approximately 750 °C, magnetite-ilmenite subsolidus
equilibration temperatures of 531 to 633 °C and oxygen fugacities of 107°° to 10**° bars,
subsolidus quenching of magnetite occurs at approximately 450 °C, and subsequent 200 °C
hydro- and carbothermal induced recrystallization of rare earth mineral and REE-bearing
minerals.
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CHAPTER ONE
INTRODUCTION AND GENERAL GEOLOGY

1.1 Introduction

The Coldwell alkaline complex of northwestern Ontario contains rocks that belong to
three distinct differentiation trends. Compositions range from saturated-to-undersaturated, with
alkalinity varying from miascitic-to-peralkaline. As such, the complex has been the subject of
many petrogenetic studies (Currie 1980; McLaughlin and Mitchell 1989; Mitchell and Platt
1977). The complex is host to minerals containing abundant rare earth elements (REE), actinide
and high field strength elements (HFSE). Initial studies by McLaughlin (1990) have shown that
these minerals are dispersed throughout the complex, and concentrated in patch, vein and
localized pegmatites. A comprehensive petrogenetic study of the pegmatite occurrences has yet
to be undertaken, despite their exotic character and economic/mineralogical interest. The
investigation of REE, thorium, and uranium minerals are, in particular, important as each
mineral imparts a distinctive REE pattern to the rocks “documenting” the formational processes
(Haskin 1990).

The objective of this study is to present the compositional variation of all minerals
within the selected pegmatitic units, propose a paragenetic sequence of these mineral, and model
the petrogenetic history of these pegmatites with a special focus on the REE mineralization.
Preliminary work (McLaughlin 1990) has shown that the more exotic (and economic) minerals

reside in Center One and Three pegmatitic rocks, which are the areas of focus for this study.

1.2 The Midcontinental Rift System

The initial igneous/magmatic activity of the Coldwell complex began with the onset of
the North American Midcontinental Rift System (NAMRS). The rift system, according to
Hutchinson et al. (1990) and Cannon and Hinze (1992), formed in response to the upwelling of a
mantle plume. The NAMRS (Fig 1.1) is one of the largest known continental rifts in the world
and can be traced for over 2000 km from Kansas to south-central Michigan (Van Schmus and
Hinze 1985). A third arm, although not as apparent, may be the Nipigon embayment which is
represented by extensive basaltic sheets and flows and dioritic intrusions.

In the Lake Superior basin, the central rift transects Archean and Early Proterozoic

basement rock, with a maximum width of approximately 100 km. Seismic reflection data




(Behrendt et al. 1988) from the Lake Superior area indicate that the crust is approximately 40 km
thick within the main rift segment, about 32 km of which consists of rift-related volcanic and
sedimentary rocks. This thickness is greater or equal to the surrounding regions, which is
different from all known Phanerozoic rifts (Behrendt et al. 1988).

Within the NAMRS is a reverse-to-normal magnetic pole reversal (Halls and Pesonen
1982). Magnetically-reversed rock is represented by exposed plutonic (i.e. Logan Sills) and
volcanic (i.e. Lower Keweenawan basalt) rocks, whereas the magnetically normal rock is
recorded in the volcanic Upper Keweenawan rocks of the Olser Group. The reversal has been

constrained by Davis and Paces (1997) to a period of 1096.2+1.8 Ma to 1097.6+3.7 Ma.
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FIGURE 1.1: The midcontinental rift system positive
Bouguer gravity anomaly, and location of the Coldwell
complex. Adapted from Green (1983) and Cannon et al.
(1989).

U-Pb zircon chronostratigraphic studies of the Lake Superior volcanics indicate that the

initial activity began at 1113.6+£6.5 Ma (Heaman et al. 2007; age of the Mount McKay dioritic




sill) and ended 1091.1£4.5 Ma (Heaman et al. 2007; age of the Blake Township gabbro), thus
lasting a total of 23.6 Ma. U-Pb ages obtained for the normal polarity Portage Lake Volcanics
(1094.0 to 1096.2 Ma) indicate that most of the exposed Keweenawan basalt erupted in an
extremely short (2 Ma) period of time (Davis and Paces 1990). The eruption rates of the
NAMRS have been estimated by Davis and Paces (1990) to be as low as 0.02-0.05 km®/yr and as
high as 0.2-0.6 km’/yr.

Early volume estimates of the erupted lava in the rift indicated volumes exceeding
300,000 km® (Green 1983). Later estimates, which took into account the amount of rift-fill
volcanics, were revealed from the Great Lakes International Multi-disciplinary Program on
Crustal Evolution (GLIMPCE) study (Cannon et al. 1989) and indicate volumes in excess of 1.3
million km® (Hutchinson et al. 1990). This estimate could be extended to 2 million km”® if some
of the unaccounted volcanic rocks, thought initially to be sedimentary rocks, and eroded material
are considered (Cannon 1992). This volume of lava is large when compared to other major mafic
magmatic events in North America, e.g. the Mackenzie Igneous Events which produced
approximately 250,000 km® of material (Le Cheminant and Heaman 1989).

One member included in the NAMRS plutonic suite is the Coldwell alkaline complex.
With a diameter of 28 km, this complex is the largest alkaline intrusion in North America, and
contains rocks that range from oversaturated, through saturated to undersaturated. The complex
is located on the northern shore of Lake Superior between the Pic and Little Pic rivers (Fig. 1.2).
The Coldwell complex is the southernmost member of a north-south-trending belt of alkaline
intrusions which, according to Sage (1982), includes: the Prairie Lake carbonatite-ijolite
complex, the Killala Lake nepheline syenite complex, the Chipman Lake carbonatite dykes, and
the Dead Horse Creek, Gold Range, McKellar Creek, Neys, and Slate Islands volcaniclastic
vents (Fig 1.3). All intrusions and vents have ages and mineralized/unmineralized structures that
indicate a relationship to the magmatism of the Keweenawan mid-continental rifting. A
contemporaneous belt of alkaline and carbonatitic intrusions is found along the Kapuskasing
High, but no petrological or tectonic relation to the Coldwell complex is known to exist (Platt
1996).

The Coldwell complex is situated between two older Archean age tholeiitic volcanic
belts: the Osler volcanic rocks to the west, and the Mamainse-Michipicoten volcanic rocks to the

east. At least two episodes of folding, along with the intrusion of Archean felsic plutons, have

affected the area, resulting in metamorphism ranging from greenschist to amphibolite facies. A




maximum grade of pyroxene hornfels facies, created by the emplacement of the complex, forms

a 2 km wide contact aureole surrounding the west side of the complex (Walker 1967).
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FIGURE 1.2: Geological map of the Coldwell alkaline complex. Center One shown in
blues, Center Two in greens and Center Three in brown. Modified from Mitchell and
Platt (1978).

1.3 Age of the Coldwell Complex

The age of the Coldwell complex has been determined using K-Ar, U-Pb and Rb-Sr
methods. Initially, whole rock and mineral Rb/Sr ages by Chaudhuri et al. (1971) gave an age of
1052+15 Ma. The K-Ar ages of biotite from the Center One gabbro and ferroaugite syenite were
determined by Currie (1976) to be 1005 Ma and 1015 Ma, respectively. A seventeen-point whole
rock Rb-Sr isochron determined by Mitchell and Platt (1978) gave an age of 1044.5+6.2 Ma
with an initial ratio of 0.70354+0.00016. These ages are late Neohelikian and indicate that the
Coldwell complex was emplaced much later, by approximately 50 Ma, than the major period of
Keweenawan igneous activity.

Following Chaudhuri et al. (1971), Rb/Sr geochronology was also reported by Bell et al.
(1979) and Bell and Blenkinsop (1980). The age determined by Bell et al. (1979) from a five-
point whole rock isochron gave an age of 1085+15 Ma with an initial ratio of 0.7019+0.0006,




whereas the Bell and Blenkinsop (1980) study determined an age of 1070+15 Ma and an initial
87Sr/*Sr ratio of 0.7035+0.0006. Using U-Pb, Heaman and Machado (1992) published an age of
1108+1 Ma. Heaman and Machado (1992) also determined that the quartz syenites from the
western portion of the complex have zircon U/Pb ages 10 Ma younger than those of the central
and eastern zones. These later ages, in contrast to the Rb-Sr data, indicate that the Coldwell
complex was emplaced in the initial stages of the Keweenawan activity and, according to

Heaman and Machado (1992), indicate that the magmas cooled quickly, and thus requiring the

magmas be injected into “cold” Archean crust.

FIGURE 1.3: North-south-trending belt
of alkaline intrusions. 1) Chipman Lake
carbonatite dykes; 2) Killala Lake; 3)
Prairie Lake; 4) Coldwell; 5) Gold
Range; 6) Slate Islands; 7) Neys; 8)
McKellar Creek; 9) Dead Horse Creek.
North is up. After Sage (1982).
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During alteration, the Rb-Sr and K-Ar systems are more susceptible to resetting than the
U-Pb system and this could explain the significant discrepancy between the ages. It is apparent
that sub-solidus reactions involving hydrothermal fluids have affected the Rb/Sr and K/Ar

systems, rendering later events for determining the original age of emplacement, but providing




insight concerning alteration. The presence of fluorocarbonates and other late-stage minerals and

textures also indicate that a later alteration episode occurred.

1.4 Structure

Exposure of the Coldwell complex is restricted mainly to the shorelines of Lake
Superior and recent road and railway cuts. In part, the structure is characteristic of a cauldron
subsidence (Mitchell and Platt 1978, 1982), with down-faulted blocks of the central portion of
the complex representing a higher stratigraphic level (Mitchell and Platt 1977). Breccia and
metasomatic zones in the western portion of the intrusion are believed to represent an area close
to the roof; however, the absence of breccias in the eastern portion may indicate a deeper
structural level.

A positive gravity anomaly occurring over the complex (Fig 1.4) suggests the complex
has a 3-5 kilometer unit—consisting of pyroxenite and/or peridiotite—underlying the
differentiated gabbro (Mitchell et al. 1983). Basaltic xenoliths, common in the central portions of
the intrusion, are thought to represent the remnants of former basaltic cap rock lavas (Mitchell
and Platt 1982).

The tectonic setting required for the extrusion of large volumes of basic magma and
intrusion of alkaline and carbonatitic melts, along with tensile structures, i.e. concentric marginal
intrusions, down-faulted blocks, and partially assimilated remnants of the capping lavas, is
considered to reflect mantle plume generated intracratonic rifting (Mitchell and Platt 1982).
Examples of similar complexes are well known from other rifted continental regions, e.g. the
Gregory-Kavirondo rifts of east Africa and the Kangedlugssuaq area of east Greenland (Mitchell
and Platt 1978).

The Coldwell complex is a composite intrusion with three magmatic episodes that
represent individual cauldron subsidences, each characterized by a distinct differentiation trend
(Mitchell and Platt 1978). The initial trend began in the east and, as the other two trends
emerged, progressed in a westerly direction. The oldest phase of the Coldwell complex is the
Center One saturated alkaline rocks with peralkaline oversaturated residua (gabbro with layered
and unlayered ferroaugite syenites). Center One was followed by Center Two miascitic
undersaturated alkali rocks (alkali biotite gabbro and undersaturated nepheline syenites). The

final phase was Center Three alkaline rocks with oversaturated residua (syenites and quartz

syenites).
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FIGURE 1.4: The observed and computed gravity anomaly profiles, and the interpreted
infrastructure of the Coldwell complex. Density is in g/cm’. After Mitchell et al. (1983).

1.5 Center One

The oldest intrusive rocks in Center One form a ring-like system consisting primarily of
diverse oversaturated gabbros. These gabbros are massive-to-weakly layered with the bulk
consisting of laminated cumulates of olivine, plagioclase, clinopyroxene and minor
orthopyroxene. A prominent magnetic low, extensive metasomatism, brecciation, and the
inclusion of basalt xenoliths characterize the eastern gabbro (Mitchell et al. 1983). The unit has
sporadic development of graded layering with near vertical dip and mineral alignment and zones
containing disseminated-to-coherent blebs of copper nickel sulphides and platinum group
minerals. A similar gabbroic body in the western portion of the complex may, or may not (Currie
1980), be related to the eastern gabbro.

A large (130 m wide) north-south trending, coarse-grained gabbroic-to-monzonitic dyke
intrudes the gabbro unit in Center One, and is associated with Cu-PGE mineralization (Dahl et
al. 1987). The Two Duck Lake intrusion contains pyrrotite, chalcopyrite, pentlandite, cubanite,
and platinum group minerals (Ohnenstetter et al. 1991). The Geordie Lake intrusion is
approximately 500 x 2000 m in size and is bounded by Center One rocks. The intrusion consists
of alternating zones of unlayered troctolite and olivine gabbro, which are divided by gradational
contacts (Mulja and Mitchell 1990).

Intruding the gabbros is a series of massive-to-layered, red ferroaugite syenites. The

lower series are layered and composed of alkali feldspar, fayalite olivine, ferroaugite,




titanomagnetite, and ferrohastingsite, ferroedenite and edenite amphiboles (Mitchell and Platt
1978). The upper series are poorly layered and consist of alkali feldspars, fayalite olivine,
aegirine-to-hedenbergite pyroxene, aenigmatite, and katophorite and ferrorichterite amphiboles

(Mitchell and Platt 1978).

1.6 Center Two

Center Two consists of an alkali biotite gabbro and undersaturated miascitic nepheline
syenites. The suite outcrops on, and to the north, of the Coldwell Peninsula. The alkali biotite
gabbro is composed of amphibole, biotite, olivine, plagioclase, pyroxene, and minor amounts of
nepheline. Subsolidus reaction rims of amphiboles about olivines are common. The biotite
gabbro is intruded by nepheline and natrolite syenites.

The nepheline syenites outcrop in three main areas; Pic and Allouez Islands, the Mink
Creek-Redsucker Cove area and to the east of Killala Lake road. The nepheline syenites have
moderate iron enrichment, and contain aluminous amphiboles and aegirine. The rocks are
coarse-grained, leucocratic-to-melanocratic, hastingsite nepheline syenites, which contain minor
and accessory apatite, biotite, fluorite, natrolite, sodalite, titanite, titanomagnetite, and zeolites
(Mitchell and Platt 1982). The rocks exhibit a wide variety of textural types that are related to
high temperature shearing and recrystallization of coarse grained nepheline syenite along faults
along the margins of Center Two (Mitchell and Platt 1982). Subsolidus hydrothermal alteration
in some areas has precipitated chlorite (chamosite), iron- (hematite), aluminum-oxides
(boehmite) and zeolites (natrolite). According to Mitchell and Platt (1982) extensive fractional

crystallization of an alkali basalt parent produced the nepheline syenites.

1.7 Center Three

Center Three consists of syenite, quartz syenite and granitic rocks. The suite is confined
to the western half of the intrusion, with cross-cutting relationships and radiometric ages
(Heaman and Machado 1992) indicating the suite was the last episode of activity. The syenites
are characterized by an abundance of zircon, the near absence of pyroxene and the presence of
Na-Fe amphiboles, fluorite and quartz. The suite commonly carries xenoliths of Archean country
rock, metamorphosed/metasomatized contemporaneous basaltic rocks, consanguineous and

earlier-formed syenites, and gabbros. Unlike Center One syenites, Center Three rocks do not

differentiate to peralkaline residua, nor is their emplacement preceded by an intrusion of gabbro




(Mitchell et al. 1993). The reaction between Center Three magma and basaltic “cap” xenoliths
has produced a diverse suite of contaminated syenites (Nicol 1990).

Mitchell et al. (1993) recognized four varieties of syenite, which in order of intrusion are
magnesiohornblende syenite, ferroedenite syenite, contaminated ferroedenite syenite, and quartz
syenite. The magnesiohornblende syenites are primarily alkali feldspar and amphibole, with
minor biotite and quartz. Accessory minerals include magnetite, ilmenite, apatite, pyroxene,
zircon, titanite, fluorite, pyrite, and olivine (Mitchell et al. 1993). The rocks are pink or red with
clusters of mafic minerals. Textures include synneusis amphibole set in a hypidiomorphic-
granular to porphyritic-hypidiomorphic-granular matrix. The synneusis clusters (Mitchell et al.
1993) have irregular margins with interstices between the amphiboles occupied by matrix alkali
feldspar. The alkali feldspars are usually mantled, patch perthites, which are typically strongly
sericitized and saussuritized (Mitchell et al. 1993). Hypidiomorphic-type syenites are
characteristically subhedral-to-anhedral perthites. The porphyritic types of magnesiohornblende
syenites have phenocrysts of patch perthite alkali feldspar, grading into microphenocrystal
subhedral and randomly orientated laths (Mitchell et al. 1993). Late interstitial quartz and
fluorite occur throughout the magnesiohornblende syenites.

The ferroedenite syenites are typically fine-to-medium-grained, with tabular alkali
feldspar phenocrysts. The primary minerals include alkali feldspar and quartz with minor
amphibole, biotite, and magnetite-ilmenite. Accessory minerals include apatite, titanite,
pyroxene, fluorite, zircon, chevkinite, monazite, rare-earth fluorocarbonates, pyrochlore,
columbite and allanite (McLaughlin and Mitchell 1989). The rocks contain phenocrysts of alkali
feldspar set in a matrix of perthitic alkali feldspar prisms. Late stage quartz, sodic amphiboles,
and fluorite occur in the interstices. Wide variations in the modal amount of amphibole and
quartz may be found, as the ferroedenite syenites differentiate from relatively mafic-rich types to
quartz-rich pegmatitic varieties (Mitchell et al. 1993).

The contaminated ferroedenite is recognized by its purple color, high content of
xenolithic material, and the presence of oval clusters of metasomatic biotite. The rock consists
primarily of alkali feldspar, amphibole and biotite. The contaminated ferroedenite is relatively
poor in quartz relative to the contamination-free ferroedenite syenites and may contain
significant quantities of plagioclase (Mitchell et al. 1993). Accessory minerals include apatite,
magnetite, ilmenite, zircon, fluorite, pyroxene, fluorocarbonates, chevkinite, pyrochlore,

columbite, zirconolite, allanite, and titanite (McLaughlin and Mitchell 1989). The rocks have

mantled phenocrysts of vein and braid perthitic feldspar set in a xenomorphic-granular
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groundmass of alkali feldspar, minor plagioclase and quartz. The groundmass is principally
plagioclase, which occurs as discrete laths or as anhedral grains forming a sutured texture with
alkali feldspar (Mitchell et al. 1993). The alkali feldspars are strongly hematized in contrast with
those in the contamination-free ferroedenite syenites. Oval clusters of biotite characterize the
contaminated ferroedenite syenites and are distributed uniformly throughout the groundmass and
consist principally of randomly orientated interlocking plates of brown-green biotite.

The quartz syenites consist principally of alkali feldspar and amphibole, with minor
quartz. Pyroxene, apatite, zircon, chevkinite, columbite, pyrochlore, rare-earth fluorocarbonates,
fluorite, magnetite, Nb-rutile, allanite, monazite, fersmite, and fergusonite occur as accessory
minerals (McLaughlin and Mitchell 1989). Quartz and fluorite occurs as late stage interstitial
phase. The syenites have hypidiomorphic granular texture and are rarely porphyritic. Alkali
feldspars are vein and braid antiperthites. The quartz syenites differ from ferroedenite syenites
with respect to texture and type of feldspars, quartz content, relatively greater amounts of

pyroxene, and the absence of titanite.

1.8 Minor intrusions

There are a series of minor plutonic intrusions throughout the Coldwell complex. The
Neys, Dead Horse Creek and McKeller Creek vents are possibly associated with the complex.
Superficially, only the Neys vent cuts the intrusive rocks of the complex. The Neys vent is
located on the west side of the Coldwell Peninsula between Middleton and Coldwell. The vent
cuts the coarse-grained amphibole syenites of Center Two, and is composed of coarse-grained
nepheline syenites and hornfels. Xenoliths of country and intrusive rock, some of which are
layered, are scattered throughout the Neys vent.

The other vents, the Dead Horse Creek and McKeller Creek, are related to the Coldwell
complex but, unlike the Neys vent, do not cross-cut the plutonic rocks. Xenoliths found in the
vents represent rock that was previously deposited in the vicinity. No plutonic xenoliths from the
Coldwell complex have yet been found in the Dead Horse Creek and McKeller Creek diatremes.

Dike rocks are common in the Coldwell complex. The dikes are contemporaneous with
Center Two activity and cut the complex and surrounding country rock (Mitchell et al. 1991).
There are five varieties of lamprophyres, which in order of abundance are: ocellar camptonites,
camptonites with quartz macrocrysts, amphibole camptonites, monchiquites, and sannaites

(Mitchell et al. 1991). All lamprophyres associated with the Coldwell complex have similar

incompatible element abundances and exhibit the same negative anomalies with respect to K, Sr,
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Hf, and Ti (Mitchell et al. 1991). This suggests that all lamprophyres have been derived from a
similar source.

Other dyke rocks associated with the Coldwell complex include feldspar
glomeroporphyry and alkali basalt dykes, analcime tinguaites, and gabbroic to monzonitic dykes.
The feldspar glomeroporphyry have rounded to tabular plates of orange feldspar that are
commonly clumped together (Currie 1980). The analcime tinguaites consist of phenocrysts of
analcime, alkali feldspar and nepheline set in a very fine-grained matrix of altered feldspars and
acmitic pyroxene. Both mafic dykes commonly exhibit a sinuous and planar ground plan,
bifurcations and off-sets (Currie and Ferguson 1970). The dykes range in width from 10 to 100
cm (Currie 1980).

1.9 Pegmatites

Pegmatites within Coldwell rocks occur as patches, veins and localized masses. The
patch pegmatites range in size from 10 cm up to 2 m. Fed by pegmatitic veins, the patch
pegmatites are especially abundant in the upper series of Center One ferroaugite syenites.
Localized masses of pegmatite are essentially patch pegmatites, which exceed 2 m and can be in
excess of 25 m in diameter. Margins of the three pegmatite types are rarely graded and
commonly undisrupted, indicating emplacement occurred while the host was still relatively hot.

The accepted classification on pegmatites is believed to reflect the depth of formation
(Cerny 1991). According to Cerny (1991), pegmatites formed in an extensional (anorogenic “A-
type”) environment evolve from both mantle and crust sources and produce niobium — yttrium —
fluorine (NYF) type pegmatite. With extensional decompression, degassing occurs, causing trace
ions to complex hydro- and carbo-thermally (Martin et al. 2008). These fluids migrate upwards,
metasomatizing the crust into a relatively more alkaline anatectic magma and then crystallizing
as syenite or granite (Martin et al. 2008).

Mineralogically and genetically, the pegmatites of the Coldwell complex are NYF-type.
Mineral paragenesis in Center One and Three Coldwell rocks indicates three distinct magmatic
stages of crystallization and at least one episode of alteration (Fig. 1.5). The first phase of the
paragenetic scheme is the initial crystallization stage. The most diverse set of minerals are
introduced in the initial stage of crystallization; the most notable being apatite, ilmenite,
magnetite, pyrochlore, pyroxene, and zircon. These minerals are commonly euhedral-to-

subhedral, surrounded with the main “cumulus” or “framework™ crystallization stage (Fig.

1.5A), and account for approximately 5 to 7 vol. % of the rock.
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The initial crystallization phase is followed by the main cumulus stage. This stage makes
up approximately 85 to 90 vol. % of the rock, all of which is very coarse-grained alkali feldspar.
The main crystallization phase forms a framework texture that entrains most of the initially-
forming minerals and leaves voids, where late-forming minerals and gases accumulate (Fig.
1.5B).

The later interstitial stage (intercumulous) forms in the voids left behind by the initial-
and main-crystallization stages (Fig. 1.5C). The common late-forming minerals include
amphibole, biotite, calcite, fluorite, and quartz, and are generally anhedral. The minerals react
and mantle previously formed minerals

The Coldwell pegmatites all contain alteration minerals that were introduced at a post
magmatic, i.e. subsolidus, stage. There is at least one overprinting hydrothermal/metamorphic
event(s) that has affected the Coldwell pegmatites. As shown in Figure 1.5D, this overprint has
introduced water-bearing species, fluorine, and carbonate (e.g. chlorite, fluorocarbonates) and
modifies textures (e.g. deuteric coarsening).

Five pegmatite occurrences were analyzed in this study. All are saturated syenites,
which vary, some more than others, with respect to texture, mineralogy, and petrogenesis. The
pegmatites are named on the basis of their occurrence or appearance: the Border Gabbro,

Railway, Upper Marathon Shore, Black, and Center Three pegmatites.

1.10 Border Gabbro Pegmatites

The Border Gabbro pegmatites are located at N48 44.034 W086 19.865 on Highway 17
approximately 7 km southeast of the Marathon road turn off. The Border Gabbro pegmatites are
peralkaline, representing residua derived from the ferroaugite syenite Center One unit, and
emplaced into the main gabbroic unit of Center One. The pegmatites are syenitic in composition,
with pale green feldspar, which range in size from 1| to 7 cm, accounting for 90 vol. % of the
rock. Black (0.1-0.7 cm), euhedral-to-anhedral, aegirine-to-hedenbergite pyroxenes are
intermittently dispersed throughout the unit and account for 5 vol. % of the modal abundance.
Black, interstitially-forming, ferro-richterite, katophorite, ferrowinchite, edenite, and
ferroedenite amphibole is relatively common and makes up 2 vol. % of the modal abundance.
The amphibole crystals are anhedral, have striations parallel to elongation and range in size from
<1 mm to 2 ecm. Small (0.1-0.5 cm), black intergrowths of magnetite/ilmenite are commonly

concentrated in small 4 cm patches, and represent 1 vol. % of the modal abundance. Interstitial

quartz and calcite occur late in the formation of these pegmatites. Modal abundance is
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approximately 1 vol. % quartz, 0.25 vol. % calcite. There are also rare small (<0.1 cm) brown

tetragonal zircon grains and very rare (only observed once in hand sample) brown euhedral

chevkinite grains.

FIGURE 1.5: Cross polarized photomicrographs of the four stages of crystallization. A is
initially-forming ilmenite (Ilm) and apatite (Ap) in perthite (Per). B is framework perthite
with interstitial amphibole (Amp) and quartz (Qtz). C is interstitial amphibole
surrounding perthite. D is secondary chlorite (Chl) surrounded by amphibole and
perthite.

Using backscattered electron imagery (BSE) coupled with X-ray spectrometry (EDS),
33 minerals/mineral groups were identified in the Border Gabbro pegmatites. The paragenetic
sequence of these minerals/mineral groups is illustrated in Figure 1.6. The initially-crystallizing
minerals include thorite, galena, monazite, zirconolite, fergusonite, pyrochlore, allanite,
magnetite, rutile, ilmenite, baddeleyite, zircon, chevkinite, titanite, apatite, olivine (fayalite),
biotite, and pyroxene. The framework stage is composed entirely of alkali feldspars. The late

stage includes amphibole, astrophyllite, barite, galena, chalcopyrite, molybdenite, sphalerite,
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pyrite, quartz, fluorite, and calcite. Secondary or hydro-carbothermal minerals include

muscovite, chlorite, ilmenite, rutile, quartz, fluorocarbonates and rhapdophane.

1.11 Railway Pegmatites

The Railway pegmatites are located in a railway cut of the Canadian Pacific Railway
approximately 1 km east of the end of Pebble Beach Road (N48 46.231 W086 22.782). The
pegmatites are thought to intrude Center One ferroaugite syenites, although no contact can be
found. The pegmatites are very coarse grained, with most grain sizes ranging from 1 to 12 cm,
and black in colour, reflecting the presence of dark feldspars, olivine, pyroxenes and
amphiboles. The feldspar texture and composition from the Railway pegmatites are similar to the
Border Gabbro feldspars, except for the lack of barium. Feldspars account for 90 vol. % of the
modal abundance. Other Railway pegmatite minerals include initial-forming fayalite (3 vol. %),
anhedral interstitial ferrorichterite and katophorite amphiboles (3 vol. %), and euhedral-to-
subhedral initial-forming hedenbergite pyroxene (2 vol. %). Magnetite/ilmenite grains are
relatively small (< 0.5 mm), making up approximately 1 vol. %, and are dispersed throughout
the unit. Interstitial sulphides (mainly pyrite and chalcopyrite) are localized into small 1 x 1 cm
aggregates. Very minor (0.05 vol. %) quartz is present throughout the unit.

Minerals not included in the macroscopic description, but identified using BSE-imagery
and X-ray EDS, are shown in Figure 1.7 and include: thorite, fergusonite, baddeleyite, monazite,
zirconolite, zircon, xenotime, pyrochlore, magnetite, ilmenite, titanite, allanite, chevkinite,
apatite, and olivine in the initial stage; alkali feldspar in the cumulus stage; biotite, amphibole,
astrophyllite, barite, lollingite, galena, chalcopyrite, molybdenite, sphalerite, pyrite, quartz,
fluorite, and calcite in the interstitial stage; and rhapdophane, chlorite, ilmenite, quartz and
fluorocarbonates in the secondary stage. This accessory mineral assemblage is very similar to the

Border Gabbro pegmatites.

1.12 Upper Marathon Shore Pegmatites

The Upper Marathon Shore pegmatites are located on the northern shore of Lake
Superior, south of the town of Marathon. The pegmatites intrude the upper series of the Center
One ferroaugite syenite. The grain sizes of red alkali feldspars are smaller (0.5-5 c¢m) than the
other units, and account for 85 vol. %. The pegmatites contain diverse (ferrorichterite, taramite,

hastingsite, and riebeckite), and considerably more (7 vol. %), amphiboles than in the other

pegmatite units. In common with the Border Gabbro and Railway pegmatites, the Upper
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Marathon Shore pegmatites contain initial-forming hedenbergite = pyroxene and
magnetite/ilmenite, each making up 2 and 1 vol. %, respectively. Vugs are common, and lined
with late-forming quartz and calcite. Fluorite is also present in minor amounts (0.1 vol. %).
Chalcopyrite and pyrite are concentrated into small, usually 3 x 3 cm, aggregates, and make up
0.05 vol. % of the modal abundance.

With the use of BSE-imagery and X-ray EDS, the paragenetic sequence of the Upper
Marathon Shore pegmatites (Fig. 1.8) includes: thorite, monazite, galena, pyrochlore,
baddeleyite, zircon, xenotime, magnetite, rutile, ilmenite, allanite, apatite, and pyroxene in the
initial stages of crystallization; feldspar in the framework stage; amphibole, barite, galena,
arsenopyrite, chalcopyrite, molybdenite, sphalerite, pyrite, quartz, fluorite, and calcite in the
interstitial stage; and muscovite, chlorite, rutile, ilmenite, quartz, and fluorocarbonates in the

alteration stage.

1.13 Black Pegmatites

The Black pegmatites intrude the ferroaugite syenite unit of Center One, at N48 46.709,
W086 25.006. The Black pegmatites are syenitic in composition, and contain a significant
hedenbergite pyroxene component (10 vol. % of the modal abundance). The hedenbergite is
brown/green in colour and generally forms elongate or tabular euhedral crystals. Feldspars are
black-to-dark pink in colour and account for 85 vol. % of the modal abundance. Small, black,
interstitial amphiboles (ferrorichterite and katophorite) are present, but in low concentrations
(0.25 %). Magnetite/ilmenite crystals can get up to 1.5 cm across but are generally between < 1
mm to 0.5 cm. The magnetite/ ilmenite grains make up approximately 0.25 vol. % of the modal
abundance.

Using BSE-imagery and X-ray EDS, 23 minerals were identified in the Black
pegmatites. Figure 1.9 illustrates the paragenetic sequence and includes thorite, baddeleyite,
pyrochlore, zircon, magnetite, ilmenite, biotite, apatite, and pyroxene in the initial stage of
crystallization; alkali feldspar (mostly perthitic/cryptoperthitic) in the cumulous stage; biotite,
amphibole, astrophyllite, barite, galena, molybdenite, sphalerite, pyrite, quartz, fluorite, and
calcite in the interstitial stage; and chlorite, ilmenite, quartz and fluorocarbonate in the secondary

stage of crystallization. Monazite forms in either the late-interstitial or secondary phase of

crystallization.
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1.14 Center Three Pegmatites

Center Three pegmatites were sampled from the syenitic (95 vol. % feldspar) residuum
that intrudes the Center Three syenites located 5 km northwest of the Neys turnoff on highway
17. Compared to the other pegmatite units, which may all be from the same source, Center Three
pegmatites are from a different source. This is reflected in the pegmatite’s composition. Center
Three albites consistently contain barium. The pegmatites also contain minor (0.5 vol. %)
hastingsite amphibole. In common with all other pegmatite units, Center Three pegmatites
contain hedenbergite pyroxene, but in minor amounts (0.1 vol. %). Pyrite is common either
highly disseminated or as small (0.2 cm) euhedral crystals. Small magnetite/ilmenite crystals are
also present, accounting for approximately 1 vol. % of the modal abundance.

In addition to the macroscopic minerals, BSE-imagery coupled with X-ray EDS
identified thorite, baddeleyite, monazite, pyrochlore, zircon, magnetite, ilmenite, allanite, biotite,
apatite, and pyroxene in the initial stage; feldspar in the framework stage; pyrochlore, biotite,
amphibole, barite, galena, arsenopyrite, molybdenite, sphalerite, pyrite, quartz, fluorite, calcite,
and magnetite in the interstitial stage; and muscovite, chlorite, ilmenite, quartz, and

fluorocarbonates in the secondary stage (Fig. 1.10).

1.15 Chapter One Summary

The Coldwell alkaline complex is associated with the development of the North America
Rift System and was emplaced approximately 1108+1 Ma ago. Emplacement of the Coldwell
complex can be generalized into three distinct differentiation trends: Center One saturated
alkaline rocks with peralkaline oversaturated residua; Center Two miascitic undersaturated alkali
rocks; and Center Three alkaline rocks with oversaturated residua. Coldwell pegmatites are of

the NYF-type and occur as patch, vein and localized masses. There have been no detailed studies

on the Coldwell pegmatites, as studies to date have been of a reconnaissance character.
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FIGURE 1.6: Paragenetic scheme for the Border Gabbro pegmatites.
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CHAPTER TWO
ANALYTICAL TECHNIQUES

2.1 Introduction
Two analytical techniques were used to characterize the mineralogy and petrogenesis of
the Coldwell complex: standard optical microscopy using thin-sections; and backscattered

electron petrography coupled with energy dispersive spectroscopy.

2.2 Back Scattered Electron Petrography and Energy Dispersive X-Ray Analysis

In addition to standard optical microscopy, the primary analytical tool used to identify
and analyze samples was backscattered electron imagery and analytical X-ray spectrometry at
Lakehead University. Data were obtained using a JEOL 5900, low-vacuum scanning electron
microscope (LV-SEM) with an attached LINK ISIS 300 analytical system with incorporated
Super ATW Light Element Detector (133 eV FwHm MnK) and energy dispersive X-ray
spectrometer (EDS). Samples were thin-sectioned, polished and carbon coated in preparation for
SEM-EDS analysis.

The EDS system identifies elemental compositions by bombarding the sample with
electrons. Above a critical voltage, in this case 20 kV with a beam current set to 0.475 nA, the
electrons in the sample become excited and the energy difference emitted upon returning to the
unexcited state is converted into characteristic X-rays. The spectrometer, or detector, takes
incoming characteristic X-rays and creates a voltage signal of proportional size. The
spectrometer must always be under a vacuum so the detecting medium, in this case a lithium-
drifted silicon crystal (Si[Li]) detector, retains its charge-free region. A beryllium window is
used as a barrier to maintain the vacuum. The beryllium window, although maintaining the
vacuum barrier, also absorbs low energy X-rays. The characteristic X-rays of the light elements
(Be, Li, C) are either not detected or detected, but produce inaccurate data. Once the X-rays are
converted into a voltage signal, the pulse processor measures the energy of the incoming X-ray
and gives a digital readout of that value. The pulse processor in this study was energy calibrated
against a nickel standard. The calibration input rates for a 50 second acquisition gave 4,800 to
5,100 cps.

X-ray spectra were acquired for 50-300 seconds, depending on the quality of acquisition

and nature of the target, i.e. elements, structure, stability, etc. LINK ISIS SEMQUANT
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quantitative software was used to process the spectra, and reduced using a full ZAF algorithm
(three iterations). The standards used are listed in Table 2.1.
TABLE 2.1: Standards used in the SEM-EDS analyses.
Standard Name ID Element(s)
Used
Apatite 1926 665 P
Barite - Ba, S
Cerium Fluoride C-1215 Ce
Cerium Phosphate - Ce, P
Corundum - Al
Cuprite - Cu
Galena - Pb
Hafnium metal 00139 Hf
[Imenite - Fe, Ti
Iron Metal - Fe
Lanthanum Fluoride L-1114 La
Lanthanum Phosphate La
Neodymium Fluoride N-1010 Nd
Neodymium Phosphate - Nd
Niobium Metal 00240 Nb
Orthoclase - K
Praseodymium Fluoride P-1074 Pr
Praseodymium Phosphate - Pr
Pyroxene Glass DJ35 Si, Na, Mg, Al
Samarium Phosphate - Sm
Sphalerite - Zn
Strontium Titanate - Sr
Tantalum Metal 00448 Ta
Thorium Metal - Th
Thorium Silicate - Th, Si
Tungsten Metal - W
Uranium Metal K5451 U
Wollastonite 68773 Ca
Yttrium Fluoride - Y,F
Yttrium Phosphate - Y
Zirconium Metal - Zr
Iron was standardized in the ferrous state. As such, in most cases recalculation to ferric
iron was undertaken on a stoichiometric basis, as outlined by Droop (1987). For structures with
site vacancies, the Fe’'/Fe’" recalculation was preformed independently. Specific procedures are
outlined below. Unless otherwise stated, FeO* indicates that all iron was left in the ferrous state.
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CHAPTER THREE
ROCK-FORMING AND MINOR MINERALIZATION

3.1 Introduction

Rock-forming and minor minerals of the Coldwell pegmatites are limited to 10
minerals/mineral groups. The major rock-forming minerals are feldspar, pyroxene, amphibole,
and olivine. Minor minerals include: calcite, quartz, fluorite, biotite, chlorite, muscovite, calcite,
and quartz.

The description of minerals in this chapter follows their relative abundance. Structural

and compositional parameters are stressed, as they are used in modeling the petrogenesis.

3.2 Feldspar Group

In Coldwell pegmatites, subsolvus alkali feldspars form the main cumulus phase. The
crystals precipitate euhedral-to-anhedral framework-type textures, with perthite and
cryptoperthite intercrystalline textures. Typical perthite subtextures include braid, patch and film
perthites. Braid perthites, as the name implies, are characterized by elongate interwoven
microtextures, which commonly form in the body of the feldspar crystals (Fig. 3.1A).
Deuterically coarsened perthite, termed “catastrophically coarsened” perthite by Parsons (1978),
occur throughout the Coldwell units, and are distinguished by randomly orientated coarse
“patches” of subgrains (Fig. 3.1B) or long parallel “film” subgrains that commonly form about
crystal boundaries and fractures (Fig. 3.1C and D).

According to Worden et al. (1990) and Parsons and Lee (2005), deuterically coarsened
perthites form when magmatic-derived waters (deuteric alteration), or waters introduced
subsequently (hydrothermal alteration), move the feldspar solvus to a relatively “strain-free”
position by internally rearranging ions. In both cases, water, which migrates through micropores
that commonly develop between subgrain boundaries, fractures and inclusions, is the mechanism
behind deuterically coarsened perthites.

In addition to perthitic textures, cryptoperthitic textures are also present. Under cross-
polarized settings in optical microscopy, the cryptoperthitic crystals undulate when rotated. With

SEMV/EDS techniques, cryptoperthites are identified by their composition—with potassium and

sodium compositions within the miscibility gap—and faint hummocky appearance.
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FIGURE 3.1: BSE-images of albite (Ab), orthoclase (Or) and cryptoperthites (Per). A is
braid perthite. B is patch perthite. C is film perthite adjacent to quartz (Qtz) that grades
into cryptoperthite. D is deuterically coarsened cryptoperthite and magnetite (Mgt). D is
euhedral albite and orthoclase grain surrounded by magnetite and quartz. E is a euhedral
perthite grain hosted by magnetite and quartz. F is film perthite that has undergone
brittle deformation.
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Feldspar compositions are generally similar throughout the units (Table 3.1 and
Appendix ILI). No compositional change is observed between differing textures. The extent of
solid solution between alkali and calcic feldspar is shown in the orthoclase-albite-anorthite
ternary plots in Figures 3.2 and 3.3. Minor iron, which is found in both albite and orthoclase,
and, to a lesser extent, calcium, which is found in albite, are present in Coldwell feldspars.

The Border Gabbro pegmatite feldspars account for 90 vol. % of the rock and are
macroscopically pale green in colour. Green feldspar, specifically green orthoclase, is termed
amazonitic. Amazonitic feldspar is restricted to NYF-granitic pegmatites and metamorphosed
massive sulphide-hosted granitic pegmatites (Martin et al 2008). According to Hofmeister and
Rossman (1985), the green colour is a direct result of trace lead and water that enter the structure
by substituting for potassium:

Pb*" + H,0 — 2K* Hofmeister and Rossman (1985)

Lead is below the detection levels of the EDS system used, but trace amounts is inferred.
Low amounts (0-1.07 wt. % Fe,Os) of iron, barium in one albite and three orthoclase analyses,
and calcium in three of the albite samples are present in Border Gabbro feldspars. Feldspar
textures range from coherent, to perthitic, to cryptoperthitic, with a maximum grain size of 7 cm.

Feldspars from the Railway pegmatites make up 90 vol. % of the rock, and are
macroscopically black in colour. Feldspar grain sizes vary from 1 to 12 cm. These albites
contain minor calcium (0-0.9 wt. % CaO). Iron in albite and orthoclase range from zero to 0.8
wt. % Fe,0Os.

Red alkali feldspar forms the main cumulus phase (85 vol. %) in the Upper Marathon
Shore pegmatites. Grain sizes range from 0.5 to 5 cm. The compositions of Upper Marathon
Shore feldspars differ from others, with calcium detected in only one of the albites. They have
the least amount of iron (0-0.4 wt. % Fe,0;).

In common with the Upper Marathon Shore pegmatites, feldspar from the Center Three
syenites are macroscopically red in colour. Feldspar accounts for 95 vol. % of the rock. Grain
sizes range from 0.5 to 4 cm. Iron is present in all analyses, and ranges from 0.07 to 0.25 wt. %
Fe,0;. When detected, calcium in albites range upwards to 1.10 wt. % CaO.

Feldspar in the Coldwell pegmatites can be described by the three endmembers:

potassium feldspar (KAISi;Og), albite (NaAlSi;Og) and anorthite (CaAl,Si,Og) (Figs. 3.2 and

3.3). Most ions in solid solution are accommodated by means of the simple substitutions:
K™ — Na’
Fe’* — Al Gaite and Michoulier (1970)




TABLE 3.1: Representative compositions of albite-orthoclase pairs.

Upper Upper
Gabbre'  Gabbro®  RAMAY  Raitvay'  Marathgn Marathon IR TR TR T,

Shore Shore
Na,O 11.58 0.63 11.02 0.32 11.83 0.68 10.85 0.95 11.67 0.53
AlLO; 20.01 18.75 20.02 19.22 19.74 18.57 20.20 18.62 18.69 17.39
SiO, 67.44 64.38 66.55 63.81 68.47 65.13 67.85 64.62 69.26 65.23
K,O 0.40 15.43 0.21 16.03 0.11 1591 0.22 15.34 0.10 16.47
CaO 0.48 - 0.79 - - - 0.55 0.20 - 0.71
Fe,04 - - - 0.12 0.17 0.20 - 0.22 0.34 -
BaO - 0.77 - - - - - - -
Total 99.91 99.97 99.33 99.65 100.48 100.49 99.68 99.74 100.06 100.33

"'Border Gabbro pegmatite (4 analyses of sample MAS002) from the Coldwell complex.
? Border Gabbro pegmatite (6 analyses of sample MAS002) from the Coldwell complex.
* Railway pegmatite (4 analyses of sample MAS016) from the Coldwell complex.
* Railway pegmatite (5 analyses of sample MAS016) from the Coldwell complex.

* Upper Marathon Shore pegmatite (4 analyses of sample MAS019) from the Coldwell complex.
® Upper Marathon Shore pegmatite (6 analyses of sample MAS019) from the Coldwell complex.

’ Center Three pegmatite (6 analyses of sample MAS035) from the Coldwell complex.
¥ Center Three pegmatite (6 analyses of sample MAS035) from the Coldwell complex.
? Altered/brecciated syenite (sample PT47) from the Lake Zone, Thor Lake, N.W.T., Canada Pinckston and Smith 1995).

' Altered/brecciated syenite (sample PT49) from the Lake Zone, Thor Lake, N.W.T., Canada Pinckston and Smith 1995).

LT
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FIGURE 3.2: Albite compositions plotted in the orthoclase (Or) — Albite (Ab) — anorthite
(An) ternary system (mol. %). Green circles, black crosses, red triangles, black diamonds,
and blue squares are the Border Gabbro, Railway, Upper Marathon Shore, Black, and
Center Three pegmatites, respectively.
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FIGURE 3.3: Potassium feldspar compositions plotted in the orthoclase (Or) — Albite (Ab)
— anorthite (An) ternary system (mol. %). Green circles, black crosses, red triangles, black
diamonds, and blue squares are the Border Gabbro, Railway, Upper Marathon Shore,
Black, and Center Three pegmatites, respectively.
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Substitution of other ions, mainly barium and calcium, enter the feldspar structure by A-
and B-site coupled substitution:

(Ba,Ca)*" + AP’" — (Na,K)" + Si*" Smith and Brown (1988); Deer et al.

(2001)

It has been shown by Yund (1984) and many others (Brown et al. 1983; Brown and
Parsons 1984a,b; Waldron and Parsons 1992) that alkali feldspar exsolution textures are a
function of cooling rate, deformational history and bulk composition. According to Brown et al.
(1983) and Brown and Parsons (1984a,b), feldspar with compositions AbsOryy form braid-type
perthites and feldspar with Abs;oOr; — AboOrgy form film-type textures.

In general, the compositional range of AbgsOrys — Ab;sOrgs form cryptoperthitic feldspar
when exsolved (Deer et al. 2001). Cryptoperthitic feldspars develop in conjunction with
crystallographic orientation and morphology, and are controlled by coherency strain (Willaime
and Brown 1974). It has been shown by Brown et al. (1983) that cryptoperthitic feldspar results
from an early cooling regime.

The bulk of perthites developing in the subsolidus, i.e. deuterically coarsened perthites,
are film-type, indicating that initial cryptoperthitic textured compositions were closer to the

Ab;o0ryg — Aby(Orgy compositional range.

3.3 Pyroxene Group

In Coldwell pegmatites, the pyroxene group minerals (M2M1T,04) form in the initial
stage of crystallization (Figs. 3.4 and 3.5). Pyroxene is euhedral-to-anhedral, enclosed by
feldspar and associated with amphibole, apatite, ilmenite, magnetite, and olivine. Replacement
of pyroxene by amphibole is common, and occurs as mantles along pyroxene grain boundaries.
The pyroxenes have a green-to-green/brown pleochroism (Fig. 3.4).

Pyroxenes in Coldwell pegmatites are classified using the CNMMN nomenclature
scheme (Morimoto et al. 1989). Figure 3.6 shows compositional variation in terms of three
endmember components: hedenbergite (CaFe’'Si,Og); diopside (CaMgSi,O); and aegirine
(NaFe3+Si206); with aegirine and hedenbergite being the dominant species. Minor Al,03;, MnO,
and TiO,, represent the endmembers CaAl,SiOs, CaTiAl,Os, and CaMnSi,Oy, respectively
(Tables 3.2 and 3.3 and Appendix ILII). Unlike other A-type saturated pegmatites, e.g. Thor

Lake, Coldwell pyroxenes do not contain any detectable zirconium.
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FIGURE 3.4: Photomicrographs of hedenbergite (Hd) and apatite (Ap) surrounded by
perthite (Per), plane- (A) and cross-polarized (B) light.
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FIGURE 3.5: BSE-images of hedenbergite (Hd) and aegirine (Ae). A is a pyroxene in
perthite (per). B is aegirine, hedenbergite and apatite (Ap) hosted by perthitic feldspar
(Ab and Or). C is hedenbergite, Ca-Fe-amphibole and calcite (Cal) hosted by perthitic
feldspar. D is hedenbergite intergrown with fayalite (Fa) and hosted by perthite (Per) and
muscovite (Ms).
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TABLE 3.2: Representative compositions of

aegirine.

Border Thor

Gabbro' Lake’
Na,O 6.52 13.09
MgO 0.57 -
Al,O4 0.53 1.21
SiO, 52.71 53.27
K,O 0.15 -
CaO 0.15 1.36
TiO, 0.34 -
MnO 0.15 0.11
FeO 22.61 -
Fe,04 16.8 30.79
ZrO, - 0.73
Total 100.54 100.59

' Border gabbro pegmatite (5 analyses of MAS006) from the Coldwell complex.
? Altered/brecciated syenite (sample PT50) from the Lake Zone, Thor Lake, N.W.T., Canada (Pinckston
and Smith 1995).

TABLE 3.3: Representative compositions of hedenbergite.

Upper

(?;;g:;‘ Railway . Marath?n Black® glell:::;
Shore

SiO, 48.21 48.23 50.25 48.76 50.39
TiO, 0.70 0.60 - 0.55 0.18
Al,O4 1.03 0.55 1.25 0.48 1.04
Fe,0; 1.19 2.06 4.97 3.32 16.41
FeO 25.31 26.33 16.22 25.73 9.62
MnO 0.96 0.96 0.85 0.81 1.83
MgO 2.28 1.00 6.31 0.70 2.10
CaO 20.64 19.63 19.72 19.08 12.01
Na,O 0.46 0.80 1.93 1.29 6.37
Total 100.81 100.17 100.50 100.72 99.95

' Border gabbro pegmatite (4 analyses of sample MAS001) from the Coldwell complex.

* Railway pegmatite (6 analyses of sample MAS016) from the Coldwell complex.

* Upper Marathon Shore pegmatite (2 analyses of sample MAS022) from the Coldwell complex.
* Black pegmatite (4 analyses of sample MAS021) from the Coldwell complex.

* Center Three pegmatite (4 analyses of sample MAS033) from the Coldwell complex.
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FIGURE 3.6: Aegirine (Ae) — diopside (Di) — hedenbergite (Hd) ternary plot. Green circles,
Black crosses, red triangles, black diamonds, and blue squares are the Border Gabbro,
Railway, Upper Marathon Shore, Black, and Center Three pegmatites, respectively. A is
the Coldwell ferroaugite syenite trend (Mitchell and Platt 1978). B is the Ilimaussaq,
Greenland trend (Larsen 1976). C is the South O6roq, Greenland trend (Stephenson 1972).

The Border Gabbro pegmatite is the only unit containing aegirine and the pyroxenes
form a complete compositional trend with hedenbergite (Fig. 3.6). From core to rim, magnesium
content decreases (up to 8.29 wt % MgO) in some of the larger crystals. Pyroxenes from Border
Gabbro pegmatites are commonly mantled by amphibole and/or chlorite.

Railway pyroxene analyses fall into the hedenbergite compositional field. The
pyroxenes form in the initial stage of crystallization, and are commonly associated with apatite,
magnetite, muscovite, and especially olivine (Fig. 3.5D).

Pyroxene in the Upper Marathon Shore pegmatite is present in only one of the four
samples investigated. In these samples, pyroxene falls into the hedenbergite compositional field
with magnesium ranging from 2.85 to 5.31 wt. % MgO.

The Black pegmatites contain hedenbergite that is commonly associated with amphibole
and chlorite. Compositions have moderate manganese and magnesium (0.79-0.93 wt. % MnO
and 0.73-0.94 wt. % MgO), and are poor (0.70-1.75 wt. % Na,O) in sodium.

Hedenbergite pyroxene is present in two of the Center Three samples, and is mantled by

amphibole. Pyroxenes from this unit contain higher than average manganese (1.80 and 1.83 wt.
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% MnO), and magnesium (2.10 and 2.46 wt. % MgO) and moderate amounts of sodium (4.46
and 6.37 wt. % Na,O).

Pyroxenes from other A- and S-type intrusives are similar in composition to Coldwell
pyroxenes. Apart from minor amounts of zirconium, aegirine from the altered/brecciated syenite
of Thor Lake, Canada is similar to that of the Border Gabbro pegmatite (Table 3.2). Zirconium
in the Thor Lake aegirines may indicate that its rocks are slightly more evolved than Coldwell
rock aegirines. The Mg-rich hedenbergite-to-hedenbergite-to-aegirine compositional trend of
Coldwell pyroxenes (Fig. 3.6) is similar to the fractionation trends in Center One ferroaugite
syenites (Mitchell and Platt 1978), Ilimaussaq (Larsen 1976) and South Od6roq (Stephenson
1972), and represents selective fractionation of magnesium and calcium.

Pyroxene group minerals are inosilicates, where two of the four oxygens are shared (Si :
O =1 : 3), thereby forming chain linked SiO, tetrahedra. In the Coldwell pegmatites, pyroxene
compositions can be expressed by the general formula M2M1T,04, where M2 can be any of
Na', Ca*, K', Mn>", Fe’", Mg’"; M1 denotes Mn*", Fe’*, Mg”, Fe*', A", and Ti*'; and T
represents Si*', Fe’" and AP’ in the tetrahedral chain site (Klein 2002). The range of
compositions present in Coldwell pyroxenes results from multiple substitution mechanisms, and
include simple substitution, coupled substitution into one structural site, and coupled substitution
between two or more structural sites:

Si4+ — TA+

(Mg,Fe,Ca,Mn)*" — (M1,M2)*

Ti* + 0 — 2(M1,M2)*"

(Na,K)" + (Fe,Al)’" — (M1,M2)" + (M1,M2,T)**

(Na,K)" + Ti*" + (Fe,Al)’" = (M1,M2)"" + (M1,M2)"" + (M1,M2,T)*

All Fe*" is calculated from stoichiometry. There is a positive correlation (> = 0.985)
between mono- plus tri-valent ions and divalent ions (Fig. 3.7), indicating the Fe®'/Fe**

recalculation used is suitable for Coldwell pegmatites.

3.4 Amphibole Group

Amphiboles are present in all Coldwell pegmatites. In plane polarized light, the
pleochroism ranges, depending on composition, from brown-to-dark brown, brown-to-green,
green-to-dark green, or green-to-blue green (Fig. 3.8). All species of amphibole alter to chlorite,

with some examples shown in Figure 3.9A and B. The amphiboles form in the initial and

interstitial stages of crystallization. The initial-forming amphiboles are rare, subhedral-to-
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anhedral, and adopt monoclinic 2/m prisms, as shown in Figure 3.9B. These amphiboles fall into
the hastingsite compositional field, and only occur in the Center Three pegmatites. The initially
formed amphiboles are associated with magnetite, ilmenite and rutile (Fig. 3.9E). Interstitial

amphiboles are generally anhedral, and are associated with biotite, pyroxene, quartz and calcite.
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FIGURE 3.7: Pyroxene M** / (M'+M"") (apfu) binary diagram. R? = 0.985. Green circles,
black crosses, red triangles, black diamonds, and blue squares are the Border Gabbro,
Railway, Upper Marathon Shore, Black, and Center Three pegmatites.

As compositions of amphibole in Coldwell pegmatites vary significantly, the
nomenclature scheme proposed by Leake et al. (1977; 2003) is used to identify the different
species. Coldwell amphiboles fall in the monoclinic calcic, sodic-calcic and sodic amphibole
compositional fields, as shown in Figures 3.10, 3.11, and are listed in Tables 3.4 and 3.5 and
Appendix ILIII.

Amphiboles from the Border Gabbro pegmatites make up approximately 2 vol. % of the
modal abundance, and include sodic-calcic and calcic varieties. All Border Gabbro amphiboles,
apart from edenite, have low mg numbers [Mg/(Fe’*+Mg)] (Figs. 3.10 and 3.11). The calcic
members include edenite and ferro-edenite; and the sodic-calcic members include ferroricherite,
katophorite and ferrowinchite. The ferrorichterite and winchite amphiboles have a brown
pleochroism, and form interstitially between the initial- and framework-forming minerals. The
edenite and ferroedenite amphiboles commonly mantle pyroxene (Fig. 3.9B), and signify that
pyroxene is being replaced by amphibole in the primary liquidus phase.

Railway amphiboles have compositions with low mg numbers and plot at the

ferrorichterite/katophorite composition border. One crystal is zoned (Fig. 3.9C), with zoning
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proportional to progressive depletion of iron. The katophorite amphiboles have a green

pleochroism, whereas the ferrorichterite amphiboles have a brown pleochroism. Compared to the

Border Gabbro pegmatites, amphibole modal abundance in the Railway pegmatites is low, at
approximately 0.5 vol. %.

FIGURE 3.8: Photomicrographs of amphibole (Amp). A is ferrorichterite amphibole and
quartz (Qtz) around perthite (Per) in plane-polarized (A) and cross-polarized (B) light. B
is edenite amphibole mantling hedenbergite (Hd) and surrounded by ilmenite (Ilm),
quartz and perthite. C is ferrorichterite (brown) and katophorite (green) amphiboles in
perthite. D is riebeckite amphibole grown around perthite.

Amphiboles in the Upper Marathon Shore pegmatites include the sodic (riebeckite),
sodic-calcic (ferrorichterite and taramite) and calcic varieties (hastingsite). All grains are either
small (~ 50 um) or extremely altered. Modal abundance is approximately 0.05 vol. %.

The Black pegmatites form a trend from the pleochroic green katophorite to pleochroic

brown ferrorichterite (Fig. 3.8C). In common with Border Gabbro and Railway amphiboles, the
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FIGURE 3.9: BSE-images of amphibole (Amp). A is amphibole (ferro-richerite) being
altered to chlorite (Chl) and grown interstitially along albite (Ab) and orthoclase (Or)
boundaries. B is amphibole (hastingsite) being altered along its grain boundary and
fractures to chlorite and surrounded by albite and orthoclase (Flu is a fluorocarbonate
inclusion). C is a magmatically zoned hastingsite amphibole (lighter areas are enriched in
calcium and potassium) traversed by a chlorite vein and surrounded by quartz (Qtz),
albite and orthoclase. D is riebeckite amphibole with hummocky texture (dark areas have
aluminum, light areas do not) in albite. E is riebeckite amphibole surrounded by
magnetite (Mgt), ilmenite (Ilm), albite and orthoclase. F is corroded taramite amphibole
surrounded by calcite (Cal), quartz and chlorite.
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Black amphiboles have low mg values. Amphibole grains in the Black pegmatites are rare (0.25

vol. %), as most are completely altered to chlorite.
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FIGURE 3.10: Sodic-calcic amphibole plots. A is for amphiboles with (Na + K) > 0.50, (Ca
+ Nag) > 1.00, and 0.50 < Nag < 1.50. B is for amphiboles with (Na + K) < 0.50, (Ca + Nag)
> 1.00, and 0.50 < Nag < 1.50. Green circles, black crosses, red triangles, and black
diamonds are the Border Gabbro, Railway, Upper Marathon Shore, and Black

pegmatites, respectively. From Leake et al. (1997).
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FIGURE 3.11: Calcic (A) and sodic (B) amphibole plots. A is for amphiboles with Cag >
1.50, (Na + K), = 0.50 and Ti < 0.50. B is for amphiboles with Na > 1.50, (Mg + Fe’ +
Mn*) > 2.5, (Y'Al or Fe’*) > Mn™, Li < 0.5, (Mg or Fe’") > Mn*, and (Na + K), < 0.50
(both averages are the riebeckite variety). Green circles, red triangles, and blue squares
are the Border Gabbro, Upper Marathon Shore, and Center Three pegmatites,

respectively. From Leake et al. (1997).
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TABLE 3.4: Representative compositions of ferrorichterite, ferrowinchite, taramite, and
riebeckite.

Ferrorichterite Ferrowinchite Taramite Riebeckite
Upper Upper Upper

(?;);g:;‘ Railway’ Mall');)th;)n Black * g;’;g:;s Mall');)th?n Mal[')apth;)n
Shore Shore Shore
SiO, 47.99 47.45 50.15 48.08 50.05 40.77 50.15

TiO, 1.16 1.79 - 1.52 0.16 0.89 -

Al,O4 1.69 2.22 0.97 1.71 0.90 8.56 0.97
Fe,05 2.54 2.57 11.80 2.69 3.72 8.59 11.80
FeO 31.63 30.84 20.65 31.75 31.77 21.53 20.65
MnO 0.94 0.79 2.19 0.72 0.89 1.20 2.19
MgO 0.61 0.95 3.05 0.39 0.27 3.22 3.05
CaO 5.93 5.84 2.97 4.92 7.16 7.24 2.97
Na,O 4.52 4.58 5.63 5.00 2.94 4.60 5.63
K,O 1.10 1.12 1.09 1.49 0.42 1.57 1.09
Total* 98.11 98.15 98.50 98.27 98.28 98.17 98.50
H,0c¢ 1.87 1.87 1.93 1.87 1.89 1.89 1.93
Total 99.98 100.02 100.43 100.14 100.17 100.06 100.43

" Border gabbro pegmatite (5 analyses of sample MAS006) from the Coldwell complex.

? Railway pegmatite (7 analyses of sample MAS017) from the Coldwell complex.

? Upper Marathon Shore pegmatite (4 analyses of sample MAS019) from the Coldwell complex.
* Black pegmatite (5 analyses of sample MAS029) from the Coldwell complex.

° Border Gabbro pegmatite (4 analyses of MAS009) from the Coldwell complex.

® Upper Marathon Shore pegmatite (4 analyses of MAS020) from the Coldwell complex.

7 Upper Marathon Shore pegmatite (4 analyses of sample MAS019) from the Coldwell complex.
* Analytical total.

Center Three amphiboles consist of hastingsite (calcic) amphibole. Center Three
hastingsite has a dark green pleochroism, anhedral-to-euhedral habits, and form in the initial
stage of crystallization with magnetite and ilmenite (Fig. 3.9E). Most hastingsite grains alter to
chlorite (Fig. 3.9B). The Center Three amphiboles are the only amphiboles to form in the initial
stage of crystallization.

Apart from manganese and potassium, all other constituents vary considerably. In the
Center One ferroaugite syenites, amphibole compositions range from hastingsite to ferroedenite
in the lower series and ferrorichterite to katophorite and riebeckite to arfvedsonite in the upper

series (Mitchell and Platt 1978). Trends that range from sodic-to-sodic-calcic-to-calcic are

typical of highly differentiated complexes. Examples of similar trends include: Khibina, Russia —
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pargasite (calcic) to arfvedsonite (sodic) (Yakovenchuk et al. 2005); Red Hill, United States —
hastingsite (sodic) to katophorite (sodic-calcic) (Mitchell 1990); and many others (Mitchell
1990; Martin 2007).

TABLE 3.5: Representative compositions of katophorite, ferroedenite, edenite, and
hastingsite.

Katophorite Ferroedenite Edenite Hastingsite
Border Railwa Border Border Uppex Center
Gabbro' Syenite)z] Black’ Gabbro* Gabbro® Marathgn Three’
Shore

SiO, 46.24 45.98 43.79 44.40 45.81 39.21 38.95
TiO, 1.80 2.45 2.63 0.71 0.41 1.20 1.31
AlL,Os 2.19 2.51 4.13 8.09 3.24 9.72 9.96
Fe,0; 4.59 2.04 0.20 0.71 6.18 5.89 4.50
Foe 30.07 31.99 32.96 15.27 29.14 24.55 27.07
MnO 0.77 0.81 0.54 0.28 0.64 0.98 1.09
MgO 1.03 0.48 0.57 12.45 1.47 2.54 1.18
CaO 6.06 5.98 7.65 12.03 9.92 9.29 9.86
Na,O 4.62 4.65 4.01 3.61 1.44 3.46 2.85
K,O 1.09 1.44 1.45 0.37 0.74 1.62 1.58
Total* 98.46 98.33 97.93 97.92 98.99 98.46 98.35
H,Oc 1.87 1.86 1.84 2.00 1.88 1.87 1.85
Total 100.33 100.19 99.77 99.92 100.87 100.33 100.20

' Border gabbro pegmatite (4 analyses of sample MAS012) from the Coldwell complex.

? Railway pegmatite (5 analyses of sample MAS027) from the Coldwell complex.

’ Black pegmatite (4 analyses of sample MAS031) from the Coldwell complex.

* Border Gabbro pegmatite (7 analyses of sample MAS004) from the Coldwell complex.

> Border Gabbro pegmatite (3 analyses of sample MAS002) from the Coldwell complex.

® Upper Marathon Shore pegmatite (4 analyses of sample MAS020) from the Coldwell complex.
7 Center Three pegmatite (3 analyses of sample MAS035) from the Coldwell complex.

* Analytical Total.

Amphibole is an inosilicate with the general formula AB2V[C5WT3022(OH)2 (Leake et al.
1997). The compositions of Coldwell amphiboles fall into the monoclinic varieties, and is based
on double Si Oy, chains that run parallel to the ¢ axis (Leake et al. 1997). Coldwell amphiboles
have the monovalent alkali metals Na, K entering the A-site; the mono- and di-valent alkali,

alkali earth and transition metals Na', Ca’", Fe*", Mg>" entering the B-site; C represents the

transition metals and metalloids AI’", Mn*", Fe*', Fe*’, Ti*"; the tetrahedral T-site refers to Si*"
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and AI’"; and O” and F can occupy the OH -site. Fluorine is not determined, but may be present,

as fluorine saturation (fluorite) occurs slightly after amphibole precipitation.

3.5 Chlorite

Chlorite is the most common alteration mineral in Coldwell pegmatites. There are
several replacement textures, the most notable being radiating, massive and laminated (Fig. 3.12
and 3.13). In plane polarized light, chlorite has a moderate relief, honey brown or green-to-clear
pleochroism and anomalous royal blue birefringence (Fig. 3.13). Coldwell chlorite replaces the

silicate minerals amphibole, biotite and muscovite in the deuteric phase of crystallization.

FIGURE 3.12: Optical micrographs of chlorite (Chl) and quartz (Qtz) surrounded by
perthite (Per). A is normal-polarized, B is cross-polarized.

Aluminum, silica, iron, and magnesium vary between and within all units. Although
representative compositions are given in Table 3.5, the extent of variability is better represented
by the magnesium — total iron — aluminum ternary plot in Figure 3.14. In general, the Border
Gabbro, Railway and Black pegmatites contain more iron than Upper Marathon Shore and
Center Three chlorites. Both magnesium and octahedral aluminum change significantly between
samples, ranging from 0 to 5.119 apfu and 0.698 to 2.820 apfu, respectively.

According to Holland et al. (1998), chlorite chemistry forming under low temperature
conditions can be regarded as [(R* s Al)(SisxAl)O1o(OH)s]. R-site ions include Ca®’, Fe®',
Fe’*, K, Mg¥, Mn®", Na", and Ti"". Coldwell chlorites belong to the clinochlore-chamosite

series, with all analyses falling into the chamosite compositional field. Chamosite and

clinochlore both belong to the trioctahedral-type of chlorites, consisting of 2:1 layers of
(R*"R¥)3(SisxAl)O1(OH), with interlayer octahedral (R**,R*");(OH), sheets (Bailey 1988).
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FIGURE 3.13: BSE images of chlorite (Chl). A is radiating chlorite with quartz (Qtz),
albite (Ab) and orthoclase (Or). B is three phases of chlorite the lighter laminated type
contains the highest iron, the radiating is moderate and the massive contains the least
iron. The chlorite in B surrounds a sphalerite grain (Sp). C is a void set in pyrite (Py) and
amphibole (Amp) filled with chlorite and chalcopyrite (Ccp). D is chlorite that formed
interstitially between orthoclase and muscovite (Ms). E is massive chlorite with
compositional zoning (light = iron-enriched). F is chlorite pseudomorphing biotite that
precipitated adjacent to albite and orthoclase.
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TABLE 3.6: Representative compositions of chlorite.

Upper
. Border' Railway’ Marr')z:)thon Black® Ce““’ﬁ
‘ - Shore® Three
SiO, 42.96 36.74 25.47 30.71 33.03
Al,O4 5.18 4.00 17.19 8.64 12.26
Fe,O; 10.79 7.60 - 0.68 2.81
; FeO 24.26 33.75 40.59 40.29 28.15
1 MnO 1.84 0.98 1.33 0.75 0.38
’ MgO 1.02 0.54 4.75 4.82 11.80
CaO 0.83 0.35 0.04 0.45 0.82
, 4 Na,O 0.53 0.08 0.21 0.59 0.22
| 1 K,0 1.01 - - 0.61 -
4 Total 88.42 84.04 89.58 87.54 89.47
OH¢ 11.02 9.99 10.61 10.29 11.35
Total 99.44 94.03 100.19 97.83 100.82

' Border Gabbro pegmatite (4 analyses from sample MAS002) from the Coldwell complex.

? Railway pegmatite (6 analyses of sample MASO015) from the Coldwell complex.

3 Upper Marathon Shore pegmatite (4 analyses of sample MAS018) from the Coldwell complex.
* Black pegmatite (4 analyses of sample MAS042) from the Coldwell complex.

3 Center Three pegmatite (7 analyses of sample MAS038) from the Coldwell complex.
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FIGURE 3.14: Chlorite magnesium (Mg) — total iron (Fe) — aluminum (Al) ternary plot
(oxide wt. %). Green circles, black crosses, red and yellow triangles, black diamonds,
and blue squares are the Border Gabbro, Railway, Upper Marathon Shore, Lower
Marathon Shore, Black, and Center Three pegmatites, respectively.
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Both chamosite and ferroan clinochlore adopt a monoclinic structure (Bayliss 1975; Rule and
Bailey 1987).

Apart from tetrahedrally coordinated aluminum substituting for silicon, substitution into
the chlorite structure is restricted to the R*" site. Monovalent and trivalent ions in the R*'-site
indicates that coupled substitution was used to ensure charge neutrality:

(ALFe)*” + (K,Na)" — 2R*"

The result from all divalent ions plotted against mono- tri and tetra-valent ions (M**/
M +M**+M*"), as in Figure 3.15, gives an r’ value of 0.797. Error may be related to the

tetrahedral site, as the site may be not completely occupied or may contain ferric iron.
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FIGURE 3.15: Chlorite M** (Fe*", Mn, Mg, Ca) vs M'+M>*+M*"" (Ti, Al(vi), Fe**, Na, K)
binary diagram with a generated r* factor to 0.797. Green circles, black crosses, red
triangles, black diamonds, and blue squares are the Border Gabbro, Railway, Upper
Marathon Shore, Black, and Center Three pegmatites, respectively.

3.5 Olivine
Olivine is present in one of the Border Gabbro samples and nearly half of the Railway

samples. Olivine forms in the initial phase of crystallization and is associated with amphibole,
muscovite and pyroxene (Fig. 3.16). In all cases, compositions are iron rich, and fall into the
fayalite compositional field (Table 3.7 and Appendix I1.V).

Olivine occurs in one sample of the Border Gabbro pegmatite (Fig. 3.17). In this
occurrence, fayalite has grown interstitially with an unknown mineral that was subsequently

altered to chlorite. The crystals contain minor amounts of manganese and magnesium and trace

amounts of aluminum and calcium.
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FIGURE 3.16: BSE-images of fayalite (Fa). Both images show fayalite with hedenbergite
(Hd) and muscovite (Ms) overgrowths in perthite (Per, Ab-Or). A contains late pyrite

(Py)-

TABLE 3.7: Representative compositions of

fayalite.
Border . 2
Gabbro' Baiibway
SiO, 30.15 29.76
Al,O4 0.20 0.22
FeO 66.19 67.13
MnO 2.40 2.61
MgO 1.19 0.36
CaO 0.39 0.39
Total 100.51 100.47

' Border Gabbro pegmatite (4 analyses of sample MAS001) from the Coldwell complex.
? Railway pegmatite (4 analyses of sample MAS025) from the Coldwell complex.

In contrast to Border Gabbro pegmatites, olivine is common in Railway pegmatites,
occurring in four of the ten samples. The crystals are, as shown in Figure 3.17, rounded and
commonly mantled by muscovite and hedenbergite. In common with the Border Gabbro, these

olivines fall into the fayalite compositional field, with near identical compositions, except

slightly lower (~ 1 wt. % MgO) magnesium.
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FIGURE 3.17: Photomicrographs of fayalite (Fa) and chlorite (Chl) in perthite (Per). A is
normal-polarized, B is cross-polarized.

3.7 Calcite

Calcite is present in all pegmatitic units, and usually accounts for approximately 0.25
vol. % of the modal abundance. Calcite is one of the last minerals to form interstitially (Figs.
3.18, 3.19A and B). Calcite from Coldwell pegmatites is pure CaCOs with no magnesium, iron

or strontium.

FIGURE 3.18: Photomicrographs of calcite (Cal) and quartz (Qtz) with late chlorite (Chl)
in perthite (Per). A is normal-, B is cross-polarized.




FIGURE 3.19: BSE-images of calcite (Cal). A is calcite hosted by albite (Ab) and
magnetite (Mgt). B is calcite with magnetite inclusions hosted by quartz (Qtz).

FIGURE 3.20: BSE-images of quartz (Qtz). A, B and C show quartz that has grown along
chlorite (Chl), albite (Ab) and calcite (Cal) boundaries. C contains orthoclase (Or) instead
of albite and also biotite (Bio). D is subhedral quartz hosted by chlorite, magnetite (Mgt)
and orthoclase.
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3.8 Quartz

Quartz is a common minor mineral found in Coldwell pegmatites. It forms in the late-
interstitial and secondary stages of crystallization. Late interstitial stage quartz is commonly
associated with calcite. The crystals, as shown in Figure 3.20A, B, and C, are generally anhedral
(exception in Figure 3.20D), with crystal habit and size restricted by the earlier forming
minerals. In common with calcite, quartz is one of the last primary minerals to form.

Secondary quartz is an alteration product commonly associated with fluorocarbonates
(Fig. 3.21A). As most primary REMs are silicates, e.g. allanite and chevkinite, decomposition
commonly creates fluorocarbonates plus quartz and other product(s). In common with the REE-
silicates, the breakdown of amphibole (Fig. 3.21B) produces quartz:

NacazFessi7A1022(OH)2 + 2C03 +70H — Fe5AlSi40|0(OH)g + 2CaC03 + NaOH + 33102 + 602-
Ferro-edenite Chamosite Calcite Quartz

188 um

FIGURE 3.21: BSE-images of secondary quartz. A is quartz, calcite (Cal) and
fluorocarbonates (Flu) surrounded by aegirine (Ae), chlorite (Chl), and amphibole (Amp).
Some of the dark areas in the fluorocarbonate grain are quartz crystals. B is quartz,
chlorite and calcite hosted by albite (Ab) and orthoclase (Or).

3.9 Fluorite

Fluorite occurs in nearly all samples in the late-interstitial stage of crystallization.
Fluorite grains are anhedral, and generally isolated from other late-forming minerals (Fig. 3.22
and 3.23). No ions, other than calcium and fluorine, are detected in any of the analyses.

The occurrence of fluorite precipitating late in the paragenesis indicates that fluorine

was present in the fluid and/or melt phases. Fluorine is important, as it complexes with REE,
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HFSE, and other “incompatible” elements. As such, fluorine mobilizes these elements, whereby

prohibiting these ions to reach early saturation.

FIGURE 3.22: Photomicrographs of fluorite (FI) in orthoclase (Or). A is normal-polarized,
B is cross-polarized.

1E8 b

FIGURE 3.23: BSE-images of fluorite (FI). A is interstitial fluorite in albite (Ab) and
orthoclase (Or). B is fluorite with zircon (Zr) inclusions and hosted by albite and
orthoclase.

3.10 Biotite

Biotite is present in the Border Gabbro, Railway and Black pegmatite units. Biotite
forms in the interstitial and secondary stages of crystallization, and commonly alters to chlorite.
In the interstitial stage, biotite forms early, before amphibole, and is characterized by discrete
books that are confined by initial- and framework-phase minerals. Secondary biotite forms

reaction rims around magnetite and ilmenite (Fig. 3.24).
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In Coldwell biotites, the IM,300.,T4O10A; mica formula (Rieder et al. 1998) contains
Ca”, K" and Na" in the I-site; A", Fe*", Fe*', Li*, Mg”, and Mn*", in the M-site; and CI', (F),
O%, and (OH) in the A-site. I-site solid solution in respect to the dominant cation (potassium) is
shown Figure 3.25. The amount of lithium, fluorine and hydrogen is undetermined, as these ions
are not analyzed for. Coldwell biotites are enriched in potassium and iron, and thus, fall into the

annite compositional field (Table 3.8 and Appendix I1.IX).

FIGURE 3.24: Photomicrographs of biotite (Bio). A (plane polarized light) is biotite
forming a reaction rim with ilmenite (Ilm) and hosted by perthite (Per) and hedenbergite
(Hd). B is biotite and quartz (Qtz) in ilmenite (Ilm) under cross polarized light.
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FIGURE 3.25: Biotite I-site substitution plot. The r* value is 0.960.
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3.11 Muscovite

Muscovite is present in the Railway and Center Three pegmatite units. Muscovite
crystallizes early in the secondary stage, before chlorite. The mineral forms small (50 to 150 pm)
books of subhedral sheets that radiate from a nucleation point (Figs. 3.26, 3.27A). Coldwell
muscovite is always associated with chlorite, and commonly mantles olivine and pyroxene. Both

muscovite and chlorite are alteration products of a potassium-bearing mineral, presumably

biotite:
3KFC;AISi3010(OH)2 +60H — FCsA]Si40|0(OH)3 3 KA]ZS|3O]0(OH)2 + 2F6203 +2KOH + 28102
Biotite Chamosite Muscovite Hematite Quartz

TABLE 3.8: Representative compositions of biotite.

(?;;gfgl Railway’ Black®
SiO, 35.46 37.35 33.95
TiO, 0.72 0.05 3.68
AlLO; 10.25 7.54 9.67
FeO 39.23 41.24 39.90
MnO 0.57 0.96 0.26
MgO 0.99 0.27 0.25
Na,O 0.67 0.88 0.47
K,0 8.35 7.78 8.54
Cl - 0.10 -
0 =Cl - 0.02 -
Total 96.24 96.15 96.72
H,Oc 3.57 3.51 3.55
Total 99.81 99.66 100.27

' Border gabbro pegmatite (4 analyses from sample MAS001) from the Coldwell complex.
? Railway pegmatite (4 analyses from sample MAS015) from the Coldwell complex.
3 Black pegmatite (7 analyses from sample MAS030) from the Coldwell complex.

In common with biotite, muscovite readily alters to chlorite. Table 3.9 lists the
compositions of typical unaltered muscovite, intermediately altered muscovite and a chlorite
grain whose precursor was muscovite. With the onset of alteration, muscovite exhibits increases
in magnesium, iron and water (hydroxyl). These increases are accompanied by decreases in
silicon, aluminum and potassium. As muscovite itself is an alteration product, subsequent

alteration must have affected the Coldwell pegmatites.
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In the Coldwell muscovites, the IM_30,.0T4010A,, formula contains K and Na® in the I-
s site; Li*, Fe**, Fe’*, Mg™", Mn®*, AP’*, and/or Ti in the M-site; AI*", Fe®*, and Si in the T-site; and
OH' in the A-site. Lithium and fluorine are able to substitute into the M and A sites, respectively,

but are not quantified in this study. In addition to omitted elements, Fe**/Fe*" recalculations were

not preformed, which may add additional the error to the totals (Table 3.9 and Appendix II.X).

FIGURE 3.26: Optical photomicrographs of muscovite (Ms) intergrown with quartz
(Qtz), chlorite (Chl), calcite (Cal), and hematite (Hem) in plane-polarized (A) and cross-
polarized (B) light.

FIGURE 3.27: BSE-images of muscovite (Ms). A is muscovite, chlorite (Chl) and
magnetite (Mgt) hosted by albite (Ab) and orthoclase (Or). B is muscovite surrounded by
chlorite.
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TABLE 3.9: Representative compositions of muscovite and altered
varieties.
Upper Center Inter. .
Marath?n Three 2 Altered® Chlorite*
Shore
SiO, 4741 44,11 4791 32.81
TiO, 0.39 0.14 - -
Al O4 33.68 38.47 27.45 14.37
Fe,0; - . - 4.10
FeO 3.73 1.16 5.04 27.29
CaO - - 0.32 0.76
MnO - - - 0.25
MgO - - 3.33 9.48
Na,O - 0.17 0.22 -
K,O 11.11 10.85 7.29 0.42
Total 96.32 94.77 91.56 89.40
H,Oc 4.50 4.48 N.D. 11.35
Total 100.82 99.28 91.48 100.83

" Upper Marathon Shore pegmatite (4 analyses of sample MAS019) from the Coldwell complex.

? Center Three pegmatite (3 analyses of sample MAS039) from the Coldwell complex.

’ Intermediate altered muscovite from the Upper Marathon Shore pegmatite (4 analyses of sample
MASO021) from the Coldwell complex.
* Chlorite from the Upper Marathon shore pegmatite (7 analyses of sample MAS022) from the Coldwell
complex.
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CHAPTER FOUR
ACCESSORY MINERALIZATION

4.1 Introduction

REEs (+ yttrium), the 3" and 4" row transition elements zirconium, niobium, hafnium,
tantalum, and tungsten along with the actinides thorium and uranium dominate the accessory
mineralization of the Coldwell pegmatites. The majority of these elements are complexed with
phosphates (apatite, monazite and xenotime), silicates (allanite, chevkinite, thorite, titanite, and
zircon), oxides (baddeleyite, fergusonite, fersmite, ilmenite, pyrochlore, and rutile) and
fluorocarbonates (bastnaesite, synchysite and parisite). Other minerals include the sulphates
(barite), sulphides (arsenopyrite, chalcopyrite, galena, pyrite, and sphalerite), and oxides
(magnetite).

The order of description of minerals in this chapter is alphabetical, as relative
abundances are difficult to determine. Details on composition and structure are emphasized, due

to the significance of crystallochemical controls on the formation of accessory mineralization.

4.2 Allanite

Allanite is the most compositionally diverse member of the epidote group and is one of
the most important host of REEs in syenite, granite, granodiorite, monzonite, skarns, and felsic
volcanics. Apart from the Black pegmatites, allanite occurs in all units of the Coldwell complex
in the initial stage of crystallization. Allanite is closely associated with apatite, britholite,
chevkinite, fergusonite, monazite and magnetite/ilmenite. In polarized light allanite is colourless,
has high relief, and first order grey birefringence (Fig. 4.1).

In Coldwell pegmatites, allanite commonly alters to fluorocarbonates. Carbonate- and
fluorine-saturated fluids migrate through fractures and crystal imperfections and replace silicon
and oxygen in allanite producing fluorocarbonates and quartz (or other silicates):

REE,M;(Si0,)(Si,07)0(0OH) + 2CO, + 2F — 2(REE)(CO5)F + 3Si0, + 3M™ + OH™ + 40™
Allanite Bastnaesite Quartz

Allanite occurs in two of the Border Gabbro samples. In both cases, the crystals are

strongly corroded and encased by amphibole. These compositions are similar to those in other
units (Table 4.1) consisting of titanium (2.63 and 3.09 wt. % TiO,), REEs (25.24 and 25.26 wt.
% REE,O;), aluminum (9.59 and 9.99 wt. % Al,03), ferrous iron (18.68 and 18.72 wt. % FeO),
calcium (9.17 and 9.21 wt. % Ca0), and other minor ions.




FIGURE 4.1: Photomicrographs of euhedral allanite (Aln) grown with apatite (Ap) and
surrounded by amphibole (Amp) in plane-polarized (A) and cross-polarized light (B).
Veinlets of monazite (brown with higher birefringence) crosscut the crystal.

Allanite is a common REM in the Railway pegmatites, is commonly mantled by
chevkinite and/or monazite and contemporaneous with fergusonite (Fig. 4.2A and B). This
mineral forms after ilmenite, but before apatite. Corroded allanite (Fig. 4.2D, E and F) is
commonly associated with chalcopyrite, muscovite and chlorite.

Allanite from the Upper Marathon Shore pegmatites occurs in the initial-stage of
crystallization and is later surrounded by interstitial quartz and sulphides, i.e. chalcopyrite and
sphalerite. The allanite grain in Figure 4.2D consists of two phases both high in aluminum
(16.02 and 19.15 wt. % Al,Os). In BSE, the lighter phase in Figure 4.2D contains higher
amounts of REEs and lower titanium and calcium than the darker phase. Allanite in Figure 4.2D
is associated with chlorite and muscovite, both of which are alteration minerals, indicating that
this particular allanite grain has been either subjected to or a product of alteration.

In common with Coldwell allanite, compositional variations (Table 4.1) in calcium,
REEs, aluminum, iron and titanium occur at other localities, i.e. the Corupa granites, Graciaso
Province, southern Brazil (Vlach and Gualda 2007), Urdach massif, Western Pyrenees, France
(Monchoux et al. 2006), and NYF pegmatites of the Vladislav-Pazdernikiv mlyn, Czech

Republic (Skoda et al. 2006). The main compositional difference between the Coldwell allanites

and those from other localities is its aluminum-poor and iron-rich content.
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FIGURE 4.2: BSE-images of allanite (Aln). A is a mantled [by chevkinite (Chev)] allanite
grain grown against two ilmenite (Ilm) grains and surrounded by amphibole. B is allanite
mantled by chevkinite next to fergusonite (Fgs), apatite (Ap) and ilmenite and surrounded
by albite (Ab) and orthoclase (Or). C is allanite and fayalite (Fa) in chlorite (Chl). D is
allanite intergrown with muscovite and surrounded by chlorite and orthoclase. E is
allanite which grew in fractured magnetite (Mgt). F is allanite along a perthite (Per)
fracture.
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TABLE 4.1: Representative compositions of allanite.

Upper .
(?;);s:;' Railway2 Marath;)n gﬁxfy‘r Granite® ‘;‘)l;,)ll(::stse Granite’
Shore

P,0s5 - - - - - 0.12 -
Ta,05 - - - - - 0.42 -
SiO, 30.89 31.08 32.12 32.69 29.85 30.04 31.37
TiO, 1.46 0.89 1.14 - 1.91 0.45 1.64
ThO, - - - - 0.10 0.25 0.44
Al,O4 11.61 11.86 16.02 12.45 8.51 16.33 15.45
Y,0; - - - - 0.16 - 0.31
La,0; 3.90 7.73 7.37 7.11 5.75 10.56 4.02
Ce,04 9.10 12.73 12.17 11.93 12.80 14.07 12.45
Pr,04 1.26 0.71 0.95 1.30 1.49 0.83 1.65
Nd,0; 5.57 1.55 2.40 1.65 5.30 1.77 4.96
Sm,0; 1.24 0.32 0.29 0.14 0.74 - 0.83
Gd,05 - - - - - - 1.11
Dy,04 - - - - 0.24 - -
FeO 20.27 17.47 12.09 17.60 20.73 11.90 10.16
MgO - 0.92 - - - 0.29 1.59
CaO 10.75 10.30 11.69 11.14 9.13 7.66 10.19
MnO 0.52 0.51 0.60 - 0.65 1.82 0.30
Na,O - - - - 0.10 0.74 -
Total 96.57 96.07 96.84 96.01 97.45 97.25 96.03
H,0c 3.12 3.11 3.25 3.15 2.99 3.12 3.21
Total 99.69 99.18 100.09 99.16 100.44 100.37 99.24

" Border Gabbro pegmatite (5 analyses of sample MAS002) from the Coldwell complex.

? Railway pegmatite (3 analyses of sample MAS024) form the Coldwell complex.

3 Upper Marathon Shore pegmatite (4 analyses of samples MAS018) from the Coldwell complex.

* Center Three pegmatite (2 analyses of sample MAS038) from the Coldwell complex.

3 Granite (2 analyses of sample Co-2A) from the Corupéd granites, Graciaso Province, southern Brazil
(Vlach and Gualda 2007).

¢ Albitite dykes (sample P4-6) from the Urdach massif, Western Pyrenees, France (Monchoux et al. 2006).
7 Granite (3" allanite sample of Val gr) from the Vladislav-Pazdernikiiv mlyn pluton, Czech Republic
(Skoda et al. 2006).

In Coldwell allanites, the A and M sites of the A;M;(Si0,)(Si,O,)O(OH) formula can be
occupied by numerous ions; A: Ca, Mn, REE, Y, and M: Al, Fe*', Fe*, Mn, Ti, Mg. A-site
vacancies have been known to occur in allanite. Because Fe*'/Fe’" recalculations can produce
some error, the extent of A-site vacancies is difficult to determine. A list of commonly used

methods for calculating Fe’"/Fe’" is given by Ercit (2002), with only one said to produce reliable

results. This method normalizes the (M+T) site to 6 by adjusting the Fe*"/Fe’* until the total
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number of positive charges equals 25. With Coldwell allanites, the Ercit (2002) method works
well producing ionic totals from 8.502 to 8.901, which infers approximately 0.498 to 0.099 A-
site vacancies (see Appendix II1.1 for structural formulae).

The A-site of Coldwell allanites is dominated by calcium, REEs (maximum of 0.945
apfu REEs) and vacancies. Plotting REEs against calcium, as shown in Figure 4.3A, gives an r
value of 0.869. Figure 43A also shows that the Border Gabbro and Railway allanites are
enriched in REEs with reference to the Upper Marathon Shore allanites. In common with REEs
and calcium, manganese may also enter the A-site (Hoshino et al. 2006). The r* value (0.820) in
Figure 4.3B shows that Coldwell allanites are similar to other alkali complexes and do not allow

manganese to preferentially enter the A-site (Hoshino et al. 2006).

w

A

1.0 1.0 i
0.9 *ﬁ@ 0.9 % +
o * = ot a4
0.8
= = 5 0° Om
s (@] ©
0.7 - 07
& &
W 06 = 06
o A i A
0.5 1 ; W oos
0.4 + 0.4 A
A
0.3 - . - 0.3 .
08 09 10 11 12 13 14 15 08 09 10 11 12 13 14 15
Ca (apfu) Ca (apfu)

FIGURE 4.3: Allanite A-site substitution. A is calcium (Ca) vs. REEs (apfu), r’ is 0.894. B
is calcium vs. REEs and manganese (Mn) (apfu), 1’ is 0.855. Green circles, black crosses,
red triangles and blue squares are the Border Gabbro, Railway, Upper Marathon Shore,

and Center Three pegmatites, respectively.

The M-site of the Coldwell allanites is dominantly occupied by aluminum. Relatively
small amounts of titanium (max 3.09 wt. % TiO,), and, in one sample, minor magnesium (0.92
wt. % MgO) are also present. Coupled substitution of iron and titanium into the aluminum site or
REESs and iron into the calcium and aluminum sites are mechanisms for allowing ferrous iron
(Fig. 4.4) to enter the allanite structure:

Ti*" + Fe’ — 2Al""

REE™ + Fe*" — Ca™ + Al

Alternatively, ferric iron can easily substitute for aluminum:

Fe** — Al
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The binary diagrams in Figure 4.4 show the correlation of the M-site ions (Ti, Fe’" and
Fe**) with aluminum. The good correlation (> = 0.919) in Figure 4.4A indicates that Fe*'/Fe*"
recalculations using method 10 of Ercit (2002) are applicable to the Coldwell allanites. The
addition of magnesium and manganese into Fig. 4.4B reduces the r* value to 0.901, indicating
that these two ions are not related to aluminum.

The addition of manganese into Figure 4.3B and 4.4B increases the error. A discussion
of manganese accommodation is given in Ercit (2002) who shows evidence that‘the ion can
impartially enter both sites. No preference is shown in the Coldwell allanites, although low
concentrations (0-0.60 wt. % MnQO) and assumed divalent oxidation states may account for this

lack of bias.
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FIGURE 4.4: Allanite binarg' diagrams of M-site substitution. A is aluminum vs. titanium
(Ti) and total iron (Fe**+Fe’"), r’ is 0.919. B includes magnesium and manganese into A,
and results in lowering the r* factor to 0.901. Green circles, black crosses, red triangles and
blue squares are the Border Gabbro, Railway, Upper Marathon Shore, and Center Three
pegmatites, respectively.

4.3 Apatite and Britholite
Apatite is calcium phosphate [Cas(PO,);(F,Cl,OH)] and occurs in all units of the
Coldwell complex. Apatite precipitates in the initial stages of crystallization forming euhedral-

to-anhedral discontinuously (Fig. 4.5A) and continuously (Fig. 4.5B) zoned crystals, generally

on the pm to mm scale.
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FIGURE 4.5: BSE-images of apatite (Ap). A is a zoned apatite in perthite (Per). B is apatite
and pyrite (Py) surrounded by albite (Ab) and orthoclase (Or). C is apatite intergrown
with pyrochlore (Pyc) and magnetite (Mgt) in perthite. D is apatite that is partially altered
to fluorocarbonates (Flu) and surrounded by albite and orthoclase.

The crystal habits of Coldwell apatites can be either equant (Fig. 4.5B) or prismatic (Fig.
4.5D). Studies on apatite morphology (Wyllie et al. 1962; Hoche et al. 2001a,b) suggest that
equant grains are representative of equilibrium growth and elongate apatite grains predominate
in supersaturated environments where diffusion is uncontrolled. Both morphologies are present
in all units.

There is evidence of dissolution of apatite in some of the samples from across the
Coldwell complex. This dissolution can occur early in the paragenesis, before the crystallization
of cumulus minerals. Apatite that has undergone dissolution early in the paragenesis contains
feldspar inclusions (Fig. 4.6A). Further dissolution is evident in either the late-interstitial or
secondary phases. As apatite dissolves, the insoluble elements, i.e. REEs, are left immobile and

form fluorocarbonates (Fig. 4.6B).
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FIGURE 4.6: BSE-images of two different types of apatite dissolution. A is a partially
dissolved apatite with pyrochlore (Pyc) inclusions and surrounded by amphibole (Amp). B
is completely dissolved apatite whose REEs were subsequently used to form
fluorocarbonates (Flu) surrounded by albite and orthoclase (Or).

Na+Si+LREE (apfu)

2 3 4 5 6 7 8 9
P+Ca+Sr (apfu)

FIGURE 4.7: Apatite P+Ca+Sr / Si+Na+LREE (apfu) binary diagram, r* = 0.999. Green
circles, black crosses, red triangles, black diamonds and blue squares represent the Border
Gabbro, Railway, Upper Marathon Shore, Black, and Center Three pegmatites,
respectively.

Apatite compositions (Table 4.2) are similar in all pegmatite units. Minor differences are
mostly related to REE and silicon content. REEs increase from the Upper Marathon Shore to the
Border Gabbro, that is, Upper Marathon Shore < Black < Center Three < Railway < Border
Gabbro (Fig. 4.7). These differences also occur within samples and individual crystals. In

crystals, concentric zoning (both continuous and discontinuous) reflect enrichment of REE, Si,

and actinides. Minor amounts of iron and strontium (maximum 1.24 wt. % FeO and 0.40 wt. %
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SrO) are detected in some of the samples. Significant amounts of yttrium (up to 11.19 wt. %
Y,0;) are present in some crystals. Thorium and uranium are present in a few examples,

especially if high REE and silicon are present (Table 4.3).

TABLE 4.2: Representative compositions of apatite/britholite.

Upper X
(?;;I(::;I Railway . Marath(;n Black® g;:::; Nse;)el:,eiig‘l‘e

Shore
P,0s5 35.36 25.31 40.14 40.35 35.56 40.18
SiO, 3.72 9.33 1.38 1.63 4.02 0.18
Y,0; - - - 0.89 - -
La,0; 2.06 6.64 1.16 1.89 2.28 2.69
Ce, 05 5.06 12.54 2.06 0.10 4.88 2.60
Pr,05 0.45 1.64 0.38 0.69 0.59 -
Nd,05 2.42 5.23 1.26 0.21 1.75 0.31
Sm,05 0.33 1.03 0.18 - 0.34 -
CaO 47.57 35.64 50.12 52.11 48.07 47.64
FeO - 0.61 - 0.17 0.12 -
SrO - - - - - 3.11
Na,O - - 0.54 - - 1.00
Total 96.97 97.97 97.22 98.04 97.61 97.71
Fc 3.51 3.19 3.67 3.73 3.56 2.59
O=F 1.48 1.34 1.55 1.57 1.50 1.09
Total 99.00 99.82 99.34 100.20 99.67 99.21

' Border Gabbro pegmatite (5 analyses of sample MAS006) from the Coldwell complex.

? Railway pegmatite (2 analyses of sample MAS015) from the Coldwell complex.

* Upper Marathon Shore pegmatite (2 analyses of sample MAS022) from the Coldwell complex.

* Black pegmatite (4 analyses of sample MAS028) from the Coldwell complex.

% Center Three pegmatite (3 analyses from sample MAS034) from the Coldwell complex.

% Nepheline syenite (sample 3) from the Pilansberg alkaline complex, South Africa (Liferovich and
Mitchell 2006).

One sample from the Black pegmatite contains exceptionally high (16.99 wt. % ThO,)
thorium. The crystal is metamict with an analytical total of 87.05 oxide wt. % (assuming the
halogen site is completely occupied by fluorine). The high thorium crystal is mantled by thorite,
and enclosed in chlorite.

Apatite adopts the hexagonal P6;m space group. Ca, Fe’, LREE, Na, Th, and U
commonly occupy the A-site of Coldwell apatite; the B-site contains Si and P; and the halogen

site is assumed to be completely filled by fluorine. Britholite (LREE;(Si,P)sO2(OH,F),) is

hexagonal, but adopts the P65 space group, which is similar to the P6;m space group of apatite
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(Kalsbeek et al. 1990; Oberti et al. 2001). Because apatite and britholite are structurally similar,
a solid solution between LREE and silicon occurs in the calcium and phosphorus sites:

LREE* + Si*" — Ca®" + P* Rensbo (1989)

TABLE 4.3: Selected compositions of apatite/britholite.

High High
Yttrium Yttrium High High High
and and Yttrium®  Thorium® Iron®

Thorium' Thorium?

P,0s 3.29 4.29 12.89 12.60 26.91
SiO, 20.32 20.50 16.29 15.12 8.07
ThO, 1.82 2.55 0.60 16.99 -
uo, 0.30 0.62 - - -
Y,05 2.99 2.93 11.19 - 1.75
La,0; 16.15 14.97 21.64 5.03 5.50
Ce,0; 26.39 24.89 2.19 10.93 10.84
Pr,0; 1.60 0.94 7.87 1.29 1.17
Nd,O4 7.96 7.21 0.98 3.46 4.06
Sm,0; 1.11 0.42 0.60 0.57 0.44
CaO 15.57 16.50 22.66 6.65 37.21
FeO 0.47 0.44 0.64 10.96 1.24
SrO 0.20 0.39 - 0.68 -
Na,O - - - - -
Total 98.17 96.65 97.55 88.82 97.19
Fc 2.47 2.50 2.85 2.41 3.23
O=F 1.04 1.05 1.20 1.01 1.36
Total 99.60 98.10 99.20 87.05 99.06

' High yttrium and thorium crystal from the Border Gabbro pegmatite (3 analyses of sample MAS002)
from the Coldwell complex.

? High yttrium and thorium crystal from the Border Gabbro pegmatite (4 analyses of sample MAS002)
from the Coldwell complex.

3 High yttrium crystal from the Railway pegmatite (3 analyses of sample MAS028) from the Coldwell
complex.

* High thorium crystal from the Black pegmatite (2 analyses of sample MAS029) from the Coldwell
complex.

° High iron crystal from the Railway pegmatite (3 analyses of sample MAS027) from the Coldwell
complex.

Ronsbo (1989) showed that sodium can enter the apatite structure if accompanied by
LREEs:
LREE* + Na" — 2Ca” Rensbo (1989)
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Combining LREEs, silicon, and sodium and plotting against calcium and phosphorus, a
negative correlation with nearly perfect r’ value of 0.999 (Fig. 4.7) is achieved. Minor sodium
(max 0.97 wt. % Na,O) in Coldwell apatites reflect low Na/Si ratios, and, according to Rensbo
(1989), indicates that the silicon content in Coldwell pegmatites, despite being peralkaline, is
high enough to prevent partitioning of sodium into the apatite structure.

The tetravalent ions (thorium and uranium) are also detected in some of the apatites.
Hughson and Sen Gupta (1964) detected 5.62 wt. % ThO, in their britholite, thus suggesting that
thorium and uranium may substitute for calcium:

(Th,U)* + o0 — 2Ca”*" Hughson and Sen Gupta (1964)

The precipitation of apatite from a melt has been related to silicon, phosphorus and
aluminum concentrations and temperature, with equilibrium concentrations being 0.04 to 0.28
wt. % P,Os at 1 kbar and temperatures from 750 to 900 °C in peralkaline systems (Watson and
Capobianco 1981). With increasing aluminum in melt, the equilibrium crystallization
temperature of apatite seems to decrease (Piccoli and Candela 2002).

When compared to other rock types, i.e. nepheline syenites (Liferovich and Mitchell
2006a), Coldwell apatites are sodium- and strontium-poor. Coldwell apatites are dominated by
the Cas(PO4);X endmember. Although alkali-rich, the initial stage of crystallization was
dominated by silicon saturation relative to sodium. The dominance of silicon is responsible for

the lack of Na, sREE, s(PO4);F compositional trends observed.

4.4 Arsenopyrite

Arsenopyrite, FeAsS, is a trace mineral occurring in the Border Gabbro, Upper Marathon
Shore, and Center Three pegmatites. This mineral forms in the late interstitial stage of
crystallization with sphalerite, calcite, and galena (Fig. 4.8). Apart from iron, arsenic and sulphur,
no other ions are present. Arsenopyrite is the main arsenic-bearing mineral in Coldwell

pegmatites.

4.5 Astrophyllite

Trace astrophyllite group minerals form in the interstitial stage in the Border Gabbro,
Railway, and Black pegmatite units (Fig. 4.9). All compositions plot in the astrophyllite
subgroup (Fig. 4.10), that is, high iron relative to magnesium plus sodium and manganese. There

are two astrophyllite group members (Fig. 4.11) within Coldwell pegmatites, astrophyllite and

Fe-zircophyllite, the latter being an extremely rare mineral.
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FIGURE 4.8: BSE-images of arsenopyrite (Apy). A is arsenopyrite associated with
sphalerite (Sp) and calcite (Cal), and surrounded by amphibole (Amp). B is arsenopyrite
associated with galena (Ga) and surrounded by muscovite (Ms) and albite (Ab).

In the Border Gabbro pegmatites, astrophyllite group minerals are present in one sample
(MASO005). In this sample, the mineral is associated with amphibole, and surrounded by perthite
(Fig. 4.9A). Compositionally, as seen in Figure 4.11, the crystal plots in the Fe-zircophyllite
field, containing high zirconium (10.48 wt. % ZrO,), niobium (3.76 wt. % Nb,Os), and titanium
(2.35 wt. % TiO,). In common with all Coldwell astrophyllite-bearing units, the Border Gabbro
astrophyllite contains minor amounts of aluminum, manganese, calcium, and sodium (Tables 4.4
and 4.5).

In the Railway pegmatites, there are two samples containing astrophyllite-group
minerals: one containing astrophyllite (MASO015) and the other containing Fe-zircophyllite
(MASO026). In the MASO015 sample (Fig. 4.9B), astrophyllite is tabular, has cleavage parallel to
elongation and is compositionally zoned. Darker areas in Figure 4.9B contain higher titanium
and lower zirconium than the lighter areas, and are concentrated away from the fractures, and
thus away from altering fluids,

The Fe-zircophyllite crystal in sample MAS026 is intergrown with amphibole (Fig.
4.9C). In common with the Railway astrophyllite from MASO015, MAS026 has zirconium-rich
zones occurring along fractures, as seen in Figure 4.9A, but, in contrast to MASO015, niobium is
also enriched.

The Black pegmatite has one sample containing Fe-zircophyllite. The crystal is tabular

with cleavage parallel to elongation (Fig. 4.9D). It is associated with chlorite, calcite and Fe-
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sphalerite. Given the close association with chlorite, it is likely that astrophyllite in this setting

has undergone some alteration.

Figure 4.9: BSE-images of astrophyllite (Astro) and Fe-zircophyllite (Fe-Zirph). A
contains interstitial astrophyllite with lighter Fe-zircophyllite zones set in Fe- and
(Fe,Ca)-amphibole (Amp). B is astrophyllite in albite (Ab) and orthoclase (Or) with
chalcopyrite (Cep) and Fe-sphalerite (Fe-Sp). C is Fe-zircophyllite intergrown with
amphibole and surrounded by albite, orthoclase and pyrochlore (Pyc). D is a euhedral Fe-
zircophyllite grain surrounded by albite and chlorite.

Table 4.4 list Coldwell astrophyllite with astrophyllite from other localities, i.e. granitic
pegmatites from Zomba-Malosa, Africa, pegmatite veins from Monte, Galifieiro, Spain, and
undersaturated pegmatites from Barkevik, Norway. Astrophyllite from the saturated pegmatites
contain higher manganese, tantalum and tin. The undersaturated pegmatites from Barkevik,
Norway also contain higher manganese and tin, but, in common with Coldwell astrophyllite, low

tantalum. Coldwell potassium/sodium ratio is slightly higher than the other localities.
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FIGURE 4.10: Astrophyllite Fe — Mg+Na — Mn (apfu) ternary plot. All astrophyllite
group minerals from the Coldwell pegmatites plot in the astrophyllite subgroup. Green
circles, black crosses and black diamonds are the Border Gabbro, Railway and Black
pegmatites, respectively.
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Figure 4.11: Ti — Nb — Zr (apfu) ternary plot for astrophyllite group members with iron
dominating the C-site. Green circles, black crosses and black diamonds are the Border
Gabbro, Railway and Black pegmatites, respectively.
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TABLE 4.4: Representative compositions of astrophyllite group

minerals.
2 Granitic Dk ey
Railway Pegmatite’ deform‘ed3 saturate .
pegmatite Pegmatite

Nb,Os 5.07 2.03 3.45 1.07
Ta,Os - 1.18 0.46 -
SiO, 34.94 33.98 33.93 34.18
TiO, 6.70 7.48 8.87 9.04
ZrO, 2.69 2.59 1.60 3.70
SnO, - 1.80 0.38 0.14
HfO, . 0.18 - -
AlLO; 1.18 0.44 1.46 1.54
FeO 35.89 30.03 34.01 27.62
MgO 0.19 0.97
MnO 0.95 517 2.10 7.41
CaO 0.11 0.52 0.82 1.43
ZnO - 0.50 0.11 0.24
SrO - 0.07 - -
BaO - 0.15 . =
Na,O 1.86 2.53 2.00 2.83
K,O 5.26 5.49 4.99 5.48
Rb,0 - 0.46 0.49 0.31
Cs,0 - 0.10 0.19 0.15
Total 94.65 94.70 95.05 96.11
H,O¢ 2.70 2.61 2.67 2.71
Fc 1.42 1.37 1.41 1.43
O=F 0.60 0.58 0.59 0.60
Total 98.17 98.10 98.53 99.65

' Railway pegmatite (2 analyses of sample MASO015) from the Coldwell complex.

Granitic pegmatite (6 analyses of sample AFR-1) from Zomba-Malosa, Malawi, Africa (Piilonon et al.
2003).
’ Undeformed pegmatite (sample 8) from south of Monte Galifieiro, Virgo, Spain (Macdonald and
Saunders 1973).
* Undersaturated pegmatite (sample 4) from Barkevik, Langesundfjord, Norway (Macdonald and Saunders
1973).

The unusually high iron and zirconium content in the Coldwell Fe-zircophyllite is the
first ever documented. The occurrence of this mineral in all three units may be related to
subsequent alteration of astrophyllite. Enrichment of zirconium in MASOI5 and

zirconium/niobium in sample MAS026 from Railway pegmatites along fractures indicates that

typical “incompatible” zirconium and niobium ions were mobile (relative to titanium) during the
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interstitial or secondary crystallization stages. Astrophyllite is the only mineral to be
subsequently enriched in the secondary stage of crystallization in zirconium and niobium, and

makes astrophyllite the primary sink for these elements in the alteration stage of the paragenesis.

TABLE 4.5: Representative compositions of Fe-zirco-

phyllite.

(?:;g:;‘ Railway * Black®
Nb,Os 3.76 2.48 1.76
SiO, 33.32 34.31 33.35
TiO, 2.35 3.94 2.51
ZrO, 10.48 9.73 12.97
ALO; 1.39 1.29 1.06
FeO 34.48 34.69 33.33
MnO 0.95 2.23 3.69
CaO 1.24 1.41 2.05
Na,O 1.62 1.71 1.23
K,O 5.05 5.10 4.70
Total 94.64 96.89 96.65
H,0c 2.62 2.65 2.62
Fc 1.38 1.40 1.38
O=F 0.58 0.59 0.58
Total 98.06 100.35 100.07

" Border Gabbro pegmatite (5 analyses of sample MAS005) from the Coldwell complex.
? Railway pegmatite (4 analyses of sample MAS026) from the Coldwell complex.
* Black pegmatite (2 analyses of sample MAS032) from the Coldwell complex.

The monoclinic structure (Piilonen et al. 2003) of Coldwell astrophyllite can be
described as A,BC;D,T30,6(OH)4Xo.;, and includes K, Na and o in the A-site; Ca and Na in the
B-site; Fe*', Mg, Mn, and Na in the C-site; Nb, Ti and Zr in the D-site; and Al and Si in the T-
site. Iron is extremely high, such that Fe/(Fe+Mn) > 0.89. Simple substitutions include:

(K,Na)" - A"

(Mg,Mn,Fe)* — C**

Coupled substitution of sodium and niobium is similar to the substitution described by

Macdonald et al. (2007):
Ca®" +(Ti,Zr)'"" — Na’ + Nb** Macdonald et al. (2007)
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As shown in Figure 4.12, substitution of sodium and niobium for calcium, titanium and
zirconium gives a good correlation (r* value of 0.929). Variation in the sodium plus niobium
substitution plot (Piilonen et al. 2000), is related to a coupled substitution between fluorine and
oxygen, that is:

Ti* + F — Nb*" + O Piilonen et al. (2000)

1.4
139 + +
1.2 1
1.1 1
1.0 1 ++
09 ;

0.8 1 'Y
0.7 1 *

0.6 v v v v v v
1.7 18 19 20 21 22 23 24 25

Na+Nb (apfu)

o+

Ca+Ti+Zr (apfu)

FIGURE 4.12: Astrophyllite Na+Nb / Ca+Ti+Zr (apfu) binary plot. R* = 0.929. Green
circle, black crosses and black diamonds are Border Gabbro, Railway and Black
pegmatite units, respectively.

As fluorine is not determined using the analytical setup, it is not possible to tell if
fluorine varies to accommodate niobium.

In Coldwell astrophyllite, the K,(Na,Ca)-(Fe’*, Mn),(Zr,Nb),SisO(OH)F formula of Fe-
zircophyllite suggested by Pilonen et al. (2003) is oversimplified. In Coldwell astrophyllite,
potassium does not occupy two structural sites (see calculated ionic proportions in Appendix
[I1.IIT) and titanium is present in appreciable concentrations (2.35 - 6.88 oxide wt. %). Thus, the
expanded formula (K,Na,Ca);(Fe’",Mn);(Zr,Nb, Ti),SisO(OH)F is suggested for this study.

The work of Macdonald and Saunders (1973) suggests that substitution of Na for K is
related to silica content such that high potassium/sodium ratios are generally found in
undersaturated rocks. This relationship indicates that the Black pegmatites are saturated when
compared with the Border Gabbro and Railway pegmatites. Alternatively, since niobium
correlates to sodium, increases in sodium may be dependant on Nb-Ti-Zr activities. A high

zirconium content in astrophyllite minerals indicates that residual melts which produced the

pegmatites had very high alkalinities.
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4.6 Baddeleyite

Baddeleyite, or ZrO,, is present in all pegmatite units. In polarized light, baddeleyite has
a high relief, brown pleochroism, and second order birefringence (Fig. 4.13). Common ions for
which the baddeleyite structure accommodates are hafnium and iron, and less frequently,

tantalum, silicon and titanium (Table 4.6). Crystals are euhedral-to-anhedral, and occur with a

variety of minerals, namely ilmenite, magnetite, monazite, pyrochlore, zircon, and zirconolite
(Fig. 4.14).

g oty

FIGURE 4.13: Photomicrographs of baddeleyite (Bdy) mantled by zircon (Zir) and
surrounded by biotite (Bio). A is plane-polarized, B is cross-polarized.

Baddeleyite is commonly mantled and/or intergrown with zircon (Figs. 4.13 and
4.14A,D). Primary baddeleyite intergrown with zircon can be used to constrain either
temperature or oxygen fugacity, as each mineral has a limited stability when associated with the
other (see Petrogenesis Chapter).

The paragenesis of baddeleyite between units is not always the same. In the Border
Gabbro baddeleyite forms after pyrochlore and magnetite, whereas in the Railway, Upper
Marathon Shore, Black and Center Three pegmatites baddeleyite begins precipitation before the
commencement of pyrochlore and magnetite precipitation. There is also significant corrosion of
baddeleyite grains in Railway pegmatites that is not observed in the other units.

The breakdown of zircon can produce baddeleyite as a product:

(Ca,Mg)CO; + ZrSiO4 — ZrO, + CaMgSi,O¢ + CO, Rizvanova et al. (2000)

The reaction quoted by Rizvanova et al. (2000) is not observed in Coldwell pegmatites,

as no diopside is present and would require all calcium, magnesium, silicon and carbon to be
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FIGURE 4.14: BSE-images of baddeleyite (Bdy). A is baddeleyite surrounded by zircon
(Zir), albite (Ab) and orthoclase (Or). B is baddeleyite with monazite (Mon) growing onto
it, and surrounded by albite, orthoclase, chlorite (Chl), and quartz (Qtz). C is baddeleyite
grown onto pyrochlore (Pyc), and surrounded by albite, calcite (Cal), amphibole (Amp)
and zirconolite (Zcn). D is radial baddeleyite intergrown with zircon and surrounded by
albite and orthoclase. E is baddeleyite grown with magnetite (Mtg) and pyrochlore, and
surrounded by albite and chlorite. F is euhedral baddeleyite grown in calcite.
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taken up into solution. Euhedral crystals encased by cumulus-forming minerals and intergrown
zircon-baddeleyite textures indicate that most, if not all, baddeleyite is primary.

In the Coldwell pegmatites, the baddeleyite Zr-site accommodates Ca, Fe**, Fe*', Hf, Si,
Ta, and Ti. Simple substitutions account for the tetravalent ions:

(Hf ,Si,Ti)*" — Zr**

The accommodation of tantalum requires trivalent ions to balance the crystal lattice. The
only possibility is, at least in the tantalum-bearing baddeleyites, some of the iron is in its ferric
state:

Fe'' + Ta’ — 2Zr""

As for the divalent ions (calcium and iron), the structure requires a vacancy to remain
electrically neutral:

2(Ca,Fe)” — Zr* + o

TABLE 4.6: Representative compositions of baddeleyite.

Upper
(1;3:;3:;' Railway2 Msar[');,th;)n Black* gﬁl;:aee:
hore

T3205 - = 0.61 = -
SiO, 0.41 - - 0.16 -
TiO, = - 0.18 - -
ZrO, 97.63 98.84 95.89 98.26 98.55
HfO, 1.91 0.81 1.87 1.06 1.26
FeO 0.41 1.02 0.55 0.53 0.39
Total 100.36 100.67 99.10 100.01 100.20

' Border Gabbro pegmatite (4 analyses of sample MAS006) from the Coldwell complex.

? Railway pegmatite (5 analyses of sample MAS016) from the Coldwell complex.

* Upper Marathon Shore pegmatite (3 analyses of sample MAS018) from the Coldwell complex.
* Black pegmatite (4 analyses of sample MAS031) from the Coldwell complex.

’ Center Three syenite pegmatite (5 analyses of sample MAS036) from the Coldwell complex.

4.7 Barite

Barite, BaSOy, occurs in the Border Gabbro, Railway, Upper Marathon Shore and
Center Three pegmatite units. All barite precipitates in the late interstitial stage and forms
elongate tabular crystals generally in the mm range (Fig. 4.15) or anhedral vein-like textures if

constrained by grain boundaries. Although only present in 4 samples, when barite does occur, it

is generally concentrated into relatively high volumes.
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FIGURE 4.15: BSE-images of barite (Brt). A is barite that has precipitated along an albite

(Ab)/orthoclase (Or) grain boundary and then surrounded by calcite (Cal). B is barite
surrounded by quartz (Qtz) and calcite.

Strontium ‘is a minor element found in Coldwell barite (Table 4.7). The Pnma structure

of barite is isostructural with celestite (SrSO,), thus allowing strontium to easily substitute for

barium:

Sr2+ — Ba2+

TABLE 4.7: Representative compositions of barite.

Upper
Gy Raitvay®  Marathon £t

ore
SO, 23.11 34.29 34.94 34.72
CaO = - - 0.65
SrO 0.62 1.71 1.18 0.29
BaO 63.89 63.59 64.15 64.41
Total 99.62 100.27 99.59 100.07

' Border Gabbro pegmatites (4 analyses of sample MAS012) from the Coldwell complex.

? Railway pegmatite (3 analyses of sample MAS023) from the Coldwell complex.

3 Upper Marathon Shore pegmatites (4 analyses of sample MAS018) from the Coldwell complex.
4 Center Three pegmatite (4 analyses from sample MAS037) from the Coldwell complex.

In one sample (MAS037) calcium is present, and, in common with strontium, enters the
barite structure by simple substitution:

(Ca,Sr)*" — Ba®*
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Barium and strontium are very soluble in both melt and hydrothermal mediums, and do
not normally reach saturation early on in the crystallization history. The order that feldspar
precipitates can affect whether or not barite will be available for the fluid phase (Hanor 2000).
Barium will be enriched in the melt if plagioclase is the first of the feldspars to precipitate. But,
if K-feldspar (orthoclase in the case of the Coldwell pegmatites) crystallizes and water is
saturated, most of the barium will enter the K-feldspar structure (Hanor 2000). Apart from the

Border Gabbro pegmatites, barium is below the detection limits in all feldspars.

4.8 Chalcopyrite

Chalcopyrite is a trace sulphide occurring in the Border Gabbro, Railway and Upper
Marathon Shore pegmatites. The mineral is commonly concentrated into anhedral aggregates
within the pegmatites. Sampling may have missed the mineral in the Black and Center Three
units. The mineral forms in the late interstitial stage of crystallization with sphalerite (Fig. 4.15).

Coldwell chalcopyrite does not contain any ions other than iron, copper and sulphur.

FIGURE 4.16: BSE-image of chalcopyrite (Ccp) associated with sphalerite (Sp) and
surrounded by albite (Ab) and ilmenite (Ilm).

4.9 Chevkinite

Chevkinite in the Coldwell pegmatites form tabular euhedral-to-anhedral yellow, brown
and red pleochroic crystals (Fig. 4.17). Chevkinite is observed in two of the pegmatite units: the
Border Gabbro and Railway pegmatites. In both units, nearly all chevkinite grains are altered to
some degree. This alteration is most pronounced along grain boundaries and fractures, indicating

that the alteration is secondary.
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FIGURE 4.17: Photomicrographs of chevkinite (Chev) with quartz (Qtz) and calcite (Cal)
inclusions and surrounded by quartz in plane-polarized (A) and cross-polarized (B) light.

In Border Gabbro pegmatites, chevkinite forms euhedral-to-anhedral grains ranging in
size from 2.8 mm - 20 um. In terms of composition, the Border Gabbro chevkinites contain more
calcium than that of the Railway pegmatites, but otherwise the compositions are very similar
(Table 4.8). Chevkinite is intimately associated with ilmenite and apatite, enclosed by feldspar,
pyroxene and chlorite, and altered to rutile and fluorocarbonates. Both ilmenite and magnetite
form before chevkinite. Subsequently, pyroxene, feldspar and the precursor to chlorite (likely
biotite) enclose the chevkinite grains.

Chevkinite from the Railway pegmatites have grain sizes ranging from 25 pm — 460 pm.
Here, chevkinite is associated with apatite, zircon and fluorocarbonates, and surrounded by
amphibole, feldspar, olivine, and chlorite. The association with zircon, as seen in Figure 4.18A,
indicates that chevkinite forms before the zircon and its inclusions (thorite, galena, etc.). Figure
4.18A also shows an apatite/chevkinite boundary that is indicative of chevkinite before apatite.

The compositions of chevkinite from Coldwell pegmatites are similar to those in other
saturated A-type intrusions. As seen in Table 4.8, both the quartz syenite from Cape Ashizuri
complex, Shikoku Island, Japan (Imaoka and Nakashima 1994) and the Corupa granites of the
Graciaso Province, southern Brazil (Vlach and Gualda 2007) closely resembles the unaltered
Coldwell chevkinites. In contrast, undersaturated bodies, such as the nepheline syenites of the

Chilwa complex, Malawi (Platt et al. 1987), are REE-poor and titanium- and calcium-rich

relative to Coldwell chevkinites.
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FIGURE 4.18: BSE-images of selected chevkinite (Chev) grains. A is chevkinite and
hydrous variety (H-Chev) associated with zircon (Zir) and apatite (Ap), and enclosed by
albite (Ab) and amphibole (Amp). B is chevkinite with the hydrous variety zoning the
crystal. C is chevkinite associated with apatite and partially decomposing into bastnaesite
(Bast). D is a large chevkinite grain in calcite (Cal) and chlorite that has undergone
extensive alteration in the upper right half.

Alternatively, altered chevkinite from Coldwell pegmatites closely resemble chevkinite
from undersaturated localities (Table 4.8). There is an alteration pattern which emerges from
plotting a CaO+SrO+MgO+Al,0; - Sum La,03-Sm,O; - FeO' ternary plot (Fig. 4.19). All
unaltered analyses plot in the evolved oversaturated field. As alteration increases, shown by the
red arrow in Figure 4.18, a trend moving towards, and past, the evolved undersaturated field
occurs. This illustrates that the amount of REEs leached is relatively small, compared to the

leaching of iron.
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TABLE 4.8: Representative compositions of chevkinite and its altered variety.

Border Border . 3 Railwa Quartz .. 6 Nepheline
Gabbro' (gil:r:;(;z Raltoey (a lteredzl“ Syenite5 Laanive S)E)enite7

Nb,Os 1.15 0.32 1.52 3.16 - 0.33 8.20
Ta,0s - - - - - - 0.33
SiO, 19.49 20.77 19.37 1572 19.49 19.76 27.80
TiO, 16.93 23.25 18.22 18.42 16.98 19.52 29.20
ZrO, 1.28 0.24 0.26 - - 0.88 0.59
ThO, - - 0.70 3.17 3.55 0.26 0.89
U0, - 0.71 0.14 - - - 0.28
AlLO; 0.55 0.71 0.25 0.27 0.10 0.18 0.68
Y205 - - - - - 0.37 3.33
La,03 6.30 9.09 13.57 15.04 23.75 13.44 0.54
Ce,0; 21.15 18.69 23.05 21.16 19.63 22.65 2.97
Pr,05 3.24 2.48 2.06 1.84 2.36 2.02 0.56
Nd,04 12.12 6.15 5.88 4.48 1.52 6.24 4.49
Sm, 04 2.05 0.23 0.75 0.31 - 0.55 0.78
Eu,0; - - - - - - 0.35
Gd,0; - - - - - 0.28 0.84
Dy,0; - - - - 0.15 - 0.75
Er,O3 - - - - - - 0.40
Yb,05 - - - - - - 0.31
Fe,05 4.16 - 1.63 - - - -
FeO 7.99 6.50 10.09 3.88 9.13 10.41 8.47
MnO - 0.23 - 0.26 - 0.20 0.28
CaO 2.79 3.12 2.04 0.51 2.09 2.97 8.43
SrO - - - - 0.28 - -
Total 99.20 92.49 99.53 88.22 99.03 100.06 100.47

" Border Gabbro pegmatite (5 analyses of sample MAS005) from the Coldwell complex.

? Border Gabbro pegmatite (3 analyses of sample MAS007) from the Coldwell complex.

’ Railway pegmatite (6 analyses of sample MAS016) from the Coldwell complex.

* Railway pegmatite (3 analyses of sample MAS015) from the Coldwell complex.

* Quartz Syenite (sample 1) from the Cape Ashizuri complex, Shikoku Island, Japan (Imaoka and
Nakashima 1994).

® Granite (6 analyses of sample Co-3B) from the Corupa granites, Graciaso Province, southern Brazil
(Vlach and Gualda 2007). Values under 0.1 wt. % omitted.

’ Nepheline syenite (2 analyses of sample A,D) from the Chilwa complex, Malawi (Platt et al. 1987).

In altered leucosyenites of the Shuiquangou syenitic province, alteration produces an
allanite-ilmenite-titanite-epidote-quartz corona (Jiang 2006). This is not observed in Coldwell

chevkinites, instead associations indicate that breakdown of chevkinite is a two-stage process.

The first being hydration of chevkinite and desilicification, followed by saturation with
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carbonate and fluorine to produce fluorocarbonates, quartz, magnetite, and Nb-rutile and/or Nb-

ilmenite:
(REE,Ca),Fe(Fe,Nb),Ti,Si40p, + 4CO, + 4F — 4(REE,Ca)(CO;)F + 4Si0O, + Fe,0; + 3(Ti,Nb)O, + OH"
Chevkinite Bastnaesite Quartz Magnetite llmenite

Ca0 + SrO + MgO + Al,0,

Mafic-inter
Igneous Rocks
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FIGURE 4.19: Chevkinite CaO+SrO+MgO+Al,O; — Sum La,03;-Sm,0; — FeO' ternary
diagram (oxide wt. %) with CaO+SrO+MgO+ALO; and FeO" reduced to 50 %. All
unaltered chevkinite analyses plot in the evolved oversaturated field, while altered analyses
follow a trend (shown by the red arrow) past the evolved oversaturated field. Designated
fields taken from Macdonald and Belkin (2002). Green circles are Border Gabbro, black
crosses are Railway pegmatites.

The mineral perrierite is commonly mistaken for chevkinite, as it has similar
composition and structure. It has been shown, initially by Lima-de-Faria (1962) and
subsequently by Mitchell (1966) that with increasing temperature and fO,, perrierite undergoes a
phase change to chevkinite. A common method, used initially by Calvo and Faggiani (1974) to
distinguish between these two minerals is the Si-O-Si angle, chevkinite being 157.5° and
perrierite 165.5°. Other studies (de Hoog and van Bergen 2000) associate the phase change with
composition. Chevkinite generally contains more iron and less calcium than perrierite. The

minerals can be distinguished by plotting FeO* against CaO. Figure 4.20A, indicates that

minerals in the Coldwell pegmatites with the A;BC40g(Si205), formula have both the chevkinite
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and perrierite compositions. On closer inspection, all altered A;BC,03(Si20;),-type minerals fall
into the perrierite subcategory, while all unaltered A;BC,05(Si20;),-type minerals fall into the
chevkinite subcategory. Figure 4.20B contains all A;BC4Og(Si20;),-type minerals with total

oxides above 95%.
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FIGURE 4.20: Chevkinite FeO* / CaO discriminant plots. A includes all chevkinite grains
analyzed; B contains analyses that have total oxide wt. % above 95. Green circles represent
the Border Gabbro pegmatites, black crosses depict Railway pegmatites.

All examples of Coldwell chevkinite are of the iron-rich variety. Thus, the B-site is
completely filled with iron. Significant iron is also present in the C-site. Recalculations were
preformed following Parodi et al. (1994). The method fills the tetrahedral site to a total of 4.0
with silicon, and aluminum if needed; the B-site is then filled with ferrous iron and the
remainder with magnesium (this was not performed as no magnesium was detected in any of the
samples); the Ti-site is then filled to 2.0 with titanium; any excess aluminum, iron and titanium
along with niobium, zirconium and manganese are then assigned to the C-site, with Fe?'/Fe*"
recalculated using the methodology of Droop (1987); and REE, calcium, thorium, and uranium
are assigned to the A-site.

Chevkinite in the Coldwell complex can be expressed by the formula
A4Fe” C,Ti"",Z,0,, where the A-site can be any of Ca**, REE*", Th*" and U*"; the C-site can be
Mn, Ti, Fe**, Fe*", AI**, Zr, and Nb”"; and the Z-site can include either Si and/or Al. The
structure of the Fe-rich variety of chevkinite adopts a C2/m space group, and consists of two sets
of sheets: an octahedra sheet, and Si/Fe-site tetrahedra sheet with rare earth and large atoms

situated in the nine coordinated A-sites (Song et al. 1999). Although Macdonald and Belkin

(2002) concluded that there was no universal balancing scheme for chevkinite, some substitution
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correlations do occur in Coldwell pegmatites. The main substitution scheme, according to
McDowell (1979) and Macdonald and Belkin (2002), is calcium, titanium and zirconium
substituting for REE, aluminum and iron:

Ca®" + (Ti,Zr)"" — 2(REE,AlFe)*" McDowell (1979)

This mechanism is illustrated in Figure 4.21A. Deviation from the 1:1 ratio is likely
related to selective leaching. The relationships between some of the major ions and total wt. %
are shown in Figure 4.21. A correlation between calcium and zirconium has been observed by
Macdonald and Belkin (2002), but is not apparent, as seen in Figure 4.21B, in Coldwell
chevkinite. There is a negative correlation between the total oxide wt. % and titanium (Fig.
4.22A), positive correlations between the total oxide wt. % and ferric/ferrous iron (Fig. 4.22B)
and REEs (Fig. 4.22C), and no correlation between the total oxide wt. % and calcium (Fig.
4.22D). These correlations are similar to those from the Shuiquangou syenitic intrusion (Jiang

2006).
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FIGURE 4.21: Chevkinite Cas+(Ti,Zr)c versus (REE),+(M**")c and Ca versus Zr binary
plots (apfu).

Hydrous anionic groups were detected in a Mdssbauer spectroscopy study by Yang et al.
(2002). As altered and some unaltered chevkinite gives low analytical totals, the possibility of

hydrous groups is inferred.

4.10 Fergusonite
Yttrium niobate, or fergusonite, is a trace mineral in Border Gabbro and Railway

pegmatites. The mineral has a brown-red pleochroism, high relief and anomalous birefringence
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(Fig. 4.22). In all cases, fergusonite forms in the initial stage of precipitation, with other initial-
forming minerals, i.e. pyrochlore, allanite, chevkinite, zircon, etc. (Fig. 4.23). Fergusonite is one
of two, the other being xenotime, to contain substantial HREEs (Table 4.9). Apart from thorium
content, compositions between the two units are very similar (Table 4.9). Otherwise differences

among units are related to occurrence.

FIGURE 4.22: Standard optical micrographs of fergusonite (Fgs) associated with chlorite
(Chl) and surrounded by perthite (Per). A is plane-polarized, B is cross-polarized.

In the Border Gabbro pegmatites, fergusonite is found intergrown with zircon and
mantling pyrochlore. Some fluorocarbonate grains are adjacent to fergusonite crystals, indicating
that, in common with xenotime, yttrium- and HREE-bearing minerals are relatively stable under
alteration conditions. Even so, compositional variations related to alteration are observed, and
are marked by increases in silica and LREEs.

Fergusonite from the Railway pegmatites is commonly associated with allanite,
chevkinite, pyrochlore, and fluorocarbonates. Pyrochlore occurs before the precipitation of
fergusonite; allanite and fergusonite occur contemporaneously; and chevkinite occurs after
fergusonite. In common with the Border Gabbro fergusonite, silica and LREEs increase with
increasing alteration.

Most of the observed fergusonite is altered. With increased alteration titanium increases,
and iron and REEs decrease (Fig. 4.24). There is no alteration trend observed between calcium

and alteration (Fig. 4.24D).
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FIGURE 4.23: BSE-images of fergusonite (Fgs). A is fergusonite in albite (Ab) and
orthoclase (Or). B is fergusonite and zircon (Zir) in quartz (Qtz). C is fergusonite,
fluorocarbonates (Flu) and pyrochlore (Pyc) in amphibole (Amp). D in a subhbedral
fergusonite grain (darker areas are enriched in niobium and silicon) and fluorocarbonate
grain (Flu) in ilmenite (Ilm), chlorite (Chl) and amphibole (Amp).

Compared to other pegmatitic bodies, i.e. granitic pegmatite from the Amerlia District,
United States (Lumpkin 1998) and granitic pegmatite from Bakkane-Steane, Norway (Toma3ié
et al. 2006), Coldwell fergusonite is enriched in MREEs, HREEs and tungsten while also being
depleted in uranium (Table 4.9). The REE distribution is HREE selective, as yttrium is the
dominant A-cation. Figure 4.25 is a ternary diagram illustrating the extent of REE composition
in respect to LREE, MREE and HREE. The solid outline in Figure 4.25 is alkali rock and the
dashed outline is calc-alkali rock (Weiliang 1991).
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TABLE 4.9: Representative compositions of fergusonite.

Border] Railway 2 Granitic , Granitic \
Gabbro Pegmatite” Pegmatite

WO; 2.95 3.82 0.9 -
Nb,Os 43.95 45.18 42.9 44.10
Tay0s 2.50 0.72 5.0 6.50
TiO, 0.59 0.45 0.5 1.20
SnO, - - 0.3 -
ThO, 2.75 4.49 2.9 -
[S[0)% 1.70 1.66 7.8 49
Y,0; 20.06 20.23 29.9 32.10
La,05 0.33 0.26 - -
Ce,0; 1.63 2.55 0.2 0.61
Pr;0; 0.67 0.78 - -
Nd,04 4.90 5.02 0.6 1.35
Sm, 04 2.62 2.56 0.8 1.64
EU203 0.70 = = =
Gd,05 4.20 3.56 1.2 1.42
Tb,05 0.68 0.44 - 0.43
Dy,0; 3.95 4.00 1.7 2.31
Ho,05 0.56 - - -
Er,0Os 2.39 1.94 0.6 0.37
Tm,04 0.82 - - 0.30
Yb,05 1.23 1.10 2.1 0.27
Lu,04 0.25 - - -
CaO 0.69 1.21 1.4 1.91
MnO - 0.19 - -
FeO 0.77 0.02 - 0.11
PbO - - 0.5 -
Total 100.89 100.18 98.4 99.52

' Border Gabbro pegmatite (2 analyses of sample MAS006) from the Coldwell complex.
? Railway pegmatite (2 analyses of sample MAS026) from the Coldwell complex.

Granitic pegmatite (wall zone core sample) from the Amelia district, United States (Lumpkin 1998).
* Granitic pegmatite (sample FER-BS) from the Bakkane-Steane, Norway (Tomasi¢ et al. 2006).

Fergusonite can adopt monoclinic (Komkov 1959) and tetragonal (Weitzel and Schrocke
1980) structures. As fergusonite compositions are usually accompanied by high levels of
actinides, metamictization can destroy the structure. On heating, fergusonite can regain its
original structure, but higher temperature polymorphs can give misleading results (Xueming et

al. 1993). Unfortunately, the small crystal size and low modal abundance made finding a suitable

crystal for structural analysis impractical. The structure of Y-fergusonite is monoclinic, but other
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varieties, e.g. formanite, Nd-fergusonite, Ti-fergusonite, adopt the tetragonal crystal system
(Weiliang 1991). As yttrium is greater than 0.337 apfu in all samples, it is probable that all

fergusonite grains are of the monoclinic /4,/a variety (Komkov 1959).
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FIGURE 4.24: Various ions/ionic groups vs. total oxide weight %. Green circles and black
crosses are the Border Gabbro and Railway pegmatites.

Fergusonite (YNbO,) from the Coldwell pegmatites contains a wide range of ions.
Substitution into the yttrium site is generally restricted to REEs but also includes Ca*, Fe*",
Fe*', Mn*", Na’, Th*', and U*", while Ta>, Ti* and W*" are typically found in the niobium site.
REEs, ferric iron and tantalum enter the fergusonite structure via simple substitution:

(Fe,REE)*" — Y**

(Ta)5+ — Nb*
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The presence of calcium, manganese and possibly ferrous iron indicate a coupled
substitution into the yttrium structural site. These divalent ions can accompany tetravalent ions
(titanium, thorium and uranium) into two yttrium sites:

(Ca,Fe,Mn)** + (Th,Ti,U)*" — 2Y**

A positive linear trend emerges when plotting divalent versus tetravalent species (Fig.
4.26A). With an r’ value of 0.427, Figure 4.26A indicates that not all divalent species are in
proportion to the tetravalent species. Coldwell fergusonite also contains significant amounts of
tungsten (up to 5.78 % WOs;). The plot in Figure 4.26B of divalent ions versus tungsten shows
an ill-defined positive relationship. As such, in common with tetravalent ions, tungsten can enter
the fergusonite structure if accompanied by divalent ions:

(Ca,Fe,Mn)* + W — Y>" + Nb**

w/\/
mo/\ VAVAVAVAVAVAVAVAM

LREE © 10 20 30 40 50 60 70 80 90 100 HREE

FIGURE 4.25: Fergusonite MREE (Sm-Ho) — LREE (La-Nd) — HREE (Er-Lu+Y) ternary
plot. Solid line is alkali rock, dashed is calc-alkali rock (Weiliang 1991). Green circles and
black crosses are the Border Gabbro and Railway pegmatites, respectively.

Plotting divalent, tetravalent, tantalum, tungsten and REEs against yttrium and niobium
gives an r° value of 0.914 (Fig. 4.27). Although never in great amount (0.12-1.83 wt. % FeO),

uncalculated ferric iron could likely be contributing to the less than perfect r* value.
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FIGURE 4.26: Fergusonite binary diagrams. A illustrates the positive correlation between
divalent (M**) and tetravalent (M*") ions (r* = 0.472). B is tungsten vs. the divalent ions
(* = 0.074). Green circles and black crosses are the Border Gabbro and Railway
pegmatites, respectively.
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FIGURE 4.27: Fergusonite binary plot of all ions that substituted into yttrium and
niobium (r? = 0.914). Green circles and black crosses are the Border Gabbro and Railway

pegmatites, respectively.

4.12 Fluorocarbonate (Bastnaesite) Group

In polarized light fluorocarbonates are brown/red, have a high relief, and anomalous
birefringence. Textures range considerably as shown in Figure 4.28. The bastnaesite groups

general formula is #(REE)(OH,F)CO;emCaCO; and consists of four members: bastnaesite
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FIGURE 4.28: BSE-images of bastnaesite (Bast), synchysite (Syn) and parisite (Prs). A is
parisite and bastnaesite in calcite (Cal), chlorite (Chl) biotite (Bio) and albite (Ab). B is
parisite and apatite (Ap) in calcite and riebeckite amphibole (Amp). C is syntaxial
bastnaesite and parisite growing in muscovite (Ms), chlorite and fayalite (Fa). D is radial
synchysite (high yttrium) intergrown and surrounded by chlorite, grown on albite. E is a
bastnaesite that replaced REE-rich apatite in calcite, albite and orthoclase (Or). F is
bastnaesite intergrown with parisite and Nb-rutile (Rt) in calcite and ilmenite (Ilm).
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(REE)(COs)F, synchysite (REE)Ca(CO;),F, roentgenite (REE);-Cay(COs);Fs, and parisite
(REE),Ca(COs);F,. Layered intermediaries have been identified in other localities (van Landuyk
and Amelinckx 1975; Smith et al. 2000), and may be present in Coldwell pegmatites. When
compositions are plotted in the calcium-REE-iron ternary plot, as in Figure 4.29, mean values
plot between the four species, and are indicative of layered intermediaries. Alternatively, this

could be related to ions other than calcium, REEs and iron entering the fluorocarbonate

structure.
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FIGURE 4.29: Fluorocarbonate calcium (Ca) — REE — iron (Fe) ternary plot (apfu) with
calcium and iron reduced by 60 %. Field is magnified and the units separated for clarity.
Red dots indicate ideal location for each of the fluorocarbonate species. Green circles,
black crosses, red triangles, black diamonds, and blue squares are the Border Gabbro,
Railway, Upper Marathon Shore, Black, and Center Three pegmatites.

Coldwell fluorocarbonate textures (Figs. 4.28 and 4.30), sizes (10 pm to 100 um) and
compositions (Tables 4.10, 4.11, 4.12, 4.13 and Appendix II.VII) are generally the same
between Coldwell units. Exceptions to this are the absence of roentgenite and parisite in the
Black pegmatites and rare outliner compositions (Table 4.14). The fluorocarbonates form
anhedral crystals in the secondary stage of crystallization, and are commonly associated with
primary REMs. In addition to discrete crystals (Fig. 4.30B), syntaxial, or “polycrystal” (Donnay
and Donnay 1953), intergrowths are common (Fig. 4.30C). The syntaxial intergrowths are

commonly between bastnaesite and synchysite and/or parisite. According to Gieré (1996) and
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Williams-Jones and Wood (1992), as CO*5 and Ca’" activities equilibrate, a response likely to
occur with the precipitation of calcite, the activities fluctuate to form syntaxial intergrowths:

2REE(CO;)F + 2C0O%; + Ca®>" + F- — REE,Ca(CO;);F,
Bastnaesite Parisite

TABLE 4.10: Representative compositions of bastnaesite.

Upper

Gabbro'  Reitway'  Marathon  Buek'  pUHEC CRAr CRe
Shore

SiO, 0.41 0.35 0.62 0.81 0.37 0.16 -
ThO, - 0.41 - - - 0.23 -
Y,0; 0.31 - 0.65 0.33 - 0.12 -
La,0; 19.31 21.65 22.10 19.81 26.02 2522 26.35
Ce,04 35.27 36.21 35.55 36.11 37.20 36.40 37.41
Pr,0; 3.40 2.58 4.02 3.29 2.94 3.80 2.50
Nd,O3 10.92 11.77 9.81 11.12 7.88 9.22 6.60
Sm,0; 1.00 0.85 1.40 1.29 0.29 0.51 0.36
Gd,0; - = - - - 1.17 -
Fe,0; 0.18 0.18 - 0.36 - - -
CaO 1.38 0.25 0.43 0.46 0.14 - 0.84
SrO 1.05 - - 0.12 0.26 - 0.85
BaO - - - - - 0.13 -
Total 73.23 74.25 74.58 73.70 75.10 77.24 74.91
Fc 8.84 8.72 8.97 8.98 8.81 8.9 8.75
O=F 3.72 3.67 3.78 3.78 3.71 3.75 3.68
COyc 20.47 20.19 20.78 20.80 20.41 20.70 20.25
Total 98.82 99.49 100.55 99.78 100.61 102.81 100.23

" Border Gabbro pegmatite (4 analyses of sample MAS012) from the Coldwell complex.

? Railway pegmatite (3 analyses of sample MAS028) from the Coldwell complex.

4 Upper Marathon Shore pegmatite (2 analyses of sample MAS021) from the Coldwell complex.

* Black pegmatite (4 analyses of sample MAS032) from the Coldwell complex.

> Center Three pegmatite (4 analyses of sample MAS040) from the Coldwell complex.

® Carbonatite (25 analyses of the P4 aegirine vein/vug hosted sample) from the Bayan Obo deposit, Inner
Mongolia, China (Smith et al. 2000).

7 Carbonatite (6 analyses of sample 633A/414.1) from the Khibina complex, Kola Peninsula, Russia
(Zaitsev 1998).

Apart from isolated occurrences, the compositions of most Coldwell fluorocarbonates

are similar to other fluorocarbonates in anorogenic rocks, i.e. carbonatites from the Bayan Obo

deposit, China and Khibina, Russia (Zaitsev et al. 1998). Bastnaesite (Table 4.10), synchysite
(Table 4.11) and parisite (Table 4.13) from all three localities are LREE selective. While the
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REE abundance of the Coldwell and Bayan Obo fluorocarbonates are very similar, REE
abundances from Khibina are more LREE, specifically lanthanum and cerium, selective.

In some cases, the fluorocarbonates contain elevated concentrations of yttrium (up to
6.55 wt. % Y,03). Initially discovered by Smith et al. (1960), Y-fluorocarbonates are typical of
yttrium-enriched granitic complexes (Wang et al. 2003). Accompanying yttrium are elevated
amounts of HREEs: gadolinium, dysprosium and erbium (Table 4.14). HREEs in the

fluorocarbonate structure are rare, as the mineral group is LREE selective.

TABLE 4.11: Representative compositions of synchysite.

g:;g:;l Railway’  Black® Czli.z(:n_
SiO, 1.80 0.51 1.70 -
ThO, 3.00 - - -
Y,05 2.03 0.51 2.68 -
La,O; 7.64 12.55 9.19 16.54
Ce,05 19.03 24.03 19.74 26.19
Pr,O3 2.70 2.67 2.64 2.15
Nd,O; 9.89 8.02 8.97 6.14
Sm,0; 1.90 0.63 1.03 0.38
Dy,0s 0.25 - - ]
ErOs 0.11 : ; i
Fe,O; 137 1.40 0.70 ]
CaO 16.91 17.93 18.00 17.47
SrO 0.73 - 0.18 0.24
Total 66.36 68.25 64.83 69.11
Fc 6.21 6.18 6.24 5.94
O=F 2.61 2.60 2.63 2.50
COs 2875 2863 2894 2755
Total 99.71 100.46 97.38 100.10

' Border Gabbro pegmatite (2 analyses of sample MAS004) from the Coldwell complex.

? Railway pegmatite (3 analyses of sample MAS026) from the Coldwell complex.

’ Black pegmatite (4 analyses of sample MAS032) from the Coldwell complex.

* Carbonatite (8 analyses of sample 633A/414.1) from the Khibina complex, Kola Peninsula, Russia
(Zaitsev 1998).

Some Coldwell fluorocarbonates are characterized by high iron contents, and, as listed
in Table 4.14, some of the highest ever recorded. Average iron content (in wt. % Fe,0s) is 1.44
in bastnaesite, 1.72 in synchysite, 4.61 in réentgenite, and 2.10 in parisite, with a maximum of

11.98 wt. % Fe,O5 (0.433 apfu) in a réentgenite grain. Considering the environment in which the
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fluorocarbonates formed, i.e. oxidizing, all iron is assumed to be in its ferric state. Ferric iron
can replace REEs by simple substitution:
Fe’* — REE*

TABLE 4.12: Representative compositions of réentgenite.

Upper

Border . 2 Center

Gahbry: ARy M;;z::? " Three
SiO, 0.53 0.44 1.44 1.00
ThO, 0.90 0.56 2.24 0.87
Y,0, 0.70 1.02 0.43 0.69
La,04 8.98 13.56 11.20 10.70
Ce,0s 25.49 25.99 19.32 20.70
Pr,0; 3.20 3.01 1.61 2.81
Nd,05 11.66 8.22 5.26 8.82
Sm,0; 1.72 0.78 0.25 1.17
Fe,O5 1.02 1.59 11.98 4.68
CaO 14.23 13.71 13.22 15.53
SrO 0.39 0.66 - =
Total 68.82 69.51 66.95 66.97
Fc 6.84 6.94 7.69 7.20
O=F 2.88 2.92 3.24 3.03
COsc 26.40 26.81 29,68 27.79
Total 99.18 100.37 101.08 98.93

' Border Gabbro pegmatite (4 analyses of sample MAS012) from the Coldwell complex.

? Railway pegmatite (3 analyses of sample MAS017) from the Coldwell complex.

* Upper Marathon Shore pegmatite (3 analyses of sample MAS022) from the Coldwell complex.
* Center Three pegmatite (3 analyses of sample MAS036) from the Coldwell complex.

Other ions commonly found in the Coldwell pegmatites include A", Si*', St*', Th*" in
the REE-site, and SO*; in the (CO;)-site. These other ions enter the fluorocarbonate structure by
simple and coupled substitution. Simple substitutions occur in all three calcium-, REE-, and
CO;-sites:

Sr** — Ca™'

AP — REE*

80*; — CO%;

Coupled solid solution into one structural site also occurs in Coldwell fluorocarbonates:

(Th,Si)*" + Sr** — 2REE™
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TABLE 4.13: Representative compositions of parisite.

Upper Carbon-

Gabbrg!  RelMay  Marathn pUEaie AN
SiO, 0.32 0.39 0.52 0.27 0.16 -
ThO, - 0.18 0.69 - 0.28 -
Y,05 0.56 0.13 0.12 - 0.12 -
La,0; 11.41 15.36 15.37 16.92 9.46 19.63
Ce,0; 27.98 28.49 26.59 31.57 29.73 31.72
Pr,05 4.02 2.93 2.01 2.92 4.13 2.30
Nd,03 12.97 8.69 6.28 9.57 16.49 6.83
Sm,0; 1.35 0.72 0.98 0.81 1.40 0.45
Eu,0; - - - - 0.20 -
Fe,0; 0.41 0.77 5.82 - - -
CaO 10.40 11.11 10.62 8.84 9.27 9.72
SrO - 0.11 - 0.18 0.22 0.56
BaO = = - - 0.14 -
Total 69.42 68.92 69.00 71.08 71.60 71.21
Fc 7.06 7.13 7:51 6.95 6.90 6.98
O=F 297 3.00 3.16 2.93 291 2.94
CO,c 24.54 24.78 26.10 24.15 24.10 24.27
Total 98.05 97.79 99.45 99.25 99.69 99.52

" Border gabbro pegmatite (3 analyses of sample MAS006) from the Coldwell complex.

? Railway pegmatite (4 analyses of sample MAS014) from the Coldwell complex.

? Upper Marathon Shore pegmatite (5 analyses of sample MAS022) from the Coldwell complex.

* Center Three pegmatite (5 analyses of sample MAS040) from the Coldwell complex.

3 Carbonatite (7 analyses of the P3 fluorite stage sample) from the Bayan Obo deposit, Inner Mongolia,
China (Smith et al. 2000).

® Carbonatite (2 analyses of sample 633A/414.1) from the Khibina complex, Kola Peninsula, Russia
(Zaitsev 1998).

According to Wedepohl (1995), fluorocarbonates form where subsolidus hydrothermal
fluids react with pre-existing REE-silicates and phosphates to replace oxygen and/or hydroxyl
with fluorine. Fluorine was likely expelled from the melt and into fluid during crystallization
leaving carbon dioxide in the residual melt fractions. As such, each REM underwent
“bastnasitization” (Gieré 1996), a process which occurs when calcium, fluorine and carbonate
saturated fluids preferentially use REEs to form the fluorocarbonates and various daughter

mineral/soluble complexes. This “bastnasitization” is observed in monazite, allanite, xenotime,

and chevkinite:

REEPO, + HF + H,0 + CO, — REE(CO;)F + H3PO,
Monazite Bastnaesite




REE,Fe;(Si0,)(Si,0,)O(OH) + CO, + F — 2(REE)(CO;)F + 3Si0, + Fe;0, + OH™ + 0%
Quartz Magnetite

Fe-Allanite

Bastnaesite

YPO, + HF + HO + CO, — Y(CO;)F + H;PO,

Xenotime

Y-Bastnaesite
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(REE,Ca),Fe(Fe,Nb),Ti,Si;O2, + 4CO, + 4F — 4(REE,Ca)(COs)F + 3(Ti,Nb)O, + Fe,05 + 4Si0, + OH

Chevkinite

Bastnaesite

Rutile

Hematite Quartz

TABLE 4.14: Unique fluorocarbonate compositions from the Coldwell pegmatites.

High Iron

High Iron

High Iron

High High and and and High

Iron’ Iron’ Sulfur® Thorium* Thorium® Yttrium®
SO; - - 3.87 - - -
SiO, 1.44 0.73 0.75 2.10 1.99 0.63
ThO, 2.24 1.97 0.54 4.70 4.29 1.66
Y,03 0.43 0.85 0.66 2.19 0.46 6.55
La,04 11.20 10.22 15.45 11.98 17.50 8.46
Ce,0; 19.32 17.71 28.35 24.36 27.69 18.59
Pr,04 1.61 1.65 2.75 2.61 1.99 2.02
Nd,O; 5.26 6.02 9.23 9.73 6.59 8.64
Sm,05 0.25 0.72 1.02 1.09 0.55 1.35
Gd,04 - - - - - 1.08
Dy,05 - = - - - 1.36
Er,04 = e - - - 0.73
Fe,O4 11.98 8.35 4.59 7.91 5.61 0.36
CaO 13.22 17.21 4.32 2.96 4.06 16.28
SrO - 0.26 0.16 0.35 0.30 0.43
Total 66.95 65.69 71.69 69.98 70.97 68.14
Fc 7.69 6.54 9.86 10.43 10.02 6.10
O=F 3.24 2.75 4.15 4.39 4.22 2.57
COy¢ 29.68 30.28 20.72 24.16 23.21 28.23
Total 101.08 99.76 98.12 100.18 100.04 99.90

" High iron content from réentgenite grain from Border Gabbro pegmatite (3 analyses of sample MAS012)
from the Coldwell complex.

? High iron content in synchysite grain from Center Three pegmatite (3 analyses of sample MAS035) from
the Coldwell complex.

’ High sulfur content in bastnaesite grain from the Railway pegmatite (3 analyses of sample MAS014)
from the Coldwell complex.

* High iron and thorite from bastnaesite grain from Railway pegmatite (3 analyses of sample MAS028)
from the Coldwell complex.

° High thorite content in bastnaesite grain from Center Three pegmatite (2 analyses of sample MASO033)
from the Coldwell complex.

® High yttrium content in synchysite grain from Border Gabbro pegmatite (4 analyses of sample MAS012)
from the Coldwell complex.
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4.13 Galena

Galena is a common suphide occurring in all pegmatite units. It forms in the initial stage
of crystallization as < 1 pm inclusions in zircon and thorite, and in the late stage of
crystallization with sulphides (sphalerite, pyrite, and molybendite). In all cases, crystals are
anhedral, and compositions are devoid of any other detectable elements.

The late-forming variety of galena is syngenetic with molybdenite (Fig. 4.30A) and
sphalerite (Fig. 4.30B) and usually entrained by the very late-interstitial minerals, i.e. fluorite,

quartz and calcite. Late-forming galena crystals are generally much larger (up to 250 um) than

those of the initial-forming variety.

FIGURE 4.30: BSE-images of galena (Gn). A is galena intergrown with molybdenite (Mlb)
and surrounded by albite (Ab), orthoclase (Or) and chlorite (Chl). B is galena intergrown
with sphalerite (Sp) and surrounded by chlorite, quartz (Qtz) and pyrite (Py).

4.13 Kainosite

Kainosite (cenosite) is an extremely rare mineral occurring in the Border
Gabbro, Railway, Black, and Center Three pegmatites. All grains are less that 60 um in size,
form in the initial stage of crystallization and are often associated with pyrochlore and
fluorocarbonates (Fig. 4.31). Apart from one grain in Center Three pegmatites, all kainosite
crystals are very altered, and, as they do not exhibit stoichiometric kainosite proportions, are
identified by their high REEs and silicon, low aluminum, and moderate-to-high calcium (Table
4.15 and Appendix [IL.IX). Kainosite is often zoned and commonly alters to fluorocarbonates
and quartz:

Ca,REE,Si;0,,(CO3)H,0 + 4CO, + 2F — 2(REE)Ca(CO;),F + 4Si0, + 20H" + 20*
Kainosite Synchysite Quartz
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FIGURE 4.31: BSE-images of kainosite (Kns). A is kainosite associated with pyrochlore
(Pyc) and surrounded by chlorite (Chl) and quartz (Qtz). B is zoned kainosite surrounded
by albite (Ab) and chlorite (Chl).

TABLE 4.15: Representative compositions of kainosite.

(?;);g:;‘ Railway2 Black® gﬁ:éﬁf
SiO, 30.60 21.53 22.28 33.98
Al203 0.33 0.15 1.15 0.28
Y,0; 6.11 2.58 7.29 13.54
La,05 1.25 10.09 12.98 0.95
Ce,05 8.47 27.25 24.28 7.36
Pr,04 1.55 3.51 2.02 1.43
Nd,04 10.26 11.59 6.40 8.55
Sm,0; 2.78 1.54 0.99 1.24
Gd, 05 2.04 - 0.56 2.54
Tb,0; 0.51 - 0.22 0.15
Dy,05 1.87 - 0.45 1.69
Ho,05 0.21 - - 0.24
Er,Os 0.89 - 0.31 1.01
Yb,03 1.38 - 0.47 1.59
CaO 11.27 10.99 3.96 16.05
FeO* 6.22 0.60 0.86 0.27
Total 85.74 89.83 84.22 90.87
COyc 5.66 4.90 473 6.23
H,O¢ 2.32 2.01 1.93 2.55
Total 93.72 96.74 90.88 99.65

' Border Gabbro pegmatite (3 analyses of sample MAS003) from the Coldwell complex.
> Railway pegmatite (3 analyses of sample MAS014) from the Coldwell complex.

* Black pegmatite (4 analyses of sample MAS032) from the Coldwell complex.

* Center Three pegmatite (3 analyses of sample MAS038) from the Coldwell complex.
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Kainosite is a rare mineral found in pegmatitic granites (Adams et al. 1964; Pouliot et al.
1964; Salvi and Williams-Jones 1996). Most studies mention the presence of kainosite, but do
not include quantitative analyses. As in Coldwell kainosite, the lack of complete compositional
data in other studies may be related to the difficulty with finding stoichiometric crystals.

The kainosite formula [Ca;REE,Si,0,,(CO3)H,0] includes AI’* and Fe*" in the REE-site
and Ca-site, respectively. As most kainosite crystals are altered to some degree, no substitution
correlations could be made. However, there are correlations with the total oxide % and calcium,
silicon and iron. These correlations indicate that calcium and silicon are being leached and iron
is slightly enriched with decreasing total oxide %. It should be noted that REEs are relatively
immobile during the alteration of kainosite (Fig. 4.32B).
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FIGURE 4.32: Kainosite MREE (Sm-Ho) — LREE (La-Nd) — HREE (Er-Lu+Y) ternary
plot. Green circles, black crosses, black diamonds, and blue squares are the Border
Gabbro, Railway, Black, and Center Three pegmatites, respectively.

4.14 Ilmenite

[Imenite is a common initial-forming and, less frequently, secondary mineral present in
all units. When not discrete, as in Figure 4.33A, ilmenite forms with magnetite.
[Imenite/magnetite intergrowths, as seen in Figure 4.33C, are common, but ilmenite is also

observed mantling magnetite (Fig. 4.33C).
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Secondary ilmenite is an alteration product, along with fluorocarbonates and quartz, of

chevkinite. [Imenite crystals produced in this fashion are generally enriched in niobium, anhedral

and intergrown with the other alteration products (Fig. 4.33D).

FIGURE 4.33: BSE-images of ilmenite (Ilm). A is subhedral crystals of ilmenite
surrounded by amphibole and albite. B is ilmenite and magnetite (Mgt) intergrown
together, mantled by biotite (Bio) and surrounded by perthite (Per). C is magnetite
mantled by ilmenite and surrounded by amphibole. D is niobium-ilmenite associated with
bastnaesite (Bast) and surrounded by chlorite (Chl) and amphibole.

As shown in Table 4.15, ilmenite commonly contains significant amounts of niobium
(max 2.57 wt. % Nb,Os), and manganese (max 14.09 wt % MnQO). Other ions present in minor
amounts include: A", Ca’", and Fe’". The hexagonal (R-3) ilmenite structure accommodates
niobium by pairing with divalent or trivalent ions:

(Fe,Mn)** + 2Nb*" — 3Ti*"

(Fe,Al)>" + Nb** — 2Ti""
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As silicon is tetravalent, it enters the ilmenite structure by simple substitution:

4+ +4+
SiT—Ti

TABLE 4.16: Representative compositions of ilmenite.

Upper NYF-

(?:JS:;. Railway2 Msalll'ath;m Black* g;‘;:;? Pe'gmﬁa- Granite’
ore tite
Tazos = = = 2 - 0.10 0.11
Nb,Os - 0.31 1.38 0.50 0.62 0.41 0.43
SiO, 0.32 0.30 0.33 0.25 0.38 - -
TiO, 50.49 50.95 49.17 50.77 49.55 52.83 52.93
AlLO; 0.10 0.09 - 0.13 0.14 - -
Fe 05 3.42 2.50 5.07 2.34 4.29 - -
FeO 43.82 40.34 42.20 43.81 34.19 41.19 40.82
MnO 1.96 4.88 2.40 2.13 10.70 5.40 5.53
CaO - 0.71 - - - - -
Total 100.11 100.08 100.55 99.93 99.87 99.93 99.82

" Border Gabbro pegmatite (3 analysis of sample MAS001) from the Coldwell complex.

? Railway pegmatite (3 analyses of sample MAS017) from the Coldwell complex.

* Upper Marathon Shore pegmatite (3 analyses of sample MAS019) from the Coldwell complex.

* Black pegmatite (3 analyses of sample MAS030) from the Coldwell complex.

3 Center Three pegmatite (3 analyses of sample MAS037) from the Coldwell complex.

" NYF-pegmatite (Klu ilmenite sample) from the Klu&ov intrusive, Czech Republic (Skoda et al. 2006).

7 Granite (Val ilmenite sample) from the Vladislav-Pazdernikiiv mlyn pluton, Czech Republic (Skoda et
al. 2006).

Ferrous and ferric iron allow for a partial solid solution to exist between ilmenite and
hematite:

FeTiO; + Fe,0; — (Fe’',Fe’")TiO; + Fe*'Fe’,0,

[Imenite can accommodate higher amounts of ferric iron with increasing oxygen
fugacity (f0,) and temperature. As such, the amount of trivalent iron present in the ilmenite can

be used to determine these parameters (Petrogenesis Chapter).

4.15 Léllingite
Lollingite is present in one of the Railway pegmatite (MASO017) samples. Here it forms

a small (~ 8 pm) euhedral grain in the late interstitial stage of crystallization, next to chalcopyrite

(Fig. 4.34).
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The only detected ion that is not part of the ideal lollingite “FeAs,” formula is sulfur
(Table 4.16). In common with other arsenides, i.e. glaucodot, cobaltite, etc., lollingite can
accommodate sulfur into the arsenic site, expanding the formula to Fe(As,S),. Lollingite is one

of two minerals, the other being arsenopyrite, to contain detectable arsenic.

FIGURE 4.34: BSE-image of lollingite (Llg) associated with chalcopyrite (Ccp), and
surrounded by chlorite (Chl), albite (Ab) and orthoclase (Or).

TABLE 4.17: Representative
compositions of 16llingite.

Railway'
S 1.88
Fe 26.55
As 71.93
Total 100.36

' Railway pegmatite (2 analyses of sample MAS017) from the Coldwell complex.

4.16 Magnetite

Magnetite is present in all units, and forms in the initial, in one unit, interstitial, and
secondary stages of crystallization. Initial-forming magnetite forms crystals with octahedral and
dodecahedral habits, but rarely cubes (Fig. 4.35A and B). The initial-forming magnetite is

commonly associated with ilmenite, crystallizing with a subsolidus texture (Fig. 4.35C) or, less

frequently, mantling textures. The exsolution of ilmenite forms along magnetite cleavage planes.
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Interstitial magnetite is rare, and only occurs in Center Three pegmatites. As seen in
Figure 4.35D, interstitial magnetite grows in intercumulous voids. The crystals are
characteristically anhedral, low in titanium and are the last to form. Secondary magnetite is

observed in all units, as it is an alteration product of allanite, chevkinite and amphibole.

FIGURE 4.35: BSE-images of magnetite (Mgt). A is a concentration of subhedral and
anhedral magnetite crystals surrounded by albite (Ab), orthoclase (Or) and chlorite (Chl).
B is euhedral magnetite surrounded by albite, orthoclase and concentrically zoned
chlorite. C is magnetite and ilmenite intergrown with one another and surrounded by
pyrochlore (Pyc), hedenbergite (Hd) and perthite (Per). D is secondary magnetite which
forms in voids left by, in this case, albite crystals.

Titanium is a common ion present in Coldwell magnetite. The range, 0.49 to 4.95 oxide
wt. % TiO,, is similar to granitic pegmatites, granites, and ultramafics (Buddington and Lindsley
1964). Titanium can enter the magnetite structure via a partial solid solution with ulvdspinel

(Fe, TiOy):
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FezTiO4 —> (Fe,Ti)304
Ulvospinel Magnetite

With increasing oxygen fugacity (fo,) and temperature, the magnetite-ulvospinel
miscibility gap shrinks. The titanium component in magnetite is used in the Petrogenesis
Chapter of this study to determine f0, and temperature.

Other impurities include aluminum, calcium, manganese, and silicon:

AP — Fe**

(Ca,Mn)*" — Fe**

2Si*" + o — Fe?" + 2Fe*"

TABLE 4.18: Representative compositions of magnetite.

Upper
(1;3 orderl Railway’ Mal");)thon Black® Centels'
abbro 3 Three
Shore
SiO, 0.38 - 0.37 0.30 0.41
TiO, 3.82 0.49 2.65 1.44 0.84
Al O 0.46 0.11 0.17 0.20 0.38
Fe,0; 60.42 67.66 62.97 65.68 65.75
FeO 35.29 31.12 34.03 32.86 32.12
MnO - - - 0.13 0.22
CaO - 0.22 - - -
Total 100.37 99.60 100.09 100.61 99.72

' Border Gabbro pegmatite (4 analysis of sample MAS001) from the Coldwell complex.

? Railway pegmatite (5 analyses of sample MAS017) from the Coldwell complex.

3 Upper Marathon Shore pegmatite (4 analyses of sample MAS019) from the Coldwell complex.
* Black pegmatite (3 analyses of sample MAS032) from the Coldwell complex.

* Center Three pegmatite (3 analyses of sample MAS037) from the Coldwell complex.

4.17 Molybdenite

Molybdenite is a relatively common sulphide present in all of the Coldwell pegmatites.
The mineral forms in the late stages of crystallization with galena and sphalerite (Fig. 4.36). The
crystals are wispy and elongate, with cleavages parallel to elongation. Apart from molybdenum

and sulphur, no other elements are detected.

4.18 Monazite and rhabdophane
Trace amounts of monazite are present in all lithologies. The mineral precipitates in the

initial and secondary stages of crystallization. Common associations are with apatite, chevkinite,
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thorite, and fluorocarbonates, with the latter being an alteration product. Monazite crystals range
from subhedral to anhedral (Fig. 4.37A and B). The compositions of Coldwell monazites, as
listed in Table 4.18, is relatively constant, and commonly contain minor silicon, thorium, iron,
strontium, and HREEs. Compositional changes are mostly related to calcium, REE, and thorium,
i.e. the Border Gabbro and Railway pegmatites contain a range of calcium (and minor strontium)

that is not present in the other units (Fig. 4.38). Monazites from the Railway pegmatites contain

the largest range of calcium (Fig. 4.37).

FIGURE 4.36: BSE-images of molybdenite (Mlb). A is molybdenite and galena (Gn)
surrounded by perthite (Per) and hedenbergite (Hd). B is molybdenite and sphalerite (Sp)
in albite (Ab) and orthoclase (Or).

Monazite forms with apatite and its hydrous variety “rhabdophane” in the initial phase
of crystallization (Fig. 4.37D). Minor constituents include silicon, thorium, iron, and strontium.
One crystal contains detectable gadolinium (1.17 wt. % Gd,0O3), but no other MREEs.

Monazite from the Upper Marathon Shore pegmatites has higher thorium (0.8-1.2 oxide
wt. %) and HREE (up to 1.7 oxide wt. %) than the other lithologies. Otherwise, the associations
are the same as in the other units.

In the Black pegmatites, monazite only occurs in one sample. The grains are either late
primary or secondary, forming from the breakdown of REE-rich apatite. As such, the crystals are
disseminated, form after euhedral apatite, and are intergrown with chlorite.

Monazites from other A-type intrusions have similar compositions to Coldwell

monazites. As listed in Table 4.17, monazite compositions from the Thor Lake intrusion and the
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Vladislav-Pazdernikiv mlyn pluton, Czech Republic (Skoda et al. 2006) are nearly identical to
that of Coldwell monazites.

Monazite, (REE)PQO,, is monoclinic, and adopts the P2,/n space group (Ni et al. 1995).
The structure consists of linked PO, tetrahedra with the REE in 9-coordination with oxygen. The
REE-site of monazite within the Coldwell pegmatites is LREE selective and contains minor
amounts of A", Ca®", Fe*", MREE*, Sr**, Th*', and Y*"; the P-site can also accommodate Si;
and the O-site can be substituted by OH", F and S”. Solid solutions between xenotime (YPO,)
can occur through simple substitution of the REE site:

(Y,MREE)** — LREE*

<

€

Hd L-’

{ %
%

b

188 0m

FIGURE 4.37: BSE-images of monazite (Mon) and rhabdophane (Rbp). A is monazite
associated with apatite (Ap) and chevkinite (Chev) and surrounded by albite (Ab) and
orthoclase (Or). B is monazite and apatite surrounded by perthite (Per) and hedenbergite.
C is rhabdophane surrounded by albite and orthoclase. D is rhabdophane, monazite and
apatite in hedenbergite.
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It is likely that apatite (CaPO,) and britholite (LREE(Si,P)sO,(OH,F),), as both
minerals are nearly isomorphous, form a limited solid solution with monazite. However, in order
to balance the crystal lattice a tetravalent ion, such as thorium, is required:

Th* + (Ca,Sr)*" — 2REE™ Gramaccioli and Segalstad (1978)

Ca+Sr

75 25

80 20

85

LY "AVAVAVAVAVAVAVAVANS

REE 0 5 10 1£; 20 25'; Th

FIGURE 4.38: Monazite calcium + strontium (Ca+Sr) — REE — thorium (Th) ternary
diagram (apfu) with Ca+Sr and Th reduced by 75 %. Green circles, black crosses, red
triangles, black diamonds, and blue squares are the Border Gabbro, Railway, Upper
Marathon Shore, Black, and Center Three pegmatites, respectively.

The coupled substitution of thorium and divalent ions for LREE is uncertain. The
monazite structure cannot accommodate ions as large as thorium and calcium in the same crystal
lattice. Instead, these large ions are likely paired with silicon:

(Ca,Sr)*" + Si*" — 2REE*"

Th* + Si*" — REE*" + P** Gramaccioli and Segalstad (1978)

As shown in Figure 4.39A, there is a correlation between silicon and phosphorus. When
the same diagram is expanded to include all tetra-, tri- and di-valent ion, the combination of
substitution mechanisms has a strong negative correlation, and a resulting r* factor of 0.937 (Fig.

3.39B).



TABLE 4.19: Representative compositions of monazite.
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Upper

(?:JS:;' Railway2 Marath;)n Black® (T:;';Z‘;E [T:l?e:; Granite’
Shore
P,0s5 30.98 29.46 29.73 28.54 28.86 29.40 28.61
SiO, 1.67 0.32 0.63 1.09 1.07 - 0.66
ThO, 0.62 0.99 0.78 0.81 0.68 - 1.84
uoO, - - - - - - 0.16
Al,Os - 0.64 0.38 - 0.30 - -
Fe,05 0.25 - - 0.38 0.47 - -
Y,0; - 0.10 - 1.58 1.10 - 0.58
La,05 10.60 17.55 12.48 16.86 13.20 13.88 15.38
Ce,0; 30.99 33.42 34.52 33.98 33.76 38.51 34.26
Pr,05 3.58 3.27 4.18 3.21 3.91 3.05 3.57
Nd,O; 14.21 10.29 13.55 11.07 14.33 12.65 11.21
Sm, 04 1.89 1.17 2.57 1.37 1.41 1.16 1.73
Gd,05 - 1.17 1.48 - - - 0.44
Tb,05 - - - - - - -
Dy,04 - - 0.27 - - - -
Er,0O3 - - - - - - 0.12
CaO 4.14 0.64 - 0.21 0.63 0.06 0.16
SrO 0.41 - - - - - -
H,0O - - - - - 0.38 -
Total 99.34 100.31 100.57 99.10 99.72 98.71 98.72

" Border gabbro pegmatite (5 analyses of sample MAS010) from the Coldwell complex.

? Railway pegmatite (4 analyses of sample MAS023) from the Coldwell complex.

’ Upper Marathon Shore pegmatite (4 analyses of sample MAS018) from the Coldwell complex.

* Black pegmatite (5 analyses of sample MAS029) from the Coldwell complex.

* Center Three pegmatite (4 analyses of sample MAS034) from the Coldwell complex.

S Altered/brecciated syenite (sample PT77) from the Lake Zone, Thor Lake, N.W.T., Canada Pinckston
and Smith 1995).

7 Granite (4™ monazite sample of Val gr) from the Vladislav-Pazdernikiiv mlyn pluton, Czech Republic
(Skoda et al. 2006).

The hydrous variety of monazite, named rhabdophane [(REE,Ca)PO,*H,0], is present in
the Border Gabbro and Railway pegmatites, and forms along the fractures and grain boundaries
of monazite. Rhabdophane is an alteration mineral targeting weakened crystals, the monazites
containing high actinides (suggesting a metamict nature) are more susceptible to this form of

alteration. As listed in Table 4.18 and Appendix I11.X, Coldwell rhabdophane is characterized by

having low analytical totals, low sulfur (0.83-10.09 wt. % SOs), low fluorine, and elevated
amounts of calcium (2.86-4.87 wt. % CaO) and elevated iron (0.66-6.30 wt. % Fe,O;). Fluorine
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and sulfur can enter the monazite/rhabdophane structure if accompanied by tetravalent and
divalent ions, respectively:

F +Th* — O” + LREE™

S* + (Ca,Fe,Sr)>” — O* + LREE*"

As sulfur may reach 0.398 apfu, most, if not all of the iron may be in its divalent
oxidation state in order to satisfy charge neutrality. Alternatively, high sulfur in some samples
may be accommodated with hydroxyl and/or fluorine for balance:

S* + (OH,F) — 20*

A B

0.09 " " o " 0.30
®
0.08 & + i ) 0.25 1 o
0.07 | e+ g: - ®
= O na
= 0.06 1 &
Y o © § 0.15 ¥o
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n 'S 010 4
0.04 | . ©) + 5
)] +o OQ - o@
0.03 = 0.05 A
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0.02 . 0.00 .
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P (apfu) REE+P (apfu)

FIGURE 3.39: Monazite substitution diagrams (apfu). A is silicon (Si) vs. phosphorus (P).

R’ =0.629. B is tetra-, tri-, and di-valent ions (M*+M’*+M**) vs. REEs and phosphorus (P).
R’ =0.937.

Monazite can be used to show the amount of fractionation between units by plotting
La,03/Nd,O; versus La,O;+Ce,O3+Pr,0;. Figure 4.40 shows the extent of this relationship, and
that there is a exponential trend from the most fractionated, and relatively HREE-enriched,
Border Gabbro pegmatites to the least fractionated, and relatively LREE-enriched, Railway

pegmatites. This suggests that the Border Gabbro is more evolved than the other pegmatites.

4.19 Pyrite

Pyrite forms euhedral-to-anhedral crystals (Fig. 4.41A), which are often associated with
ilmenite and magnetite (Fig. 4.41B). In Coldwell pegmatites, pyrite forms syngenetically with
sphalerite and calcopyrite, and before quartz and calcite (Fig. 4.41C). Mantling of pyrite by

magnetite, as in Figure 4.41D, is rare and only occurs in Center Three pegmatites. Pyrite is

intersticial and is consistently of stoichiometric FeS, composition, with no other detectable ions.
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TABLE 4.20: Representative compositions of

rhabdophane.
Border, ity

SOs 0.82 10.09
P,0Os 20.70 22.23
SiO, 5.92 0.65
ThO, 0.08 0.38
ALO; 0.37 1.26
Y,05 0.33 1.87
La,05 16.74 8.68
Ce,04 32.75 21.31
Pr,0; 2.41 2.46
Nd,O5 7.14 9.02
Sm,0; 0.30 0.91
CaO 2.86 4.87
FeO 0.67 5.67
SrO 0.81 -
Total 91.90 89.40

" Border Gabbro pegmatite (3 analyses of sample MAS005) from the Coldwell complex.
% Railway pegmatite (4 analyses of sample MAS023) from the Coldwell complex.

+ +

$o

La,0,/Nd,0, (wt. %)
w

' ‘0@69‘"’

44 46 48 50 52 54 56 58 60 62
La,0,+Ce,0,+Pr,0, (wt. %)

FIGURE 4.40: Fractionation of REEs in monazite. The Border Gabbro (green circles) is
the most fractionated and the Railway (black crosses) is the least, with the Black (black
diamonds), Upper and Lower Marathon Shore (red and yellow triangles, respectively),
and Center Three (blue square) falling in transition. Diagram after Fleischer and
Altschuler (1969).
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FIGURE 4.41: BSE-images of pyrite (Py). A is euhedral pyrite in orthoclase (Or) and albite
(Ab). B is pyrite, ilmenite (Ilm), apatite (Ap), muscovite (Ms), and magnetite in albite and
orthoclase. C is anhedral pyrite in albite and calcite (Cal). D is subhedral elongate pyrite
and magnetite (Mgt) in perthitic feldspar (Per) and hedenbergite (Hd).

4.20 Pyrochlore Group

Pyrochlore is a trace mineral present in all Coldwell pegmatites. As shown in Figure
4.42, pyrochlore is colourless, has a high relief and first-order grey birefringence. Pyrochlore
crystals are euhedral-to-anhedral, and form in the initial- (Fig. 4.43A to E) and, less commonly,
interstitial-stages of crystallization (Fig. 4.43F). Oscillatory, continuous and patchy zoning of
pyrochlore—reflecting variations in silica content—occur in all of the pegmatites. Pyrochlore is
the primary niobium host in Coldwell pegmatites and, apart from apatite, the most important
REE-bearing mineral. Pyrochlore is one of two minerals, the other being zirconolite, to
accommodate significant amounts of tantalum and tungsten. Table 4.20 and Appendix II1.XI list

the compositionally diverse pyrochlores in the Coldwell complex.
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FIGURE 4.42: Photomicrographs of pyrochlore (Pyc) in chlorite (Chl) and albite (Ab). A
is plane-polarized, B is cross-polarized. The center area of the pyrochlore grain is strongly
silicified/metamict.

In the Border Gabbro pegmatites, pyrochlore forms euhedral-to-anhedral crystals, and is
associated with zircon, galena and thorite. In common with thorite, pyrochlore forms before
zircon, and is thus one of the first minerals in the paragenetic sequence. Border Gabbro
pyrochlore is commonly silicified along grain boundaries and fractures.

Pyrochlore from the Railway pegmatites forms with baddeleyite, ilmenite and magnetite.
The grains are normally euhedral, and form contemporaneously with baddeleyite (Fig. 4.43C).
High iron is characteristic of most Railway pyrochlores with a maximum value of 0.777 apfu
and an average of 0.394 apfu.

Pyrochlore from the Upper Marathon Shore pegmatites are euhedral-to-anhedral. The
mineral in this setting forms in the initial stage of crystallization, before magnetite/ilmenite.
Galena inclusions are present in most of the crystals. In one sample (MAS020), shown in Figure
4.43D, pyrochlore decomposes into Y-fluorocarbonate.

Pyrochlore from the Black pegmatites is commonly associated with chevkinite and
zircon, with pyrochlore forming before both of these two minerals. The Black pyrochlores are
characterized by high niobium.

Pyrochlore from Center Three pegmatites crystallizes at two times; one in the early-
initial stage, the other in the interstitial stage. In common with the other units, the early-initial

stage is associated with magnetite/ilmenite, zircon, etc. The interstitial stage pyrochlore rims

initial and cumulous minerals, and crystallizes before quartz (Fig. 4.43F).
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FIGURE 4.43: BSE-images of pyrochlore (Pyc). A is the BSE image of Figure 4.39. B is

subhedral pyrochlore mantled by amphibole (Amp) and surrounded by calcite (Cal),
| apatite (Ap), albite, and orthoclase (Or). C is pyrochlore intergrown with baddeleyite and
1 surrounded by chlorite, magnetite (Mgt) and ilmenite (Ilm). D is pyrochlore that is
decomposed into Y-fluorocarbonate (Flu) and surrounded by chlorite, magnetite and
albite. E is euhedral pyrochlore in hedenbergite (Hd), amphibole and fayalite (Fa). F is
pyrochlore that has grown in a fracture and along an apatite grain.
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TABLE 4.21: Representative compositions of Coldwell pyrochlore.

Upper
(l:};);g:;‘ Railway’ Mal;')ar)th;)n Black® (T:E':ZZZ'
Shore

WO, l1.61 - - 0.56 0.39
Nb,Os 53.83 51.30 63.02 49.54 64.15
Ta,0s 3.69 2.67 0.88 0.73 2.34
SiO, - 3.22 0.67 2.72 0.30
TiO, 5.51 5.70 5.09 0.19 5.11
ThO, 1.19 0.56 - 4.46 -
Uuo, 5.44 3.35 - 1.08 -
Al,O4 - - - - 0.11
Y,0; 0.08 - - 1.97 -
La,05 0.09 0.79 0.23 0.59 0.09
Ce,04 1.74 2.08 1.42 4.86 0.83
Pr,05 0.32 0.09 0.31 1.17 -
Nd,04 0.82 0.42 0.62 6.46 0.39
Sm,04 0.21 0.09 - 1.90 -
Fe 04 4.97 24.07 0.27 7.24 0.74
MnO - 1.75 - - -
CaO 17.75 1.46 16.91 4.61 17.28
PbO - - - - 6.72
Na,O 0.20 0.19 7.16 - -
Total 97.45 97.74 96.11 88.08 98.45

general groups to describe the mineral by composition:

' Border Gabbro pegmatite (8 analyses of sample MAS003) from the Coldwell complex.

? Railway pegmatite (2 analyses of sample MAS016) from the Coldwell complex.

® Upper Marathon Shore pegmatite (3 analyses of sample MAS020) from the Coldwell complex.
* Black pegmatite (3 analyses of sample MAS029) from the Coldwell complex.

* Center Three pegmatite (4 analyses of sample MAS040) from the Coldwell complex.

The IMA-CNMMN (Hogarth 1977) classification scheme for pyrochlore uses three

1) betafite subgroup when [2Ti > (Nb +Ta)] at the B position of the formula,
2) pyrochlore subgroup when [(Nb + Ta) >2Ti] and [Nb > Ta], and
3) microlite subgroup when [(Nb + Ta) > 2Ti] and [Ta > Nb]

Pyrochlore from the Coldwell pegmatites all belong to the pyrochlore subgroup, as

shown in Figures 4.44 and 4.45, and adopt the cubic Fd3m space group. In Coldwell
pyrochlores, the formula, A;.,B,0s(OH,F,0),.,spH,0 (De Vito 2006), accommodates Ca2+, Fe? °
Mn?*, Na®, REE*, Sr**, Th*", U*", and Y*" in the tetrahedrally-coordinated A site; and AI**, Fe™,

Nb*, Si**, Ta’*, Ti*", W* and Zr*" in the octahedrally-coordinated B site. As iron can enter the
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A-site of pyrochlore in its ferric state, all iron is recalculated into the ferric state, despite the
likelihood of ferrous iron in the A-site. It should be noted that fluorine was omitted in the

analyses, as fluorine/iron peak overlap preventing accurate results.
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FIGURE 4.44: Titanium (Ti) — niobium (Nb) — tantalum (Ta) ternary plot (apfu). Green
circles, black crosses, red, black diamonds, and blue squares are the Border Gabbro,
Railway, Upper Marathon Shore, Black, and Center Three pegmatites, respectively.

The extent of B-site substitution is shown in Figure 4.46. The B-cation in pyrochlore is
relatively inert, as the B,O¢ framework is very stable, and is not usually affected by alteration.

As such, the pyrochlore structure more readily subject to A-cation exchange or total A-cation

loss:
Na'+ REE* — 2Ca™" Lumpkin and Ewing (1995)
REE™ + (Ti,Zr)"" — Ca’ + Nb** Lumpkin and Ewing (1995)
Ca™ + (Ti,Zr)" — Na" + Nb** Lumpkin and Ewing (1995)
A—nD

The extent of A-site vacancies is shown in Figure 4.47. The trend from full occupancy to
complete vacancy is related to selective leaching. If metamictization is a factor, there will be a
correlation, shown by the red arrow in Figure 4.47, between the actinide contents and A-site

vacancies.
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Nb 0 10 20 30 40 50
FIGURE 4.45: Expanded view of Figure 4.43 with all lithologies separated.

The maximum occurrence of 0.777 apfu ferric/ferrous, iron is significant in Coldwell
pyrochlores. As shown in Figure 4.48, there is a correlation between both calcium- and niobium-
sites and iron. Similar trends are observed in the Lueshe (Democratic Republic of Congo) and
Araxa (Brazil) carbonatites (Nasraoui and Waerenborgh 2001). In general there is a better
correlation between calcium and iron in the Coldwell complex although this is not the case in
Railway pyrochlores. As such, iron in the niobium-site explains why there is such a large error in

Railway B-site substitution diagram (Figure 4.46A).

AA 1.4 @ 14 :
=) A > A
"% 12 : “g 1.2 :
E 10 .As E 10 'A%
+ +
g 08 5 08 %
+ X
= 06 % - 06
& #* & QM
0.4 1 hy ES 0.4 *
& e t%e » ® * B
02! * " § o2 ~ a
2 * 2 *
0.0 . . 0.0 .
04 06 08 10 12 14 16 18 20 04 06 08 10 12 14 16 18 20
Nb (apfu) Nb (apfu)

FIGURE 4.46: Pyrochlore niobium vs other B-site ions. A (r* = 0.528) includes all
lithologies, B (r* = 0.898) has the Railway pegmatites omitted. Green circles, black crosses,
red triangles, black diamonds, and blue squares are the Border Gabbro, Railway, Upper
Marathon Shore, Black, and Center Three pegmatites, respectively.
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Silicon is another important ion in Coldwell pyrochlores. Silicification of pyrochlore
occurs in primary liquidus (Fig. 4.43A) and secondary stages (Fig. 4.43B). Silica content in
Coldwell pyrochlores reaches a maximum of 0.909 apfu and an average of 0.248 apfu.

Lumpkin and Ewing (1995) recognized primary, transitional and secondary alteration
trends, each of which having their own distinctive textures and exchange characteristics. These
authors distinguish primary alteration as having exchange characteristic—i.e. calcium, sodium
and fluorine for strontium, oxygen, minor manganese, iron and barium without any textural
heterogeneity. Transitional alteration, having oscillatory zoning that reflects loss of sodium,
calcium and fluorine and gains in REEs and iron, and secondary alteration having fracture-
controlled patchy zoning reflecting loss of calcium, sodium and fluorine and increases in
manganese, iron, REEs, and water. Coldwell pyrochlores display all three mechanisms. Primary
alteration is predominant, with seemingly “unaltered” grains devoid, or extremely low, sodium
and low calcium, and increasing iron and A-site vacancies. Transitional alteration is
characterized by oscillatory zoning that reflect high silicon and water content. As all grains are
altered in the primary stage, changes in composition, other than silica and water, are difficult to
quantify. The same happens to pyrochlore grains altered in the secondary stage of crystallization,
which are characterized by their feathered textures, and extremely high water and silicon
content. The A-site vacancy (A-vac) — divalent ions (A%") — monovalent ions (A" ternary plot in
Figure 4.49 shows a trend that, according to Lumpkin and Ewing (1995), is typical of
transitional alteration, but, as all pyrochlores are significantly altered in the primary stage, high
A-site deficiencies prohibit any other useful information from being extracted from this
particular diagram.

Alternatively, Ercit (2005) described six mechanisms that can be used to generalize what
kind, if any, of alteration the pyrochlore grains may have been subjected to. These mechanisms
include: hydration; high-field-strength-element (HFSE) gain (e.g. Si and Al); large-ion-
lithophile-element (LILE) gain (e.g. K, Ba and Sr); calcium addition; exchange of HREE and Y
for LREE; and A-cation loss. In general, hydration, metamictization and the addition of F, Si,
Al, Ba, K, and Sr all result in the reduction of the analytical total by either creating vacant sites,
or addition of ions that are undetectable using SEM/EDS analysis. High Nb/Ti ratios and low
REEs, uranium and silica, characterize the primary pyrochlores. The totals for secondary
pyrochlore are characteristically low, as deuteric environments tend to be enriched in F and H,O

(undeterminable elements), and HFSE-enriched. Replacement of ions and leaching of A-site ions

of metamictized crystals alter the margins of pyrochlore.
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FIGURE 4.47: Pyrochlore A-site vacancy (A-vac) — sodium + calcium (Na+Ca) — uranium
+ thorium (U+Th) ternary plot (apfu). The red arrow is the ideal trend if actinide were
responsible for vacating the A-site. Green circles, black crosses, red triangles, black
diamonds, and blue squares are the Border Gabbro, Railway, Upper Marathon Shore,

Black, and Center Three pegmatites, respectively.
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FIGURE 4.48: Pyrochlore iron substitution binary diagrams. A is calcium (Ca) vs. iron
(Fe), B is niobium (Nb) vs. iron.




TABLE 4.22: Pyrochlore from other localities.
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Altered NYF- Per- Sovite Sovite

Breccia Pegma- alkaline Carbon- Carbon-

Syenite' tite? Granite’ atite’ atite’
WO; - 1.31 - - -
Nb,Os 52.54 21.02 50.77 64.74 66.94
TayOs 1.62 5.58 1.71 - 0.27
SiO, 4.70 1:37 - 0.66 -
TiO, 5.60 24.36 10.25 5.50 3.34
ZrO, - - - 1.66 -
ThO, 1.39 6.68 1.18 0.62 0.09
U0, 6.35 11.22 12.22 - 0.16
AlLO; 0.08 - - - -
Y203 - 3.10 - - -
La,0; 0.47 1.09 2.21 0.11 0.32
Ce,0; 3.09 5.78 7.03 1.29 0.68
Pr,04 0.24 0.92 - - -
Nd,O;5 0.70 3.97 - - -
Sm,03 - 1.16 - - -
Gd,0; - 0.86 - - -
Dy203 - 0.49 = = =
Er,0; - 0.29 - - -
Yb,04 - 0.35 - - -
Fe,0; - - - 0.24 -
FeO 4.88 1.37 - - -
MnO 0.45 0.53 - -
CaO 3.76 5.04 1.68 17.26 14.69
SrO - - - - 1.33
PbO - - 3.05 0.41 -
BaO - - - - 0.11
Na,O 0.31 - 4.28 6.96 7.90
K,0 - - - - -
Total 86.18 96.49 94.38 99.45 95.83

' Altered/brecciated syenite (sample PT61) from the Lake Zone, Thor Lake, N.W.T., Canada (Pinckston

and Smith 1995).

? NYF-pegmatite (Koz B yttropyrochlore sample) from, the KoZichovice intrusive, Czech Republic

(Skoda et al. 2006).

3 Peralkaline granite (sample Pyc-I from grain 1) from the Kuiqi peralkaline A-type granites, China (Xie et

al. 2006).

* Sovite carbonatite (sample 31-350.2d) from the Oka carbonatite complex (Hay 2003).
3 Sgvite carbonatite (31 analyses of sdvite sample) from the Lueshe carbonatite complex (Nasraoui and

Bilal 2000).
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Coldwell pyrochlores (Table 4.20) are similar in composition (ACTS, iron, REEs, and
silicon) to occurrences in other anorogenic intrusive, i.e. A-type syenites, granites, pegmatites
and carbonatites (Table 4.21). Ta/Nb ratios can be used to identify the source of pyrochlores
(Nasraoui and Bilal 2000). The Coldwell pegmatites Ta/Nb ratio (1/15.5) is similar to syenites
from Lueshe (1/43 < Ta/Nb < 1/19) and from the analyses given by Pinckston and Smith (1995)
from Thor Lake, Canada, NYF-pegmatites from the Kozichovice intrusive, Czech Republic
(Skoda et al. 2006) and granites from the Kuiqi peralkaline A-type intrusion, China (Xie et al.
2006). Alternatively, carbonatites have a much lower Ta/Nb ratios, e.g. Lueshe has a ratio of
1/71 (Nasraoui and Bilal 2000).

100/\/\/\%/\A/\/\/\

A% 10 20 30 40 50 60 70 80 90 100 A*

FIGURE 4.49: Pyrochlore A-site vacancy (A-vac) — divalent ions (A*") — monovalent ions
(A") ternary plot (apfu). The red arrow is the trend typical of transitional alteration
(Lumpkin and Ewing 1995).

4.21 Rutile

Rutile (TiO,) is a common accessory mineral occurring in a variety of rock types. In the
Coldwell pegmatites, rutile occurs in the Border Gabbro and Upper Marathon Shore units. Rutile
forms in the interstitial and secondary stages of crystallization. As an interstitial mineral, rutile
forms with calcite and quartz. Figure 4.50A shows interstitial rutile forming stubby ditetragonal

dipyramids. Secondary rutile is intimately associated with fluorocarbonates and chevkinite. The

association with fluorocarbonates, shown in Figure 4.50C, relates to the breakdown of
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chevkinite, with REEs and calcium partitioning into the fluorocarbonate structure, and titanium

and niobium into the rutile structure (discussed in the chevkinite section).

FIGURE 4.50: BSE-images of rutile. A has euhedral rutile (Rt) in quartz (Qtz) and
chlorite (Chl) grown adjacent to perthite (Or and Ab). B has subhedral rutile associated
with chlorite, quartz and calcite (Cal). C contains rutile associated with the
fluorocarbonates bastnaesite (Bast) and parisite (Prs) enclosed in perthite and amphibole
(Amp). D is rutile in orthoclase and quartz. The lighter areas in D are enriched in Nb.

In addition to niobium, which ranges from 0.67 to 23.19 wt. % Nb,Os, other ions such as
silicon (0.14 to 2.33 wt. % SiO,), ferrous iron (0.00- 6.21 wt. % FeO), and ferric iron (0.00-4.84
wt. % Fe;Os) range considerably (Table 4.22 and Appendix II.XII). Zirconium is present in the
Border Gabbro rutile and, to a much lesser extent, the Upper Marathon Shore pegmatites, with
values from zero to 2.07 oxide wt. % ZrO, (Table 4.22 and Appendix I11.XII). Minor uranium
and tin are detected in some of the Border Gabbro and Upper Marathon Shore rutile,

respectively.
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TABLE 4.23: Representative compositions of rutile.

Border Upper NYF- NYF-
Gabbro' Marath;)n Pegn;a- Pegn:a-
Shore tite tite

WO; - - 0.67 -
Ta,0s5 - - 0.59 2.05
Nb,Os 8.48 16.10 7.71 5.95
SiO, 1.26 2.33 - -
TiO, 82.79 77.17 84.32 89.19
Zr0O, 2.07 0.27 - -
SnO, - - 3.58 0.51
uo, 0.51 - - -
Al,Os - 0.09 0.52 -
80203 - = 0.13 -
Fe,05 3.53 1.23 0.83 1.87
FeO - 3.53 1.20 1.06
CaO 0.26 0.16 - -
MnO - - 0.38 -
CuO 0.51 - - -
Total 99.41 100.88 99.93 100.63

' Border Gabbro pegmatite (1 analysis of sample MAS007) from the Coldwell complex.

2 Upper Marathon Shore pegmatite (2 analyses of sample MAS012) from the Coldwell complex.

3 NYF-pegmatite (Kra rutile sample) from the Kracovice intrusion, Czech Republic (Skoda et al. 2006).

* NYF-pegmatite (Val rutile sample) from the Vladislav-Pazdernikiiv mlyn pluton, Czech Republic
(Skoda et al. 2006).

Compared to NYF pegmatites from the Kracovice intrusion, Czech Republic and the
Vladislav-Pazdernikiiv mlyn pluton, Czech Republic (Skoda et al. 2006), Coldwell rutiles are
low in tantalum, titanium and tin, and enriched in niobium (Table 4.22). The compositions of
primary rutile are more similar to Kracovice and Vladislav-Pazderniktiv, as the niobium-rich
variety is secondary.

Rutile adopts the tetragonal P,mnm structure (Soffer 1961). There are two distinct
compositions of rutile that occur in the Coldwell pegmatites: stoichiometric rutile (TiO,) and
Nb-rutile [(Nb,Ti)O,]. Other minor elements include: Ca**, Cu®*, Fe**, Fe*', Mn®*, REE*", Si*",
U*, and Zr*" in the Ti site; and OH in the O site. Common simple substitutions include
tetravalent ions into the titanium site:

(U,Zr,Si)" — Ti*
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Figure 4.51A plots tetravalent ions (M*") against titanium (Ti). No real correlation is

present, but this may be a result of low abundances of the tetravalent species, and overlap of

other mechanism.
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FIGURE 4.51: Various binary diagrams of titanium substitution. A is M*' jons (Si, Zr,
and U) plotted against Ti, R’ is 0.199. B is M** (Fe, Ca, and Cu) and Nb ions plotted
against Ti, r’ is 0.920. C is M** (Fe** and Al) and Nb ions plotted against Ti, r’ is 0.886. D
is the combined mechanisms [M** (Fe**, Ca, and Cu), M** (Fe** and Al), M*" (Si, Zr, and
U)], and Nb against Ti, 1’ is 0.995. Green circles are the Border Gabbro pegmatites. Red
triangles are the Upper Marathon Shore pegmatites.

Solid solutions between rutile and columbite [(Fe,Mn)Nb,Og], produce coupled

substitutions into the titanium structural site:

(Fe,Mn)** + 2Nb’* — 3Ti*"

Vlassopoulos et al. (1993)
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In the case of the Coldwell pegmatites, this mechanism is expanded to include the other
divalent metals:

(Ca,Cu,Fe,Mn)*" + 2Nb*" — 3Ti*"

All divalent metals are plotted with niobium against titanium in Figure 4.51B. With an r?
value of 0.920, the divalent metals plus niobium vs. titanium indicate that another substitution
mechanism is present.

The presence of ferric iron was quoted by Vlassopoulos et al. (1993), and in the case of
the Coldwell pegmatites, aluminum is also included. Fe’*/Fe’* recalculations are obtained using
the Droop (1987) method, and all ferric iron is combined with aluminum and niobium to occupy
two titanium sites:

(Fe,Al)* + Nb** — 2Ti*" Vlassopoulos et al. (1993)

The above mechanism is plotted in Figure 4.51C, and gives an r* value of 0.886.
In addition to niobium, the combination of di-, tri, and tetra-valent ions into the titanium site
form a convincing correlation, as depicted in Figure 4.51D.

Many studies have detected hydroxyl in rutile (Soffer 1961; Hill 1968; Hammer and
Beran 1991; Vlassopoulos 1993). The incorporation of hydroxyl into the rutile structure allows
for trivalent and pentavalent ions to substitute into the rutile structure:

(Fe,REE)*" + OH" — Ti*" + O* Vlassopoulos et al. (1993)

Nb*™ +OH — Ti* Vlassopoulos et al. (1993)

The hydrogen content in rutile can be used to define intensive parameters such as
fugacity, and water activity (Vlassopoulos et al. 1993). Certain pitfalls, as described by
Vlassopoulos et al. (1993), are equilibration temperatures of the hydrous phase and the reduction
or oxidation of iron or niobium. In the case of the rutile in Coldwell pegmatites, there is no
significant hydroxyl component detected—as totals are within the margin of error—and utilizing
the hydrogen content for petrogenetic information may be misleading.

It has been shown by Keppler (1993) that melts with high fluorine content will affect the
solubilities of columbite, rutile and zircon. As such, HFSE and REEs tend to be incompatible
during fractional crystallization and, with the exception of zircon (see zircon section), only occur
in the later stages of crystallization. Secondary rutile is not related to incompatibility. On the
other hand, interstitial rutile indicates that the incompatible elements titanium and niobium were

stable in melt.
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4.22 Sphalerite

Sphalerite is the most common sulphide to occur within pegmatitic Coldwell rocks. In
common with other sulphides, sphalerite forms in the late interstitial stage of crystallization (Fig.
4.52). All sphalerite crystals are anhedral, and closely associated with chalcopyrite (Fig. 4.52B).
Other associations are with arsenopyrite, galena and pyrite. An inclusion of a cobaltian arsenic
sulphide (alloclastite?) occurs in one sphalerite grain from the Border Gabbro pegmatites, but as

the grain is small, no accurate analyses could be preformed (Fig. 4.52B).

S8 rim

FIGURE 4.52: BSE-images of sphalerite (Sp). A is sphalerite in albite (Ab) and orthoclase
(Or). B is sphalerite associated with chalcopyrite (Ccp), galena (Ga) and alloclastite?
(Ale?). The sphalerite grain in B is surrounded by albite and magnetite (Mgt).

Within the Coldwell units analyzed, sphalerite is able to accommodate Fe and Cu (Table
4.24) by simple substitution:
(Cu,Fe)*" — Zn**

4.23 Thorite

Thorite, ThSiO,, is a trace mineral present in all Coldwell pegmatites. Thorite has a light
yellow-to-brown pleochroism, high relief and first order grey birefringence (Fig. 4.53). High
thorium and uranium content is responsible for metamictization of the individual thorite crystals
and surrounding materials, whereby producing opaque pleochroic halos (Fig. 4.52). Thorite
crystallizes in the initial stage of the paragenesis, usually with zircon, and occasionally with

fergusonite, xenotime, and galena (Fig. 4.54). The composition of Coldwell thorite is variable,

but can be grouped to produce the REE ternary diagram in Figure 4.55, sub-grouped into two
varieties: LREE-thorite and HREE-thorite.
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TABLE 4.24: Representative compositions of sphalerite.

Upper
(?;);g:;‘ Railway’ Marl'):thg)n Black® 2;‘;222
Shore
1 Fe 12.87 11.29 10.51 2.35 1.13
' /n 52.71 55.56 56.89 63.85 64.25
Cu 0.51 - - 0.34 0.63
S 33.76 33.84 33.05 33.28 33.49
Total 99.85 100.69 100.45 99.82 99.50

3 ' Border gabbro pegmatite (3 analyses of sample MAS005) from the Coldwell complex.

§ 2 Railway pegmatite (5 analyses of sample MASO015) from the Coldwell complex.

1 3 Upper Marathon Shore pegmatite (3 analyses of sample MAS019) from the Coldwell complex.
* Black pegmatite (6 analyses of sample MAS030) from the Coldwell complex.
% Center Three pegmatite (4 analyses from sample MAS034) from the Coldwell complex.

FIGURE 4.53: Photomicrograph of thorite (Th) in amphibole (Amp), perthite (Per),
fluorite (FI), and chlorite (Chl). Metamictization produces the pleochroic haloes along the
thorite boundaries.

LREE-thorite is of the cerium variety, with cerium ranging up to 7.32 wt. % Ce,Os.
Relative maximum abundances (in wt. %) are 5.58 La,0;, 1.17 Pr,0s, 3.52 Nd,O;, and 0.77
Sm,03. HREE-thorite is dominated by yttrium (up to 8.65 wt. % Y,0s), but also includes
significant amounts of gadolinium (max1.06 wt. % Gd,0s), dysprosium (max 1.49 wt. %
Dy,03), erbium (max 1.22 wt. % Er,03), and ytterbium (max 1.20 wt. % Yb,0s). A limited solid
solution between LREE and HREE thorite varieties is shown in Figure 4.55, with a possible

miscibility gap between 30 and 50 total REE apfu %.




124

FIGURE 4.54: BSE-images of thorite (Th). A is thorite mantled by zircon (Zir) and
surrounded by amphibole (Amp) and calcite (Cal). B is highly metamict thorite and
fluorocarbonates (Flu) with a calcite groundmass. Fluorocarbonates are replacement
minerals representing either REE silicates or phosphates.

M/\A/\ YAV

LREE O 10 20 30 40 50 60 70 80 90 100 HREE

FIGURE 4.55: Thorite MREE (Sm-Ho) — LREE (La-Nd) — HREE (Y,Er-Lu) ternary plot
(apfu).

Relative amounts of uranium versus thorium and REEs are shown in Figure 4.56.
Uranium is a minor component in Coldwell thorite, with a maximum value of 10.76 wt. % UQO,,

but averaging 2.42 wt. % UQO,. Other ions included in Coldwell thorite are phosphorus (0-2.83
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wt. % P,0s), niobium (0-1.18 wt. % Nb,Os), zirconium (0-1.86 wt. % ZrO,), aluminum (0-1.32
wt. % ALO3), calcium (0-4.46 wt. % CaO), manganese (0-0.46 wt. % MnO), iron 0-4.98 wt. %
FeO), and lead (0-0.98 wt. % PbO).

The monoclinic polymorph huttonite may occur in place of thorite. Mazeina et al. (2005)
have determined that the phase transition from thorite to huttonite from an oxide melt occurs at
approximately 800 °C, thus, in Coldwell pegmatites, the thorite structure likely prevails.

Thorite is a common inclusion in zircon. Lei et al. (2005) have proposed that the thorite
inclusions are a product of “wet” dissolution of thorium from the zircon host and then
reprecipitation of primary Th-poor zircon and thorite:

(Zr1Th,)SiO4 — (1-x)ZrSiO4 + xThSiO,4

REE

L LJ ¥ v v Ll L v v Ll ‘0
Th ©O 10 20 30 40 50 60 70 80 90 100 Uy

FIGURE 4.56: Thorite REE — thorium (Th) — uranium (U) ternary diagram (apfu). The
contribution from uranium in the Coldwell thorite is small, instead the mineral is enriched
in REEs.

Substitution mechanisms for thorite are difficult to illustrate as metamictization destroys
the crystal structure, leaving short range ordering of ions. Correlations are then difficult to
constrain as valency and ionic radii do not necessarily govern which ions are able to enter the

short range thorite structure.




TABLE 4.25: Representative compositions of thorite.
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Upper

(? :;S:;; Railway2 Marath;)n Black* (T:;:Zg Gll;irg":lc :;:::g
Shore :
P,0s5 - 2.83 0.79 0.96 - 0.9 0.48
SiO, 23.35 18.56 20.27 19.14 19.21 18.0 17.82
ZrO, : . - - - 0.1 -
ThO, 52.35 52.09 50.03 46.21 48.33 64.4 53.19
uO, 0.92 0.56 5.75 0.77 0.72 6.7 1.59
AlL,O4 1.32 0.20 0.35 0.23 0.38 - 0.24
Y,04 - - 2.37 8.09 6.18 4.0 1.36
La,04 0.99 5.58 1.20 0.06 0.64 0.1 0.33
Ce,0; 2.01 6.06 6.21 0.58 3.41 0.2 6.65
Pr,0; 0.35 0.77 0.87 0.39 0.92 - 0.78
Nd,03 0.90 1.15 3.27 1.55 3.10 0.4 428
Sm,05 - 0.21 0.20 1.12 0.74 0.4 0.84
Eu,04 - - - 0.70 - - -
Gd,04 - - 0.21 1.69 0.26 0.3 0.84
Tb,0; - - - 0.29 - - -
Dy,0; - - 0.54 1.48 0.66 0.2 -
Ho,0; - - - 0.75 - - -
Er,O5 - - 0.10 0.64 0.86 0.2 -
Tm,04 - - - 0.39 - - -
Yb,05 - - - 0.48 0.21 0.1 -
Lu,O4 - - - 0.10 - - -
CaO 4.46 1.07 1.01 0.76 1.18 0.7 2.96
FeO 2.06 4.02 - 2.24 0.71 - 0.48
ZnO - - - - - - 0.80
PbO - 0.35 - - - 0.5 -
Na,O = - - - - - 0.22
Total 88.71 93.45 93.17 88.62 87.51 97.2 92.86

" Border Gabbro pegmatite (4 analyses of sample MAS002) from the Coldwell complex.

? Railway pegmatite (4 analyses of sample MAS016) from the Coldwell complex.

3 Upper Marathon Shore pegmatite (6 analyses of sample MASO019) from the Coldwell complex.

* Black pegmatite (3 analyses of sample MAS029) from the Coldwell complex.

’ Center Three pegmatite (2 analyses of sample MAS037) from the Coldwell complex.
® Granitic pegmatite (second intermediate zone sample) from the Amelia district, Virginia (Lumpkin

1998).

7 Altered syenite (sample PT67) from Thor Lake complex, Canada (Pinckston and Smith 1995).
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4.24 Titanite

Titanite is a trace mineral in the Border Gabbro, Railway and Center Three pegmatites.
Titanite is associated with amphibole, and its decomposition products, i.e. chlorite and quartz
(Fig. 4.57A). Initial-forming minerals, i.e. magnetite, are common inclusions in titanite crystals
(Fig. 4.57B). All grains analyzed contain minor to trace amounts of aluminum, iron and niobium
(Table 4.25 and Appendix II1.XIV).

Only one grain of titanite is present in the Border Gabbro samples. This grain, shown in
Figure 4.57A, has corroded edges, and occurs with chlorite. The grain has minor aluminum (3.69
wt. % AlOs3), iron (3.33 wt. % Fe,0;3) and niobium (0.60 wt. % Nb,Os).

In the Railway pegmatites, titanite occurs twice in one sample, one of which is shown in

Figure 4.57B. These grains enclosed small magnetite crystals, and grew interstitially between the

cumulous-forming feldspar. The Railway pegmatite titanite grains contains slightly more
aluminum (4.87-6.02 wt. % Al,O3), similar niobium (0.54-1.82 wt. % Nb,Os) and lower iron
(2.11-3.11 wt. % Fe,0;) than the Border Gabbro titanite.

FIGURE 4.57: BSE-images of titanite (Ttn). A is interstitial titanite in albite (Ab) and
orthoclase (Or) with magnetite (Mgt) inclusions. B is titanite surrounded by chlorite (Chl).

There are two samples in Center Three pegmatites which contain titanite. In both cases,
titanite occurs with taramite amphibole, magnetite and chlorite. These two titanite grains contain
low-to-high niobium (0.34-3.46 wt. % Nb,Os), minor amounts of aluminum (2.70-3.22 wt. %
Al,05) and iron (2.59-5.22 wt. % Fe,;05). One of the samples also contains detectable zirconium
(1.00 wt % ZrO,).




TABLE 4.26: Representative compositions of titanite.
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Border ' , Center Granitic Per‘- Alumi-
Gabbro' Railway Three® Pegn:a- alkalme5 nous ]
tite Granite Granite

Ta,Os = - - 0.72 0.11 -
Nb,O5 0.60 0.54 3.46 1.51 0.35 0.27
SiO, 31.75 31.40 31.04 30.03 25.83 27.66
TiO, 32.16 30.81 30.72 34.39 35.83 33.00
SnO, - - - 0.23 - -
ZrO, - - 1.00 - - -
AlLO; 3.69 6.02 2.70 1.92 1.91 8.51
Y,0; - - - 1.13 1.34 -
La203 = - & b 0.32 -
Ce,0; - - - 0.90 1.53 0.11
Pr,05 - - - 0.23 - -
Nd,0; o - - 0.77 0.39 -
Sm,0; - - - 0.24 - -
Gd,03 - - - 0.23 - -
Dy,05 - - - 0.17 - -
Yb,03 - - - 0.14 - -
Fe, 05 3.33 2.11 3.12 0.47 3.9 0.82
CaO 28.73 28.64 26.58 26.13 23.97 27.67
MnO - - - - 0.63 0.14
Total 100.26 99.52 98.62 99.21 95.76 98.18
H,Oc¢ 0.08 0.07 0.47 0.21 0.05 0.04
Total 100.34 99.59 99.09 99.42 95.81 98.22

' Border Gabbro pegmatite (5 analysis of sample MAS003) from the Coldwell complex.

? Upper Marathon Shore pegmatite (4 analyses of sample MAS024) from the Coldwell complex.

* Center Three pegmatite (3 analyses of sample MAS036) from the Coldwell complex.

* Granitic pegmatite (1 Val p. sample) from the Vladislav-Pazdernikiiv mlyn pluton, Czech Republic
(Skoda et al. 2006).

* Peralkaline granite (sample 3) from the Kuiqi intrusive, China (Xie et al. 2006).

® Aluminous Granite (sample 7) from the Putuoshan intrusive, China (Xie et al. 2006).

Titanite compositions from other A-type intrusives, i.e. NYF-pegmatites, peralkaline
granites and aluminous granites, differ from Coldwell titanites in a number of ways (Table 4.25).
The NYF pegmatites of the Vladislav-Pazdernikiiv mlyn pluton, Czech Republic (Skoda et al.
2006) are REE- and tantalum-rich, and aluminum- and iron-poor relative to Coldwell titanite.
Peralkaline granites from Kuiqi intrusive, China (Xie et al. 2006) have similar iron, high REEs

and manganese, and are relatively deficient in aluminum. Aluminous granite from the Putuoshan

intrusive, China (Xie et al. 2006), contain higher aluminum, similar REEs and lower iron.
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Aluminum varies considerably among units, and may reflect source rather than
crystallochemical controls. As such, using titanite compositions alone may infer source
composition, e.g. Coldwell pegmatites are peralkaline and aluminous.

Titanite, CaTiSiOs, is an orthosilicate with corner sharing kinked TiOg octahedra parallel
to the c-axis and cross-linked by SiO, tetrahedra. In Coldwell titanite, the calcium site
accommodates AI** and Fe®'; the titanium site accommodates Al**, Fe*, Si*, Nb*", and Zr*";
and the bridging O(1) anion site contains OH™ and possibly F~ in some of the analyses. Balanced

simple substitutions include zirconium into the titanium site:

" - Ti* Liferovich and Mitchell (2005b)
Trivalent ions enter the calcium and titanium structural sites by two-site substitution:
2(Fe,Al)*" — Ca”* + Ti* Hoskin et al. (2000)

All titanites analyzed contain niobium. Liferovich and Mitchell (2005a) have
documented a two-site replacement from the Khibina, Russia complex, that is:

Na"+Nb*" — Ca?" + Ti* Liferovich and Mitchell (2006b)

As there are no monovalent ions in Coldwell titanite, the coupled substitution of
niobium and hydroxyl for titanium and oxygen occurs:

Nb>* + (F,OH) — Ti*" + O* Clark (1974)

As such, all formula recalculations include hydroxyl in equal proportions to niobium, as

listed in Table 4.25 and Appendix II1.XIV.

4.25 Xenotime

Yttrium phosphate (YPO,), or xenotime, occurs as an accessory phase in many rock
types, such as granite, granitic pegmatite, granodiorite, migmatites, a range of metamorphic
rocks, and syenites. Xenotime is rare in Coldwell pegmatites, and present in six of 40 samples
examined. Of the six occurrences, three are from the Upper Marathon Shore, one from the
Railway, and the remainder from Center Three pegmatites. Xenotime has an extremely high
relief, colourless (Fig.4.58A), and high third order birefringence (Fig. 4.58B). In all cases,
xenotime forms in the initial stage of crystallization, and is usually intergrown with zircon (Fig.

4.59). Xenotime crystals are euhedral-to-subhedral and generally smaller than 70 pm.

Compositions are similar in all samples, as listed in Table 4.26 and Appendix II1.XV.
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FIGURE 4.58: Photomicrographs of xenotime (Xen) in albite (Ab). A is plane-polarized, B
is cross-polarized.

185 188

s
185

FIGURE 4.59: BSE-images of xenotime (Xen). A is xenotime with zircon (Zir) inclusions in
chlorite (Chl) and orthoclase (Or). B and C are xenotime intergrown with zircon in
chlorite. The lighter area in B contains 1.85 wt. % ThO,. D is zoned xenotime intergrown
with zircon and surrounded by bastnaesite (Bast) and calcite (Cal).
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TABLE 4.27: Representative compositions of xenotime.

Upper Granitic NYF-

: 1 Center Pegma- Biotite
Rallway M;l:z::? " Three’ tite* Granite® Peﬁgtl;a- P:igt:;a'
P,0;s 35.20 34.24 35.25 344 32.0 34.0 33.25
SiO, 0.98 0.50 0.02 - 1.53 - 0.09
ThO, 1.14 0.30 0.45 0.4 2.85 0.3 0.22
Uo, 0.21 0.12 0.14 3.7 3.92 1.2 0.42
AlLOs - - 0:53 - = - -
Y,0; 45.53 44.36 40.21 40.9 36.6 45.2 41.79
La203 = 0.14 B = = = -
Ce,05 - 0.30 - - 0.33 - -
Pr;04 - 0.17 - - 0.11 - -
Nd,O; 0.14 0.20 - - 1.00 - 0.34
Sm,05 - 0.47 - - 1.26 - 0.63
Eu,0; - - 0.03 0.1 - - -
Gd,05 1.66 2.86 3.27 2.2 3.60 23 2.25
Tb,0; 0.53 0.62 1.05 0.6 0.70 0.7 -
Dy,0; 5.84 6.69 7.46 55 4.84 6.0 5.93
Ho,03 1.43 1.45 1.55 1.2 1.03 1.1 -
Er,O; 4.23 4.10 4.04 4.0 3.13 4.4 4.27
Tm,05 0.64 0.78 1.14 - 0.57 - -
Yb,0, 229 2.17 3.99 4.7 4.39 43 4.55
Lu,0O5 0.16 0.29 0.23 0.6 0.56 0.5 -
CaO 0.35 - 0.10 0.4 0.17 0.1 -
PbO - - - - 0.18 - 0.33
Total 100.32 99.76 99.46 98.8 98.8 100.1 94.07

" Railway pegmatite (4 analyses of sample MAS026) from the Coldwell complex.

? Upper Marathon Shore pegmatite (4 analyses of sample MAS018) from the Coldwell complex.

* Center Three pegmatite (2 analyses of sample MAS040) from the Coldwell complex.

* Pegmatite (sample 4) from Val Codera (DeMartin et al. 1991).

* Biotite Granite (sample GOT Gb-71) from Ergebirge-Fichtelgebirge region, Germany (Forster 1998b).

® Granitic pegmatite (sample 1) from Ca’Mondei, Montescheno (DeMartin et al. 1991).

" NYF-pegmatite (1° Kra xenotime sample) from the Kracovice intrusion, Czech Republic (Skoda et al.
20006).

Coldwell xenotime contains minor aluminum, thorium and uranium, and are enriched in
MREE and HREEs, specifically Y>Dy>Er>Gd>Yb>Ho (Table 4.26). Although in trace
amounts, xenotime (together with fergusonite) is the main HREE sink. The ternary plot in Figure
4.60 shows that all xenotimes are enriched in HREE relative to LREE and MREE, which is
typical of anorgenic A-type suites, i.e. A-type granites of the Ergebirge-Fichtelgebirge region,

Germany (Forster 1998), granitic pegmatites from Ca’Mondei, Montescheno (DeMartin et al.
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1991), and NYF pegmatites from the Kracovice intrusion, Czech Republic (Skoda et al. 2006).
The low analytical total in the Kracovice intrusion may be related to the absence of Tb, Ho, Tm,
and Lu in the analyses. Since the other HREEs from Kracovice are very similar to Coldwell

xenotimes, it is likely that the Tb, Ho, Tm, and Lu were not analyzed.

MREE
50

LREE 50 55 60 65 70 75 80 85 90 95 100 HREE

FIGURE 4.60: Xenotime MREE (Sm-Ho) — LREE (La-Nd) — HREE (Er-Lu+tY) ternary
plot with MREE and LREE reduced to 50 %. Solid line encloses various igneous
xenotimes (Kositcin et al. 2003). Close spaced dashed line encloses hydrothermal
xenotimes (Kositcin et al. 2003). Long dashed line is from A-type granites (Forster 1998b).

The study of Kositcin et al. (2003) analyzed xenotime from igneous, digenetic and
hydrothermal origin within the Archean Witwatersrand Basin, South Africa, and determined,
without the use of textural evidence, that REE, Th and U contents can be effectively used to
characterize the origin. According to Kositcin et al. (2003), igneous xenotime is characterized by
lower europium, dysprosium, gadolinium, and Gd/Yb ratio than diagenic and hydrothermal
xenotime. In addition to REE differences, uranium and thorium in hydrothermal xenotime is
characteristically lower than igneous and diagenic varieties (Kositcin et al. 2003). Coldwell
xenotimes contain low to not detectable europium content, an average Gd/Yb ratio of 1/1.35, and
uranium and thorium values between 0 to 0.21 wt. % UO, and 0 to 1.85 wt. % ThO,. These

features are seen in Coldwell xenotime. In addition, Figure 4.60 contains ranges of compositions

from igneous detrital Kositcin et al. (2003), hydrothermal (Kositcin et al. 2003) and A-type
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granite (Forster 1998a) xenotimes. Apart from low uranium values, Coldwell xenotimes
resemble the igneous xenotime described by Kositcin et al. (2003).

Xenotime adopts the tetragonal /4,/amd space group (Ni et al. 1995). Common ions
substituted into the Coldwell xenotime structure include AI**, Ca**, REE**, Th*", and U* into the
Y-site, and Si*" into the P-site. In common with monazite, there are solid solutions between
xenotime, apatite (CaPO,) and britholite [LREEs(Si,P);0,2(OH,F)]. Tetravalent ions may enter
the LREE and phosphorus (Fig. 4.61A):

(Th,U)*" + Si** — LREE*" + P** Gramaccioli and Segalstad (1978)
(Th,U)*" + (Ca,Sr)** — 2REE* Gramaccioli and Segalstad (1978)
A0.08 B 0.12
0104 A
0.06 1 oA i —
-
—_ S 008{ A
2 0,041 + s
’3 A A ;E o " A
S 002 A AA.. &+ o
A ® =
0.00 1 A 0.02 A, Bga A
g v v 5 0.00 4
1.92 1.94 1.96 1.98 2.00 2.02 1.92 1.94 1.96 1.98 2.00 2.02
M**+P (apfu) M**+P (apfu)

FIGURE 4.61: A- and B-site substitution in xenotime. A is tetravalent (M*") ions versus
trivalent (M’") ions plus phosphorus (P). B is tetra- and di-valent (M?") ions versus
trivalent ion and phosphorus. Red triangles and blue squares are Upper Marathon Shore
and Center Three pegmatites, respectively.

The presence of divalent ions indicates that some of the tetravalent ions are used to
charge balance the crystal lattice.

The combination of divalent and tetravalent ions plotted against all trivalent ions and
P,0s, as shown in Figure 4.61B, gives a more reasonable correlation (r* = 0.913) than that of the
tetravalent ions (r* = 0.897).

In common with the isostructural minerals thorite and zircon, xenotime may be able to
incorporate hydroxyl ions into the structure:

Si* + OH — P> + O* van Emden et al. (1997)

Ca®+OH — Y + 0™ Gorshkov et al. (1998)
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4.26 Zircon

Zircon is the main zirconium-bearing phase, and is present in all units. Zircon has a high
relief, is colourless, and first order grey birefringence (Fig. 4.62). Where metamict or hydrated,
the birefringence increases to upper third and fourth interference colours. In the Coldwell
pegmatites, zircon occurs in the initial stage of precipitation. The mineral has euhedral-to-
anhedral habit (Fig. 4.63), and is commonly altered along grain boundaries and fractures, some

of which are partially absorbed, leaving behind skeletal/corrosional textures (Fig. 4.63B).

FIGURE 4.62: Photomicrographs of zircon (Zir) surrounded by amphibole (Amp),
perthite (Per) and quartz (Qtz). A is under plane-polarized, B is cross-polarized light.

Zircon associations are generally similar between units. In all units, zircon is associated
with pyrochlore and thorite. Atypical zircon associations occur in Center Three, as baddeleyite
overgrows, instead of intergrowing zircon; and with xenotime/zircon intergrowths occurring in
the Railway, Upper Marathon Shore and Center Three pegmatites.

Zircon compositions commonly include iron, calcium, thorium, uranium, and hafnium
(Table 4.27 and Appendix I11.XVII). No compositional difference is observed between initially-
and interstitially-forming zircon. Coldwell zircons are similar in composition to zircons from the
Kuiqi peralkaline granites (Xie et al. 2006), with hafnium oxide values between not detectable
and 2.51 wt. % and variable thorium. Alternatively, Coldwell zircons have higher uranium and
iron than the peralkaline granites from Kuiqi. Aluminous granites from Putuoshan (Xie et al.
2006) have higher hafnium (2.03-5.92 wt. % HfO,) and yttrium, but similar high uranium
values.

Zircon is an orthosilicate with the formula ZrSiO,. The tetragonal /4,/amd structure

consists of independent SiO, tetrahedra joined to distorted ZrOg cubes. Common ions found
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substituting into Coldwell zircon include: AP’*, Ca®*, Fe*', Fe*', Mg®*, Mn*', Nb*', Th*", U*,
Hf", REE*", and Ta*" at the zirconium site; and P at the silicon site. Thorite (ThSiO,), coffinite
(USiOy), and hafnon (HfSiO4) are isomorphs of zircon and their cations can easily enter the

zircon structure by simple substitution:

(Th,UHH*" — Zr* Krasnobaev et al. (1988)

188 um

Figure 4.63: BSE-images of zircon. A is primary zircon with the darker zones being
hydrated zircon and is surrounded by albite (Ab), orthoclase (Or), calcite (cal), aegirine
(Ae) and Fe-sphalerite (Fe-Sp). B is a primary zircon that was partially reabsorbed, in this
case it is surrounded by fluorocarbonates (Flu), calcite (Cal), albite and orthoclase. C is a
zoned euhedral zircon surrounded by orthoclase, quartz (Qtz), and chlorite (Chl). D is
anhedral zircon surrounded by albite and orthoclase.

Coupled substitutions, namely the solid solution between zircon and monazite
(REEPQ,), xenotime (YPO,) and fergusonite (YNbO,) commonly occur in Coldwell zircon:

(Y,REE)’' + P** — Zr*" + Si** Speer (1982)

(Y,REE)*" + (Nb,Ta)’" — 2Zr*" Es’kova (1959)
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TABLE 4.28: Representative compositions of zircon.

Upper Per- Alumi-
(?:;g:;‘ Railway2 Mall')::)th:?n Black* g;‘:g alkaline6 nous

Shore Granite Granite’
P,0s - - - - - - 0.30
SiO, 33.08 32.40 32.55 32.87 33.32 32.79 30.40
ZrO, 66.24 65.02 65.72 65.43 64.91 62.54 53.42
HfO, 0.95 1.47 1.12 1.38 1.10 1.93 3.16
ThO, - 0.37 - - - - 2,55
uo, - 0.13 - - - 0.15 4.34
Al,O4 - - - 0.21 0.44 - -
Y,03 - - - - - 0.14 2.70
FeO 0.20 - - 0.21 0.72 - -
PbO - - - - - - 0.10
Total 100.47 99.39 99.39 100.10 100.49 97.55 96.97

" Border Gabbro pegmatite (3 analyses of sample MAS001) from the Coldwell complex.

? Railway pegmatite (3 analyses of sample MASO016) form the Coldwell complex.

3 Upper Marathon Shore pegmatite (4 analyses of sample MAS020) from the Coldwell complex.
* Black pegmatite (3 analyses of sample MAS031) from the Coldwell complex.

* Center Three pegmatite (3 analyses of sample MAS038) from the Coldwell complex.

® Peralkaline granite (sample 22) from the Kuiqi intrusive, China (Xie et al. 2006).

7 Aluminous granite (sample 23) from the Putuoshan intrusive, China (Xie et al. 2006).

Lyakhovich (1979) documented a direct correlation between yttrium and phosphorus
suggesting that the presence of extremely small inclusions may account for their presence.
Similarly, Gorskov et al. (1998) concluded that REE in zircon are a result of xenotime
inclusions. As there is no phosphorus in Coldwell zircons, xenotime and monazite inclusions do
not account for the REEs present in Coldwell zircons.

The occurrence of REE not in proportion to PO, indicates that other cations, such as
AP, Fe*', Fe*', and Mg”" accommodate for charge balance in the crystal lattice. As such, there
are interstitial sites that can accommodate a multitude of ions allowing for the low levels of
HFSEs and REEs (Finch and Harchar 2003):

[(Mg,Fe)* e + 3(Y,REE)* + P°" — 3Z¢"" + Si* Hoskin et al. (2000)

[(ALFe)* Jier + 4(Y,REE)*" + P*" — 4Zr*" + Si** Hoskin et al. (2000)

Hydrated zircon (Fig. 4.63), {[(Zri.xCay)Si[O.2x,(OH)x]4}, commonly occurs
throughout the Coldwell pegmatites (Table 4.28), and is marked by the addition of aluminum,

yttrium, REEs, calcium, manganese, iron, and sodium. The alteration of zircon into its hydrated
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variety occurs in the secondary stage of crystallization, and prevails along microfractures,
inclusions and grain boundaries (Fig. 4.64B). Hydrated zircon may form by decomposition via
metamictization and dissolution/reprecipitation reactions:

Ca®" + 2(OH) + 2H,0 — Zr*" + (Si0y)* Gorshkov et al. (1998)

FIGURE 4.64: Zircon (Zir) and hydrated variety (H-Zir) surrounded by albite (Ab),
orthoclase (Or) and biotite (Bio). A is normal contrast, B is high contrast. All dark areas in
the zircon grain are the hydrous variety.

Dissolution of zircon is relatively uncommon, as it is stable during most hydrothermal
episodes. Despite this, the occurrence of the hydrated zircon species and skeletal zircon grains
indicate that zirconium was dissolved and recrystalized later to form the hydrous variety or other
zirconium-bearing minerals, i.e. Fe-zircophyllite. Similar to Coldwell pegmatites, late stage
zircon varieties can be found in other alkali, F-rich igneous suites (Rubin et al. 1993). Initial
zircon occurs, at least in the case of the Coldwell pegmatites, because of differentiation and
solubility. As the pegmatitic melt evolved, the absence of fluorine compatible minerals enriched
the melt in fluorine, and stabilizes Zr-F complexes. It has been shown by Keppler (1993) that the
solubility of zirconium increases dramatically with higher amounts of fluorine. So while zircon

formed in the initial stages of crystalization, an increase in fluorine permitted zirconium to

remain stable in the melt.




TABLE 4.29: Representative compositions of hydrous zircon.
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Upper
(’?;);s:;‘ Railway2 Mar:th;)n Black® (T:E'r‘g SAyl :‘::;::6
Shore

P,0Os5 = = - - - 0.13
Nb,Os = = - - - 2.71
Ta,0s = - = - - 0.18
SiO, 26.71 28.72 31.61 28.30 27.52 26.27
ZrO, 46.99 54.58 62.26 55.47 48.43 54.17
HfO, 0.80 1.65 1.33 0.83 - 1.02
ThO, 0.25 0.81 0.42 1.05 - -
uo, 1.02 - 0.21 - - -
Al,O4 1.22 0.30 0.36 0.27 0.80 0.15
Y,0; 3.86 - - - - 1.95
C6203 0.36 = 0.35 = = =
Pr,0; = o & = - -
Nd,04 - - 0.12 - - -
Sm, 04 = = - - - 0.21
Gd,0; 0.43 - - - - 0.52
Tb,05 = = - = = -
Dy,03 0.53 - N - 0.91 0.73
H0203 = = = - 0.32 =
Er,O5 0.82 - - - 0.63 0.23
Tm, 03 - - - - -
Yb,03 0.66 - = - 0.83 _
CaO 1.74 1.61 0.45 1.27 1.64 0.14
MnO - 0.14 - - - -
FeO 1.19 0.99 0.35 1.44 1.05 0.86
Na,O 0.63 0.49 - 0.43 0.33 -
Total 87.21 89.29 97.46 89.06 82.43 89.27

" Border Gabbro pegmatite (5 analyses of sample MAS007) from the Coldwell complex.

? Railway pegmatite (3 analyses of sample MAS024) from the Coldwell complex.

* Upper Marathon Shore pegmatite (3 analyses of sample MAS018) from the Coldwell complex.

* Black pegmatite (2 analyses of sample MAS032) from the Coldwell complex.

* Center Three syenite pegmatite (2 analyses of sample MAS033) from the Coldwell complex.

® Altered syenite (sample PTS) from the Lake Zone, Thor Lake, N.W.T., Canada (Pinckston and Smith
1995).

4.27 Zirconolite
Zirconolite, CaZrTi,0,, is a common trace mineral in alkaline intrusives, carbonatites,
kimberlites, and metasomatic/metamorphic rocks. In Coldwell pegmatites, the mineral is present

in three Border Gabbro and two Railway pegmatite samples. In these units, zirconolite has a
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high relief, red/brown pleochroism, and anomalous birefringence (Fig. 4.65). The mineral forms
elongate subhedral-to-anhedral crystals with tapered terminations, and range in size from 2 pm
to 1 mm. All crystals form in the initial stage of crystallization, and are associated with other
early-initial stage minerals, i.e. apatite, baddeleyite, pyrochlore, and zircon (Fig. 4.66).

In the Border Gabbro pegmatites, zirconolite compositions are diverse (Table 4.30 and
Appendix III.XVII). High HREEs, yttrium and silicon are accompanied by low iron and

calcium. One of the crystals is isolated; one is intergrown with zircon; and the other intergrown

with baddeleyite.

FIGURE 4.65: Photomicrograph of zirconolite (Zcn) in perthite (Per). The lighter outer
zone seen in the crystal is enriched in titanium and REEs relative to the interior. A is
plane-polarized, B is cross-polarized.

FIGURE 4.66: BSE-images of zirconolite (Zcn). A is zirconolite associated with
baddeleyite (Bdy) in a albite (Ab) and orthoclase (Or). B is subhedral elongate zirconolite
intergrown with zircon (Zir) and surrounded by pyrochlore (Pyc), ilmenite (Ilm) and
apatite (Ap).
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TABLE 4.30: Representative compositions of zirconolite.

Border . 2 523 Syenite
Gabbro! Railway Syenite Pegn:a-
tite
WO, 0.26 - - -
Nb,Os 10.54 17.58 2.71 19.72
Ta,0s 1.90 0.91 0.26 1.08
SiO, 0.79 - 0.29 -
TiO, 20.58 18.18 28.80 21.50
ZrO, 27.20 30.40 31.35 29.83
HfO, 0.44 0.54 0.31 0.68
ThO, 3.09 0.16 8.22 0.20
UO, 1.14 - 2.86 0.11
AlLO; 0.26 0.20 0.27 0.27
Y,0; 177 1.78 0.67 0.30
La,0; 2.24 2.54 0.91 0.95
Cey0; 6.37 7.11 3.25 2.31
Pr,0O; 1.54 1.10 0.28 0.20
Nd,05 4.10 3.67 1.29 0.53
Sm,03 0.79 0.55 0.28 -
Eu203 - = 0.15 -
Gd,0; 0.14 - 0.10 -
Tb,0;5 0.32 - - -
Dy,04 0.84 - - -
Ho,0; 0.39 - = -
Er,O; 0.31 - . -
Tm,04 0.40 - - -
Yb,0; 0.37 - - -
Lu,04 0.25 - = -
Fe, 04 1.84 - - -
FeO 6.84 9.13 7.70 7.84
MgO . - 0.07 0.07
CaO 6.11 6.98 9.05 12.60
MnO = - 0.15 0.43
PbO = - 0.29 -
Total 100.76 100.83 99.26 98.62

' Border Gabbro pegmatite (5 analyses of sample MAS001) from the Coldwell complex.

2 Railway pegmatite (3 analyses of sample MAS023) form the Coldwell complex.

3 Syenite (sample 42781) from Glen Dessarry, Scotland (Fowler and Williams 1986).

* Coarse-grained syenite pegmatite (sample S6) from Langesundfjord, Norway (Williams and Gieré 1996).

The Railway zirconolites (Fig. 4.66B), are intergrown with zircon and surrounded by the

early-initial-forming minerals pyrochlore, ilmenite and apatite. One grain of zirconolite is
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present in sample MASO15. This crystal is associated with baddeleyite and enclosed by
amphibole. Here the crystal is small (~ 2 pm) and no accurate analyses could be undertaken.

As shown in Table 4.29, the Coldwell zirconolites are high in REEs (13.62-22.84 wt. %
REE;Os), when compared to syenites (6.93 wt. % REE,O;) from Glen Dessarry, Scotland
(Fowler and Williams 1986) and syenite pegmatite (4.33 wt. % REE,Os) from Langesund fjord,
Norway (Williams and Gieré 1996). As REEs substitute into the calcium site, calcium is low
compared to other localities (Table 4.29). The calcium — titanium — zirconium plot in Figure 4.67
shows all Coldwell zirconolites plotting with high zirconium relative to the ideal stoichiometry.
As the zirconium site is relatively constant, variation, illustrated in Figure 4.67, is dependant on
calcium and titanium substitution, and indicates that Coldwell zirconolites are more evolved, as
they are enriched in REEs, than zirconolite from other rock types, i.e. carbonatites, syenites, and

nepheline syenites.
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FIGURE 4.67: Calcium (Ca) — zirconium (Zr) — titanium (Ti) in apfu ternary plot. Green
circles and black crosses are the Border Gabbro and Railway pegmatites, respectively.
Red dot is stoichiometric zirconolite. Solid line, intermediate dashed and close-spaced
dashed encompass metasomatic, carbonatites and syenites/ nepheline syenite rocks,
respectively (Williams and Gieré 1996).
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The REE — ACT — M’ ternary diagram in Figure 4.68 shows that the Coldwell
zirconolites are ACT-poor, the Border Gabbro pegmatites are REE-rich, and the Railway
pegmatites are relatively M*"-rich. The trend from M’* to REE is similar to Schryburt Lake,
Ontario and Araxa, Brazil carbonatites (Gieré et al. 1998).

Zirconolite has a monoclinic crystal structure that consists of 5-coordinated Ti atoms
surrounded by six-membered corner-sharing TiOg octahedra and interlayering chains of CaOs
cubes and ZrO; polyhedra (Gieré et al. 1998). Zirconolite polytypes include monoclinic
“typical” zirconolite-2M (White et al. 1984), the trigonal zirconolite-3T, or “zirkelite” (Mazzi
and Munro 1983), orthorhombic zirconolite-30 (Bayliss et al. 1989), and the monoclinic
zirconolite-4M (Coelho et al. 1997).

90 v 3
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FIGURE 4.68: Zirconolite REE — ACT — M*" ternary diagram. Both units are ACT-poor.
The Border Gabbro (green circles) being REE-enriched, the Railway (black crosses) being
M*-enriched. The solid line represents where the Araxa, Brazil carbonatites plot; dashed
line is where Schryburt Lake, Ontario carbonatites plot (Gieré et al. 1998).

The composition of Coldwell zirconolite includes Y**, REE’", Th*', U**, Fe*", Mg”", and
Mn?" in the Ca-site; HREE™, Hf*", U*", Ca**, and Ti** in the Zr-site; and Nb**, Fe**, Fe*", Zr"",
Mg?, and Ta’" in the Ti-site. A list of possible mechanisms, suggested by Gieré et al. (1998), is
shown in Table 4.30. In Coldwell zirconolites, titanium versus the M*>" ions (niobium and

tantalum) gives a good negative correlation with an r* value of 0.947 (Fig. 4.69).
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FIGURE 4.69: Zirconolite M**-site vs. titanium (Ti) in apfu. The r* value is 0.947.

TABLE 4.31: Substitution mechanisms found in zirconolite (Gieré et al. 1998).

Mechanism Sites involved
Zr* — Ti* MS5,6
M+ M - 2Ti* M5.,6
W& + M*" = 2Ti* M5.,6
M - TiY + M* M5,6
M+ M? - Ti*" + M** M5,6
Ti** = Zr** M7
Hf* — Zr* M7
ACT" — Zr** M7
REE* + M*" — Zr*" + Ti* - M5,6/M7
REE* + Ti*" — Zr** + M** M5,6/M7
REE* +2Ti*" — zr*" + M*" + M** MS5,6/M7
ACT* + M* — Ca*" + Ti*" MS5,6/M8
ACT* + 2M*" — Ca® + 2Ti*" M5,6/M8
ACT* + M*" — Ca?* + M** M5,6/M8
ACT* + M* — REE* + Ti*" M5,6/M8
ACT* + M* - REE*" + M** M5,6/M8
ACT* + Ti*' - REE* + M** M5,6/M8
ACT* + Ti*" + M¥ — Ca*" + M*" + M** M5,6/M8
ACT* +2M*'— REE*" + M** + M** M5,6/M8
REE* + M*" — Ca?* + Ti*" M5,6/M8
REE* + M*" + M?" — Ca®" + 2Ti"" M5,6/M8
REE* + Ti*" — Ca®" + M** M5,6/M8
REE*" + M*" — Ca*" + M*" MS5,6/M8

2REE*" — Ca®" + Zr* M7/M8
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In acidic environments and temperatures above 500°C, the degradation of zirconolite can
lead to the formation of rutile and anatase; while in basic environments and variable
temperatures, zirconolite can break down to perovskite and calzirtite (Malmstroem et al. 2000).
Pan (1997) suggests that zirconolite decomposes into rutile + titanite + zircon. As neither of
these two assemblages, or any other assemblage which may be indicative of zirconolite
decomposition, is present, subsequent reheating or pressure could not have been intense enough
to breakdown Coldwell zirconolite. Due to the lack of corrosional or alteration textures present

in Coldwell pegmatites, it is unlikely that any dissolution occurs.
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CHAPTER FIVE
PETROGENESIS

5.1 Introduction

Age relations of the western and central/eastern areas of the Coldwell complex have
been constrained using uranium-lead geochronology to 1108+1 and 1118+1 Ma, respectively
(Heaman and Machado 1992). The North American Midcontinent Rift System has been
constrained to 1114.7+1.1 Ma and 1091.1+4.5 Ma (Heaman et al. 2007; Hollings et al. 2007),
thus that the Coldwell complex was emplaced early in the development of the rift.

Overall, the North American Midcontinent Rift System is a product of mantle plume
generated extensional tectonism, and the Coldwell rocks, specifically the syenites, exhibit
anorogenic (A-type) characteristics (Mitchell et al. 1993), i.e. peralkaline, aluminous with
fluorine, HFSE, and LREE enrichment. These characteristics are similar to other A-type
intrusive complexes, e.g. Thor Lake (Pinckston and Smith 1995), Strange Lake (Salvi and
Williams-Jones 1996), A-type granites of southeast coastal China (Xie et al. 2006), and many
others (Abdel-Rahman 2006; Srivastava et al. 2007; Xie et al. 2005). The genesis of A-type
syenites/granites is possibly the result of partial melting of metasomatized lower crust during
extension (Martin 2005). Degassing, which is associated with decompression, within the mantle
allows for normally incompatible ions to be swept up by hydrothermal and/or carbothermal
fluids (Bailey 1980). As these fluids are buoyant, the normally incompatible ions rise towards
the crust. Consequently, Coldwell syenites and related rocks are enriched in iron, fluorine,
LREEs, ACTs, and HFSEs.

There are many examples of REEs precipitating in hydrothermal and carbothermal
environments (Gieré 1996; Rubin et al. 1993; Della Ventura et al. 1999), as they are able to
complex with sulphate, chloride, fluoride, hydroxide, carbonate, bicarbonate, nitrate, and
orthophosphate (Haas et al. 1995). Studies have shown that REE complexes prefer low pH
solutions (Michard 1989), which are saline (Banks et al. 1994) and relatively hot (Banks et al.
1994). In common with HFSEs, REEs are able to partition into the Coldwell syenites/related
rocks because of their elevated fluorine content (Keppler 1993); the same can be assumed for the
ACTs.

In Coldwell syenites, pegmatite-forming residua represent the last stage of syenitic melt
evolution. As the initial syenitic melts were enriched in immobile elements, the evolved residua

are even more enriched in iron, fluorine, silica, LREEs, ACTs, and HFSEs. Similarly, as
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fractionation progresses, the volatile contents increase, and, consequently, the late-crystallizing
residua are coarse-grained and contain many forms of hydrous (allanite, amphibole, chevkinite,
etc.), carbonated (calcite, kainosite, fluorocarbonates), and fluorinated (amphiboles, apatite,
fluorite etc.) minerals. Pegmatites formed in anorgenic conditions and enriched in the

elements/minerals mentioned above are classified as NYF-pegmatites (Cerny 1992).

5.2 Melt/Fluid Evolution

The evolution of Coldwell syenite residua occurs in four main textural stages. The first
stage consists of the crystallization of euhedral-to-anhedral grains of apatite/britholite,
baddeleyite, chevkinite, fergusonite, ilmenite, magnetite, monazite, olivine, pyrochlore,
pyroxene, thorite, xenotime, zircon, and zirconolite.

It has been shown by Mitchell and Platt (1978) that baddeleyite-zircon stability can be
used to constrain silica activity. Baddeleyite-zircon intergrowths indicate that the initial
environment is very close to the baddeleyite-zircon stability line. The silica activity is

-0.75

constrained to approximately 10" (Fig. 5.1). As quartz reaches saturation in the interstitial

stage, silica activity increases with differentiation (shown by the red arrow in Figure 5.1).
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FIGURE 5.1: Baddeleyite-zircon stability diagram in respect to temperature and silica
activity (log agsip;). Red arrow is the general trend taken by the melt as silica increases.
Green circles, black crosses, red triangles, black diamonds, and blue squares are the
Border Gabbro, Railway, Upper Marathon Shore, Black, and Center Three pegmatites.

As the melt evolved, the alkalis and aluminum were precipitated as cryptoperthitic alkali

feldspars. According to James and Hamilton (1969), at 1 kbar pH,O and normative SiO, less
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than 15 %, a complete solid solution between albite and orthoclase (Ab-Or-Q,s5)e;An; exists at
liquidus temperatures (approximately 730 °C). Below 730 °C and/or above 15 % normative
Si0,, a miscibility gap forms and, with decreasing temperature and/or increasing SiO,, expands.
Cryptoperthitic textures indicate that normative SiO, % was low (<15 %), the feldspar
compositions were approximately AbgsOrjs — Ab;sOrgs and subsolidus cooling time was short, as
microcline would have formed at approximately 450 °C (Martin 2005). As such, the magnetite-
ilmenite equilibration temperatures (531-633 °C) and oxygen fugacities (107'°°-10?*° bars) are
near the initial crystallization conditions, volatile proportions (volatile-enriched minerals and
vesicles that occur in the Upper Marathon Shore pegmatites) are common, and a slow cooling
regime above the solidus temperature cannot account for the coarse-grained textures.
Cryptoperthitic texture in feldspar can, according to Waldron and Parsons (1992), be used to
infer equilibration temperatures. Lee et al. (1997) and Waldron and Parsons (1992) have used
TEM to describe the Center One ferroaugite syenites (host rock of the Upper Marathon Shore
pegmatites) feldspars. Waldron and Parsons (1992) determined that the periodicities of the
microtextures increase slightly inwards from the contact and upwards in the stratigraphy of the
Marathon Shore layered syenites. Similarly, Brown et al. (1983) have documented the same
trend from the Klokken, Greenland layered syenite. Microtextures within Center One ferroaugite
syenites include ripples (Lee et al. 1997), parallel-sided pleats (Lee et al. 1997), regular straight,
wavy, lozenge (Waldron and Parsons 1992), and albite banding (Waldron and Parsons 1992).
Bulk compositions of the ripple microtextures measured by Waldron and Parsons (1992) give a
solvus temperature of approximately 500 to 550 °C, that is, the Center One ferroaugite syenites
cooled to approximately 525 °C and were then affected by a fluid influx thermal event. As
Center One ferroaugite syenites are host to the Upper Marathon Shore pegmatites, the lack of
zoning and graded contacts suggests that the Upper Marathon Shore pegmatites intruded while
the host syenite was still relatively hot, and, thus, represent the fluid influx event described by
Waldron and Parsons (1992).

The ulvéspinel component in magnetite, hematite component in ilmenite, and the
exsolution of these two minerals is controlled by oxygen fugacity (fo,) and temperature
(Buddington and Lindsley 1964). The QUILF program (Andersen et al 1993) is used to calculate
X’Usp and X’Ilm (Fig. 5.2), and the geothermometer program of Nasir (1994) to determine
temperatures and oxygen fugacity. The range of temperatures and oxygen fugacities are 531 to

633 °C and 10"’ to 10%*? bars, respectively. Temperatures and oxygen fugacities of each unit

are shown in Figure 5.3, and indicate that as temperatures increase oxygen fugacities also
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FIGURE 5.2: Magnetite and ilmenite TiO, — FeO — Fe;O; ternary plot. Exsolution pairs are connected with tie lines.
Green circles, black crosses, red triangles, black diamonds and blue squares are the Border Gabbro, Railway, Upper
Marathon Shore, Black, and Center Three pegmatites, respectively.
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increase. As shown in Figure 5.3, no real difference in oxygen fugacity and temperature is

observed between units.
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FIGURE 5.3: Magnetite-ilmenite temperature vs. oxygen fugacity (log fO,). Green circles,
black crosses, red triangles, black diamonds, and blue squares are the Border Gabbro,
Railway, Upper Marathon Shore, Black, and Center Three pegmatites.

Apart from colour, feldspar compositions and textures and associations are similar in
every other aspect. Hofmeister and Rossman (1985) attribute the green colour of alkali feldspars,
as found in the Border Gabbro unit, to trace lead and water substituting for potassium. Red
feldspars in the Upper Marathon Shore and Center Three units reflect oxidation of iron and
indicates that most, if not all, feldspar iron is in the ferric state, as opposed to ferric/ferrous iron
accounting for black feldspars in the Railway and Black units. The oxidation state of iron in
feldspar can be either related to primary or secondary mechanisms.

In addition to differences in iron oxidation, the presence of lead, as inferred by their
green colour, in the Border Gabbro feldspars indicates that these pegmatites are possibly derived
from a different batch of magma than the other pegmatites.

Subsequent to the formation of the framework feldspars, the precipitation of
intercumulous minerals occurred. These include amphiboles, astrophyllite, sulphides, sulphates,
quartz, and calcite. In contrast to Center Three pegmatites, which only contain amphibole
(taramite) in the initial stage, amphibole can be used to constrain temperature and oxygen
fugacity.

The presence of magmatic riebeckite in Upper Marathon Shore pegmatites indicates that

the melt had a relatively high oxygen fugacity, otherwise arfvedsonite would have formed (Ernst
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1962; Evans 2007). The breakdown of riebeckite, with a composition of 5% ferrorichterite, 5%
grunerite, and 90% riebeckite, occurs at 359 °C at 2 kbar on the hematite-magnetite (HM) buffer
(Owen 1985). The experimental work of Evans (2007) suggest that endmember riebeckite can
stably exist below 450 °C at 2 kbar midway between the HM and fayalite-magnetite-quartz
(FMQ) buffers. As riebeckite has a limited stability, it can be used to constrain oxygen fugacity
and temperature based on its composition, specifically, its arfvedsonitic component (Ernst 1962)
and fluorine content (Owen 1985). Coldwell riebeckites have approximately 5 to 10 %
arfvedsonite component. Stability of riebeckite with 10 % arfvedsonite at 2 kbar is shown in
Figure 5.4. As the pegmatites were intruded at approximately 1 kbar and the minimum
subsolidus temperatures are greater than 450 °C, the stability for riebeckite might expand (not

shown in Figure 5.4).
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FIGURE 5.4: Ferrorichterite (A) and riebeckite (B) stability fields in relation to
temperature and oxygen fugacity [Log f{O;)] at 1 and 2 kbar respectively. Ferrorichterite
is from Charles (1975). The riebeckite contains 10% arfvedsonite component (Evans
2007). HM = hematite-magnetite buffer; FMQ = fayalite-magnetite-quartz buffer; MW =
magnetite-wiistite buffer.

Apart from Center Three, all pegmatites contain ferrorichterite amphiboles. According
to Charles (1975), ferrorichterite decomposes into fayalite, magnetite, quartz, and vapor at 525
°C, 1 kbar (QFM buffer). The stability field of ferrorichterite with respect to temperature and
oxygen fugacity is shown in Figure 5.5A. As the Upper Marathon Shore pegmatites contain both

ferrorichterite and riebeckite, the temperature must have decreased with oxygen fugacity (Fig.
5.5).
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Amphibole in Center Three pegmatites forms in the initial stage of crystallization and,
unlike other units, is the main mafic silicate. This feature is also present in the host syenite, and

indicates that the pegmatites represent the host syenite residua.
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FIGURE 5.5: The primary magmatic trend of the Upper Marathon Shore pegmatites as
the melt evolved in respect to temperature and oxygen fugacity (log fo0,). See text for
explanation.

Ferroactinolite is a common mineral forming after all other amphiboles in Center One
upper ferroaugite syenites, but is not observed in the pegmatites. Similar amphiboles, e.g.
ferroedenite, are present and indicate that the Border Gabbro pegmatites are enriched in calcium
relative to the Center One ferroaugite syenites. Aenigmatite is another mineral absent in the
residua but present in the host rock. As titanium preferentially partitions into magnetite early in
the paragenesis, no aenigmatite is observed.

Subsequent to the final magmatic stage, fluids saturated in iron, REEs, fluorine and
carbonate infiltrated the pegmatites along fractures, grain boundaries and inclusions. These

fluids selectively altered and recrystallized LREE silicates and phosphates into fluorocarbonates
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and other products, i.e. quartz, calcite, and magnetite. Using fluid inclusions, Salvi and
Williams-Jones (1996) have determined that REEs are mobile at low temperatures (< 200 °C).
These temperatures might correspond to those of the Coldwell alteration fluids and, in common
with the Strange Lake peralkaline complex (Salvi and Williams-Jones 1996), these fluids
precipitated fluorocarbonates once saturation was reached. Unlike LREE minerals, HREE
minerals were stable during the secondary stage of crystallization. This is related to the relative
insolubility of HREEs in hydrothermal solutions (Wood 1990) and the stability of HREE bearing
minerals, i.e. fergusonite, zirconolite and xenotime.

In addition to fluorocarbonates, chamosite (Fe-chlorite) forms in the secondary stage. In
Coldwell rocks, chamosite commonly replaces amphibole, muscovite and Fe-biotite (annite).
The large stability field of chlorite with respect to temperature and oxygen fugacity is shown in
Figure 5.5 (Chernosky et al. 1988). Geothermometry and geobarometry has been attempted
using chlorite-amphibole interactions (Laird 1982), but as Fe**/Fe’* and substitution calculations
are not accurate, no useful information can be extracted (Laird 1988). As feldspar textures
suggest a short subsolidus cooling interval, amphibole, muscovite and biotite disequilibrium

likely occurred at the same time as the REE silicate and phosphate recrystallization.

5.3 Conclusion v

The objective of this thesis is to document the character, paragenesis and petrogenesis of
Coldwell pegmatites. Rock-forming and accessory mineralization indicates: that Coldwell
pegmatites are of the NYF-type; there is a direct compositional link between Coldwell syenites
and pegmatites; with the different pegmatites being derived from differing batches of magma.
The paragenesis can be divided into three magmatic stages and one secondary stage. The initial
stage is characterized by REE and HFSE minerals. The cumulus stage is dominated by alkali
feldspars that form in framework-type textures. The interstitial stage is composed of sodic,
sodic-calcic and calcic amphiboles, quartz and calcite. And, the final crystallization stage
recrystallizes REMs and REE-bearing minerals with fluorocarbonates and amphiboles, biotite
and muscovite with chlorite.

Cryptoperthitic feldspar textures and the absence of microcline indicate that the
feldspars began to crystallize slightly above 730 °C and that the pegmatites underwent a short
cooling history (were essentially quenched or held at high temp during Center Two and Three
emplacement and then rapidly cooled). As such, magnetite-ilmenite exsolution pairs indicate that

subsolidus temperatures were 531 to 633 °C and oxygen fugacities were 107° to 107 bars. In
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the initial stages, zircon-baddeleyite textures indicate that initial silica activities were
approximately 10°"° and, as quartz precipitated in the interstitial stage, silica activity increased.
The presence of riebeckite in the interstitial stage indicates that the stability field expands, as
riebeckite forms above 450 °C, and before quartz. A possible riebeckite stability field at 1 kbar
is shown in Figure 5.5 (Rbk*).

In the case of Coldwell pegmatites, there is evidence of REEs and HFSEs minerals
being precipitated magmatically and hydrothermally. In both cases carbo- and hydro-thermal
fluids made it possible for a significant proportion of REEs, specifically LREEs, and HFSEs to
remain mobile throughout the crystallization process. The majority of primary REE and HFSE
minerals form in the initial stage of crystallization, but saturation of HFSEs, in the form of
astrophyllite and pyrochlore, also occurs in the interstitial stage. Final low temperature (< 200
°C) fluids saturated in calcium, fluorine, and water migrated along grain boundaries, fractures
and inclusions. These fluids replaced REMs, i.e. allanite, chevkinite, kainosite, and REE-bearing

minerals, i.e. apatite, with fluorocarbonates, and replaced hydrous silicates, i.e. amphibole,

biotite, and muscovite, with Fe-chlorite (chamosite).
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Aln

Astro
Bdy
Bast
Bt
Cal
Cep
Chyv
Chl
Fa
Fe-Sp
Fe-Zcp
Fgs
Fl

Flu

Hd
Hem

SYMBOLS FOR SELECTED MINERALS

aegirine
allanite
albite
amphibole
anorthite
apatite
astrophyllite
baddeleyite
bastnaesite
biotite
calcite
chalcopyrite
chevkinite
chlorite
fayalite
Fe-sphalerite
Fe-zircophyllite
Fergusonite
fluorite
fluorocarbonate
galena
hedenbergite
hematite

IIm
Knz

Ttn

Xen
Zir
Zcn

ilmenite
kainosite
I6llingite
magnetite
molybdenite
monazite
muscovite
orthoclase
parisite
perthite
pyrochlore
pyrite
quartz
rhabdophane
rutile
sphalerite
synchysite
titanite
thorite
xenotime
zircon
zirconolite
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APPENDIX I1

COMPOSITIONS OF ROCK FORMING AND MINOR
MINERALS

Microprobe analyses and various recalculations for each of the rock forming and minor
minerals are listed in the following tables. Sample numbers for each unit are:

Border Gabbro pegmatites:
Railway pegmatites:

Upper Marathon Shore pegmatites
Black pegmatites

Center Three pegmatites

MAS001-MASO013
MAS014-MAS017; MAS023-MAS028
MAS018-MAS022
MAS029-MAS032
MAS033-MAS040




IL.1 Feldspar: Albite-orthoclase exsolution pairs

MAS001 MAS001 MAS001 MAS002 MAS002 MAS002 MAS002 MAS003 MAS003 MAS004 MAS004 MAS004

N=6 N=5 N=3 N=4 N=4 N=6 N=2 N=5 N=6 N=5 N=9 N=11
Na,0 10.67 0.72 0.50 11.58 10.39 0.63 0.96 11.47 0.26 11.53 11.07 0.29
AlLO; 20.27 18.51 18.71 20.01 21.41 18.75 18.62 19.17 18.57 18.76 18.99 17.98
Sio, 66.89 64.51 64.90 67.44 65.11 64.38 64.07 68.54 64.91 68.52 68.75 64.52
K,0 0.20 15.47 15.70 0.40 0.59 15.43 18.28 0.11 16.04 0.15 0.36 15.76
CaO 1.03 . . 0.48 2.31 . - . : . . -
Fe,0; 0.35 0.38 0.03 , - “ - 0.47 0.10 0.42 0.71 1.07
BaO . - 0.51 - . 0.77 0.31 - ; - . 0.07
Total 99.41 99.59 100.35 99.91 99.81 99.96 99.23 99.76 99.88 99.38 99.87 99.69

MAS005 MAS005 MAS006 MAS006 MAS007 MAS007 MAS008 MAS008 MAS009 MAS009 MAS010 MAS010

N=6 N=6 N=4 N=4 N=4 N=3 N=6 N=6 N=7 N=6 N=5 N=5
Na,0 11.25 0.79 11.39 0.28 12.31 0.28 11.31 0.26 12.00 0.30 11.52 0.26
ALLO; 19.04 18.28 18.99 18.30 19.33 18.41 19.04 18.54 19.08 18.48 19.45 18.30
Si0, 68.45 64.89 69.26 65.2 68.66 64.86 68.76 65.46 68.84 65.16 68.84 65.50
K,0 0.12 15.56 0.16 15.99 0.16 16.56 0.14 16.09 0.13 15.98 0.20 15.79
CaO - - - - - - - - - - - -
Fe,0; 0.50 0.38 0.68 0.65 0.30 0.17 0.60 0.24 0.59 0.20 . .
BaO - - - - - - - - - - - -
Total 99.36 99.91 100.47  100.41  100.76  100.43 99.85 100.59  100.62  100.11  100.02  100.18

CLI



MASO015

MASO11 MASO0I1 MAS012 MAS012 MAS012 MASO0I3 MAS013 MAS014 MAS014 MASO015 MASO015

N=5 N=4 N=5 N=3 N=4 N=8 N=6 N=5 N=6 N=3 N=3 N=3
Na,O 11.58 0.28 11.82 0.26 0.18 11.83 0.35 11.42 0.40 11.53 11.50 0.50
ALO; 19.28 18.50 19.26 18.47 18.23 19.44 18.36 19.49 18.48 20.53 20.78 19.19
Si0, 69.07 65.50 68.27 64.56 64.18 68.34 64.52 69.00 65.02 67.69 67.30 64.02
K,0 0.16 15.79 0.15 16.38 16.16 0.09 16.04 0.14 16.12 0.34 0.23 15.90
CaO . - - - - : : - - : 0.49 -
Fe,0; . : 0.75 0.13 0.53 0.48 0.57 0.47 0.33 0.03 0.05 0.03
BaO . . - - . - : - : : : .
Total 100.09  100.18  100.25 99.78 99.29 100.18 99.83 100.52 10035 10035  100.35 99.64

MAS015 MAS016 MAS016 MAS016 MAS017 MAS017 MASO0I8 MAS0I8 MAS019 MAS019 MAS020 MAS020

N=3 N=4 N=2 N=5 N=6 N=6 N=6 N=7 N=6 N=6 N=6 N=6
Na,0 0.65 11.02 11.52 0.32 11.70 0.27 11.83 0.45 11.83 0.68 11.33 0.73
Al,O; 19.07 20.77 20.28 19.22 19.55 18.72 19.32 18.29 19.74 18.57 20.27 18.73
Sio, 64.55 66.55 67.53 63.81 68.36 64.41 68.74 65.05 68.47 65.13 68.40 65.15
K,O 15.27 021 0.19 16.03 0.17 16.52 0.07 16.08 0.11 15.91 0.09 15.73
CaO . 0.79 0.07 - . . . - - . 0.38 -
Fe,O; 0.12 0.03 0.05 0.12 0.35 0.03 - 0.08 0.15 0.18 0.05 0.12
BaO . - - - - - . . - - . -
Total 100.01 99.36 99.62 99.39 100.13 99.94 99.97 99.96 100.46  100.47  100.51  100.44
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MAS021 MAS021 MAS022 MAS022 MAS023 MAS023 MAS023 MAS024 MAS024 MAS025 MAS025 MAS026
N=6 N=6 N=6 N=7 N=3 N=3 N=6 N=4 N=4 N=4 N=5 N=6

Na,O 11.95 0.42 11.97 0.51 11.48 11.50 0.73 11.92 0.60 11.77 0.33 11.89
ALO; 19.39 18.57 19.39 18.38 19.89 20.27 18.77 19.55 18.31 19.20 18.59 19.49
Si0, 67.95 64.48 68.57 64.99 67.95 68.13 64.84 68.43 64.54 69.03 65.31 68.38
K,0 0.14 15.66 0.18 15.91 0.17 0.09 15.78 0.18 15.82 0.08 16.27 0.15
Ca0 - - - - 0.14 0.37 - - . : - .
Fe,0; 0.13 0.20 - . 0.10 0.12 0.15 0.02 - 0.49 0.36 0.51
BaO - - - - - - - - - - - -
Total 99.55 9932  100.10  99.80 99.73 10048 10029  100.09 9929  100.55  100.74  100.42

MAS026 MAS027 MAS027 MAS028 MAS028 MAS028 MAS029 MAS029 MAS030 MAS030 MAS031 MAS031

N=5 N=6 N=5 N=3 N=3 N=6 N=6 N=5 N=6 N=6 N=6 N=6

Na,0 0.40 11.54 0.40 11.33 11.63 0.39 11.90 0.21 11.73 0.58 11.69 0.26
ALO; 18.48 19.80 18.69 20.12 19.86 18.79 20.40 18.86 20.38 18.51 19.55 18.68
Si0, 64.86 68.20 64.42 68.24 68.79 64.71 66.85 63.70 67.07 64.94 68.54 64.83
K,0 15.78 0.24 16.32 0.22 0.28 16.26 0.14 16.60 0.23 15.74 0.13 16.18
Ca0 - - : 0.19 - . . - 0.25 - - -
Fe,05 0.52 0.38 0.50 0.17 0.17 0.42 0.15 0.43 0.13 0.58 0.61 0.36
BaO - - - - - - - - - - - -
Total 100.03 10015 10033 10027  100.73  100.56  99.43 99.80 99.79 10034  100.52  100.30
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MAS035 MAS036

MAS036

MAS037

MAS032 MAS032 MAS033 MAS033 MAS033 MAS034 MAS034 MAS035
N=4 N=6 N=4 N=3 N=6 N=6 N=5 N=6 N=6 N=6 N=3 N=6
Na,O 11.98 0.33 11.96 11.96 0.52 11.26 1.40 10.85 0.95 11.67 0.62 10.84
ALO; 19.63 18.30 19.76 19.59 18.43 20.49 18.63 20.20 18.62 19.83 18.67 20.68
SiO, 68.38 64.64 68.44 67.84 64.76 67.56 66.01 67.85 64.62 68.14 64.50 67.04
K,0 0.17 1637 0.14 0.09 15.71 0.15 14.54 0.22 15.34 0.13 1498 024
Ca0 - . 0.12 0.03 s 0.68 » 0.55 - 0.47 - 1.10
Fe,0s 0.29 0.44 0.25 0.25 0.23 0.14 0.10 0.08 0.20 0.13 0.16 0.10
BaO - - - - - - - - - - - -
Total 10045  100.07  100.65  99.77 99.63 10027  100.68  99.76 99.72 10037  99.26 99.99

MAS037 MAS038 MAS038 MAS039 MAS039 MAS040 MAS040

N=7 N=6 N=6 N=6 N=6 N=5 N=6

Na,0 0.28 11.86 0.57 11.74 037 12.17 0.55

ALO; 18.82 20.14 18.87 19.92 18.71 20.41 19.01

SiO, 64.73 67.21 63.91 68.43 65.25 66.81 63.73

K,0 16.32 0.14 16.03 0.13 16.20 0.12 16.38

Ca0 - - - - - - -

Fe,05 0.15 0.14 0.20 0.09 0.07 0.06 0.17

BaO - - - - - - -

Total 100.30  99.48 99.58 10031  100.59  99.57 99.81

SLI
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ILII Pyroxene (Na combined with Fe’")

MAS001 MAS001 MAS002 MAS003 MAS003 MAS003 MAS004

N=4 N=4 N=3 N=2 N=2 N=1 N =8
Wt. %

SiO, 48.21 48.23 49.71 50.66 50.25 50.22 49.22
TiO, 0.70 0.89 0.83 0.18 0.33 0.42 0.37
ALO; 1.03 1.06 1.40 0.33 0.75 0.24 0.57
Fe,05 1.19 1.19 1.39 7.78 6.85 12.26 7.50
FeO 25.31 23.78 18.87 17.95 29.02 16.16 21.60
MnO 0.96 0.79 0.71 0.79 1.10 0.78 0.83
MgO 2.28 3.30 6.67 2.93 0.88 1.25 1.20
CaO 20.64 20.96 20.70 16.76 7.45 14.24 16.51
Na,O 0.46 0.46 0.54 3.02 2.66 4.76 291
Total 100.78 100.66 100.82 100.40 99.29 100.33 100.71

Structural formulae calculated on the basis of 4 cations

Si 1.947 1.937 1.940 2.001 2.044 1.992 1.972
Al(1V) 0.049 0.050 0.060 0.000 0.000 0.008 0.027
Al(VD) 0.004 0.013 0.005 0.016 0.080 0.003 0.001
Ti 0.021 0.027 0.024 0.005 0.010 0.013 0.011
Fe’' 0.032 0.023 0.041 0.231 0.210 0.366 0.225
Fe* 0.855 0.799 0.616 0.593 0.987 0.536 0.724
Mn 0.033 0.027 0.034 0.026 0.038 0.026 0.028
Mg 0.137 0.198 0.388 0.173 0.053 0.074 0.072
Ca 0.893 0.902 0.866 0.709 0.325 0.605 0.709
Na 0.036 0.036 0.041 0.231 0.210 0.366 0.226
Total 4.007 4.012 4.015 3.985 3.957 3.989 3.995

Mol % endmembers

Ae 3.96 3.93 4.66 24.58 37.69 37.85 24.45
Hd 82.75 77.02 58.48 58.42 59.11 54.62 68.75
Di 13.29 19.05 36.86 17.00 3.20 7.53 6.80

Ae = aegirine, Hd = hedenbergite and Di = diopside.
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MAS004 MAS004 MAS006 MAS006 MAS007 MAS009 MASO010
N=3 N=5 N=5 N=35 N=7 N=5§ N=14

Wt. %
SiO, 49.17 50.19 48.43 51.70 50.01 49.90 48.44
TiO, 1.36 - 1.32 0.34 0.07 0.16 1.67
AlLO; 2.77 0.14 1.72 0.53 0.37 0.32 1.82
Fe,O; 11.54 0.00 11.54 16.80 7.27 7.88 11.23
FeO 13.96 29.01 25.38 22.61 21.34 20.88 24.13
MnO 0.66 0.83 0.92 0.15 0.79 0.99 0.93
MgO 8.29 1.09 0.55 0.57 1.17 1.06 0.76
CaO 8.13 18.79 5.54 0.15 17.14 16.46 5.78
Na,O 4.48 - 4.48 5.52 2.81 3.06 4.36
Total 100.36 100.05 99.88 98.37 100.97 100.71 99.12

Structural formulae calculated on the basis of 4 cations

Si 1.887 2.044 1.954 2.064 1.996 1.996 1.946
Al(1V) 0.113 0.000 0.046 0.000 0.004 0.004 0.054
Al(V]D) 0.012 0.051 0.036 0.089 0.014 0.011 0.032
Ti 0.039 - 0.040 0.010 0.002 0.005 0.050
Fe** 0.333 0.000 0.351 0.505 0.218 0.237 0.340
Fe* 0.448 0.988 0.857 0.755 0.712 0.698 0.811
Mn 0.022 0.029 0.031 0.005 0.027 0.034 0.032
Mg 0.474 0.066 0.033 0.034 0.070 0.063 0.046
Ca 0.334 0.820 0.240 0.006 0.733 0.706 0.249
Na 0.333 - 0.351 0.505 0.218 0.237 0.340
Total 3.995 3.998 3.939 3.973 3.994 3.991 3.900

Mol % endmembers
Ae 54.11 0.00 61.81 92.92 22.99 25.22 60.50
Hd 22.31 93.72 36.77 6.78 70.15 68.57 37.48
Di 23.58 6.28 1.42 0.30 6.86 6.21 2.02
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MAS013 MAS013 MAS013 MAS014 MAS015 MAS016 MASO017

N=5 N=3 N=17 N=4 N=4 N=6 N=6
Wt. %

SiO, 50.11 48.22 49.06 49.04 49.08 48.23 49.62
TiO, - 1.25 0.48 0.42 0.17 0.60 0.32
ALOs 0.74 2.18 0.71 0.37 0.45 0.55 0.43
Fe,O; 4.66 10.82 222 3.56 6.47 2.06 3.74
FeO 31.74 24.57 23.97 25.57 22.45 26.33 23.79
MnO 1.52 0.88 0.86 0.79 0.77 0.96 0.94
MgO 0.77 1.21 2.60 0.84 0.38 1.00 1.53
CaO 8.44 6.05 19.63 18.89 17.55 19.63 18.84
NaO 1.81 4.20 0.86 1.38 2.51 0.80 1.45
Total 99.79 99.38 100.39 100.86 99.83 100.16 100.66

Structural formulae calculated on the basis of 4 cations

Si 2.047 1.945 1.974 1.985 1.993 1.971 1.995
Al(1V) 0.000 0.055 0.026 0.015 0.007 0.027 0.005
AI(VI) 0.083 0.049 0.008 0.002 0.015 0.002 0.015
Ti 0.038 0.015 0.013 0.005 0.018 0.010
Fe** 0.143 0.329 0.067 0.108 0.198 0.061 0.113
Fe*" 1.085 0.829 0.807 0.865 0.763 0.900 0.800
Mn 0.053 0.030 0.029 0.027 0.027 0.033 0.032
Mg 0.047 0.073 0.156 0.051 0.023 0.061 0.092
Ca 0.370 0.262 0.846 0.819 0.764 0.860 0.811
Na 0.143 0.329 0.067 0.108 0.198 0.063 0.113
Total 3.971 3.939 3.995 3.993 3.993 3.996 9.986

Mol % endmembers
Ae 26.72 58.38 7.45 11.78 20.64 6.97 12.26
Hd 70.24 38.26 77.55 83.34 77.04 87.13 78.71
Di 3.04 3.36 15.00 4.88 2.32 5.90 9.03
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MAS022 MAS022 MAS023 MAS024 MAS025 MAS027 MAS029

N=2 N =1 N=3 N=4 N=7 N=7 N=5§
Wt. %

SiO, 50.25 49.97 49.73 48.51 48.93 49.27 48.57
TiO, - 0.36 0.31 0.19 0.46 0.28 0.66
Al O; 1.25 0.77 0.85 0.73 0.44 0.35 0.71
Fe 05 4.97 3.99 4.77 2.55 3.14 5.08 1.8
FeO 16.22 20.40 19.97 23.73 25.81 24.32 26.8
MnO 0.85 0.97 0.82 0.95 0.80 0.76 0.93
MgO 5.31 2.85 3.08 2.88 0.80 0.59 0.94
CaO 19.72 20.06 19.29 20.06 19.19 18.34 19.83
Na,O 1.93 1.55 1.85 0.99 1.22 1.97 0.70
Total 100.50 100.92 100.67 100.59 100.79 100.96 100.94

Structural formulae calculated on the basis of 4 cations

Si 1.964 1.979 1.973 1.955 1.983 1.988 1.970
Al(1V) 0.036 0.021 0.027 0.035 0.017 0.012 0.030
Al(VI) 0.022 0.015 0.012 0.010 0.004 0.004 0.004
Ti - 0.011 0.009 0.006 0.014 0.009 0.020
Fe’' 0.146 0.119 0.142 0.067 0.096 0.154 0.055
Fe* 0.53 0.676 0.663 0.800 0.785 0.821 0.909
Mn 0.028 0.033 0.028 0.032 0.028 0.026 0.032
Mg 0.309 0.168 0.182 0.173 0.048 0.036 0.057
Ca 0.826 0.851 0.820 0.866 0.833 0.793 0.862
Na 0.146 0.119 0.142 0.077 0.096 0.154 0.055
Total 4.007 3.992 3.998 4.021 3.904 3.997 3.994

Mol % endmembers
Ae 15.39 12.40 15.07 8.25 10.42 16.38 6.10
Hd 53.42 70.13 66.61 . 7543 84.89 80.15 88.37
Di 31.19 17.47 18.32 16.32 4.69 3.47 5.53
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MAS030 MAS031 MAS033 MAS037
N=6 N=4 N=4 N=5§

Wt. %
Sio, 49.35 48.76 50.39 50.54
TiO, 0.54 0.55 0.18 0.14
ALLO; 0.47 0.48 1.04 1.05
Fe,O; 4.51 3.32 16.41 11.49
FeO 23.80 25.73 9.62 13.13
MnO 0.79 0.81 1.83 1.80
MgO 0.73 0.70 2.10 2.46
CaO 18.98 19.08 12.01 15.06
Na,0 1.75 1.29 6.37 4.46
Total 100.92  100.72 99.95 100.13

Structural formulae calculated on the basis of 4 cations

Si 1.984 1.978 1.974 1.985
Al(IV) 0.016 0.022 0.026 0.015
Al(VI) 0.007 0.001 0.022 0.034
Ti 0.016 0.017 0.005 0.004
Fe’* 0.136 0.102 0.484 0.340
Fe* 0.804 0.873 0.315 0.431
Mn 0.027 0.028 0.061 0.060
Mg 0.044 0.042 0.153 0.144
Ca 0.818 0.829 0.504 0.634
Na 0.136 0.102 0.484 0.340
Total 3.988 3.994 4.028 3.987

Mol % endmembers
Ae 14.42 11.03 4.83 37.12
Hd 81.16 84.85 81.47 47.71
Di 4.42 4.12 13.70 15.74
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ILIIT Amphibole [recalculation follows the methodology of Leake et al. (1997)]

MAS002 MAS004 MAS006 MAS007 MAS009 MAS009 MASO009
N=3 N=7 N=5 N=10 N=7 N=2 N=4

Wt. %
SiO, 45.81 44.40 47.99 47.11 48.54 47.20 50.05
TiO, 0.41 0.71 1.16 1.62 1.29 1.65 0.16
AlLO; 3.24 8.09 1.69 3.36 1.51 2.19 0.90
Fe, 05 6.18 0.71 2.54 3.19 | 0.90 372
FeO 29.14 15.27 31.63 30.68 31.12 32.49 31.77
MnO 0.64 0.28 0.94 0.72 0.96 0.87 0.89
MgO 1.47 12.45 0.61 1.16 0.38 0.75 0.27
CaO 9.92 12.03 5.93 6.25 5.00 6.18 7.16
Na,O 1.44 3.61 4.52 4.50 4.81 4.84 2.94
K,O 0.74 0.37 1.10 1.13 1.04 1.12 0.42
Total 98.99 97.92 98.11 99.72 97.36 98.19 98.28
‘ OHc 1.88 2.00 1.87 1.88 1.86 1.86 1.89
( ' Total 100.89 99.91 99.98 100.60 99.22 100.05 100.17

Structural formulae calculated on the basis of 23 oxygen

Si 7.289 6.667 7.709 7.514 7.816 7.601 7.958
Ti 0.608 1.333 0.291 0.444 0.184 0.399 0.042
Al (iv) = 0.099 0.029 - 0.102 0.017 0.127
Al (vi) 0.049 0.080 0.140 0.194 0.156 0.200 0.019
Fe* 0.740 0.080 0.307 0.382 0.329 0.109 0.445
Fe** 3.879 1.918 4.250 4.093 4.171 4.376 4.225
Mn 0.086 0.036 0.128 0.097 0.131 0.119 0.120
Mg 0.349 2.787 0.146 0.276 0.091 0.180 0.064
Ca 1.691 1.935 1.021 1.068 0.863 1.066 1.220
Na 0.444 1.051 1.408 1.392 1.502 1.511 0.906
K 0.150 0.071 0.225 0.230 0.214 0.23 0.085
OH 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Total 17.285 18.057 17.654 17.690 17.758 17.808 17.484
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MAS009 MAS012 MAS012 MAS013 MAS017 MAS019 MAS020

N=7 N=4 N=3 N=3 N=7 N=4 N=4
Wt. %

SiO, 48.95 46.24 47.97 50.15 47.45 50.15 39.32
TiO, 0.36 1.80 0.25 0.07 1.79 - 1.20
AlLOs 0.71 2.19 0.88 0.77 222 0.97 9.72
Fe,O; 8.15 4.59 6.28 4.37 2.57 11.80 5.89
FeO 28.63 30.07 30.84 30.34 30.84 20.65 24.55
MnO 0.46 0.77 0.91 1.32 0.79 2.19 0.98
MgO 0.61 1.03 0.24 0.95 0.95 3.05 2.54
CaO 4.02 6.06 8.58 8.45 5.84 2.97 9.29
Na,O 5.58 4.62 1.71 1.78 4.58 5.63 3.46
K,O 0.34 1.09 0.46 0.37 1.12 1.09 1.62
Total 97.81 98.46 98.12 98.57 98.15 98.50 98.57
OHc 1.88 1.87 1.86 1.90 1.87 1.93 1.87
Total 99.68 100.33 99.98 100.48 100.03 100.44 100.44

Structural formulae calculated on the basis of 23 oxygen

Si 7.815 7.425 7.714 7.920 7.594 7.776 6.291
Ti 0.134 0.414 0.030 0.080 0.215 - 0.144
Al (iv) - - 0.167 0.064 0.406 0.177 1.709
Al (vi) 0.043 0.217 - 0.008 0.013 - 0.123
Fe*" 0.979 0.555 0.760 0.520 0.310 1.377 0.709
Fe* 3.822 4.037 4.147 4.008 4.128 2.678 3.285
Mn 0.062 0.105 0.124 0.177 0.107 0.288 0.133
Mg 0.145 0.247 0.058 0.224 0.227 0.705 0.606
Ca 0.688 1.043 1.478 1.430 1.001 0.493 1.592
Na 1727 1.438 0.533 0.545 1.421 1.692 1.073
K 0.069 0.223 0.094 0.075 0.229 0.216 0.331
OH 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Total 17.484 17.704 17.106 17.049 17.651 17.401 17.996




183

MAS020 MAS026 MAS027 MAS029 MAS031 MAS032 MAS032

N=4 N=8 N=5§ N=35§ N=4 N=4 N=3
Wt. %
SiO, 40.77 48.15 45.98 48.08 43.79 45.27 47.16
TiO, 0.89 0.81 245 1.52 2.63 1.43 1.15
AlLOs 8.56 1.54 2.51 1.71 4.13 3.96 2.44
Fe,05 8.59 1.24 2.04 2.69 0.20 2.92 4.49
FeO 21.53 32.25 31.99 31.75 32.96 30.65 29.70
MnO 1.20 1.03 0.81 0.72 0.54 1.31 0.87
MgO 3.22 0.28 0.48 0.39 0.58 0.19 1.02
CaO 7.24 5.31 5.98 4.92 7.65 5.69 5.56
Na,O 4.60 4.86 4.65 5.00 4.01 5.05 4.73
K,O 1.57 1.29 1.44 1.49 1.45 1.49 1.41
! Total 98.17 96.76 98.33 98.27 97.94 97.96 98.53
i ‘ OHc 1.89 1.84 1.86 1.87 1.84 1.85 1.88
i ‘ Total 100.06 98.59 100.19 100.14 99.78 99.81 100.41

Structural formulae calculated on the basis of 23 oxygen

Si 6.478 7.848 7.428 7.716 7.145 7.335 7.534
Ti 0.106 0.099 0.298 0.183 0.323 0.174 0.138
Al (iv) 1.522 0.152 0.478 0.284 0.794 0.665 0.459

Al (vi) 0.081 0.143 . 0.039 . 0.091 -
Fe*" 1.027 0.152 0.248 0.325 0.025 0.356 0.540
‘ Fe** 2.861 4.395 4322 4261 4.497 4.153 3.967
; Mn 0.162 0.142 0.111 0.098 0.075 0.180 0.118
8 Mg 0.763 0.068 0.116 0.093 0.141 0.046 0.243
" ‘ Ca 1.233 0.927 1.035 0.846 1.337 0.988 0.952
j Na 1.417 1.536 1.456 1.556 1.269 1.586 1.465
i % K 0318 0.268 0.297 0.305 0.302 0.308 0.287
' OH 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Total 17.968 17.731 17.788 17.707 17.908 17.882 17.704
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MAS035 MAS036 MAS037
N=3 N=11 N=3

Wt. %

Si0, 38.95 39.36 39.57
TiO, 1.31 1.69 3.07
ALOs 9.96 8.92 9.10
Fe,0; 4.50 4.18 1.61

FeO 27.07 27.45 26.20
MnO 1.09 1.09 0.72
MgO 1.18 1.45 3.05

CaO 9.86 9.76 10.32
Na,0 2.85 3.01 2.49
K,0 1.58 1.50 1.41

Total 98.35 98.41 97.54
OH¢ 1.85 1.85 1.87
Total 10020 10026  99.41

Structural formulae calculated on the basis of 23 oxygen

Si 6.299 6.370 6.360
Ti 0.159 0.206 0.371
Al (iv) 1.701 1.630 1.640
, Al (vi) 0.198 0.071 0.084
1 Fe** 0.547 0.509 0.195
Fe?* 3.662 3.715 3.521
Mn 0.149 0.149 0.098
Mg 0.284 0.350 0.731
Ca 1.709 1.692 1.777
Na 0.894 0.944 0.776
K 0.326 0.310 0.289
OH 2.000 2.000 2.000

Total 17.928 17.946 17.842
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ILIV Chlorite [Fe* recalculated using Droop method (1987)]

MAS001 MAS002 MAS004 MAS005 MAS005S MAS006 MASO008
N=4 N=4 N=3 N=4 N=3 N=3 N=17

Wt. %
SiO, 35.14 34.96 35.14 32,29 33.91 36.39 35.87
TiO, - 0.54 - 0.10 0.04 - -
AlLO; 5.66 7.18 7.52 10.23 6.63 8.43 9.00
Fe,0; 3.15 3.77 5.34 2.89 2.38 4.09 6.68
FeO 36.38 36.15 35.73 34.53 38.22 34.38 33.20
MnO 1.31 1.84 0.82 0.51 1.75 0.44 0.25
MgO 3.68 3.02 2.82 6.64 3.18 1.32 1.01
CaO 2.05 0.83 0.85 0.94 1.65 1.97 1.66
Na,O 0.65 0.53 0.26 0.23 0.83 1.89 0.50
K,O 0.58 1.01 - 0.19 0.42 0.62 0.14
| Total 88.60 89.83 88.49 88.55 89.02 89.53 88.31
i OHc¢ 10.53 10.67 10.58 10.76 10.49 10.81 10.67
| , Total 99.12 100.50 99.07 99.30 99.51 100.34 98.97
{ Structural formulae calculated on the basis of 28 oxygen
| Si 7.868 7.697 7.821 7.120 7.632 7.840 7.871
Al (iv) 0.132 0.303 0.179 0.880 0.368 0.160 0.129
Al (vi) 1.388 1.599 1.830 1.809 1.420 2.045 2.257
Ti - 0.089 - 0.017 0.007 - -
Fe** 0.531 0.625 0.895 0.480 0.403 0.662 1.103
Fe** 6.812 6.655 6.651 6.367 7.195 6.195 6.093
Mn 0.248 0.343 0.155 0.095 0.334 0.080 0.046
Mg 1.228 0.991 0.936 2.183 1.067 0.424 0.330
Ca 0.492 0.196 0.203 0.222 0.398 0.455 0.390
Na 0.564 0.453 0.224 0.197 0.724 1.579 0.425
K 0.331 0.567 - 0.107 0.247 0.341 0.078
OH 16.000 16.000 16.000 16.000 16.000 16.000 16.000

Total 35.594 35.518 34.893 35.476 35.794 35.782 34.723
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MAS009 MAS010 MAS012 MASO015 MAS016 MAS018 MASO018

N=5 N=4 N=4 N=6 N=5 N=4 N=1
Wt. %
SiO, 32.33 31.64 24.42 35.66 35.74 25.47 30.90
TiO, = - - 0.11 0.04 - -
AlLO; 129 8.22 20.26 6.21 5.87 17.19 13.23
Fe,05 1.92 3.28 0.73 4.72 4.96 - 1.26
FeO 43.46 45.44 38.37 36.30 39.74 40.59 24.03
MnO - - 1.29 0.20 0.98 153 0.86
MgO 2.80 - 4.04 272 2.54 4.75 16.51
CaO 0.08 0.73 0.17 2.90 0.35 0.04 0.43
Na,O 0.79 - 0.17 0.38 0.08 0.21 -
K,O 0.03 - - 0.04 - 0.16 0.03
Total 88.70 89.31 89.45 89.24 90.31 89.74 87.25
OHc 10.31 10.20 10.69 10.63 10.62 10.61 11.31
Total 99.01 99.51 100.14 99.87 100.93 100.35 98.56
Structural formulae calculated on the basis of 28 oxygen

Si 7.426 7.364 5.461 7.907 7.948 5.741 6.528
Al (iv) 0.574 0.636 2.539 0.093 0.052 2,259 1.472
Al (vi) 1.425 1.643 2.820 1.559 1.511 2.322 1.834
Ti = - - 0.018 0.007 - -
Fe* 0.332 0.576 0.123 0.787 0.830 - 0.200
Fe* 8.350 8.846 7.177 6.733 7.392 7.671 4.245
Mn - - 0.244 0.038 0.185 0.254 0.154
Mg 0.959 - 1.347 0.899 0.842 1.596 5:199
Ca 0.020 0.182 0.041 0.689 0.083 0.010 0.097
Na 0.704 - 0.147 0.327 0.069 0.184 -
K 0.018 - - 0.023 - 0.092 0.016
OH 16.000 16.000 16.000 16.000 16.000 16.000 16.000

Total 35.806 35.244 35.900 35.072 34.919 36.128 35.746
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MAS020 MAS022 MAS022 MAS029 MAS029 MAS029 MAS032
N=5 N=7 N=5 N=4 N=4 N=3 N=5
Wt. %
SiO, 29.11 32.81 30.37 34.77 35.84 31.97 30.71
TiO, - 0.02 1.40 0.10 0.11 - -
AlLO; 17.44 14.37 13.24 7.91 4.79 5.13 8.64
Fe,04 3.19 4.10 2.25 3.00 3.85 0.66 -
FeO 32.77 27.29 33.69 34.91 37.77 47.53 43.02
MnO 1.00 0.25 0.40 1.04 0.68 0.91 0.75
MgO 5.84 9.48 5.90 4.29 4.09 2.68 4.82
CaO 0.16 0.76 0.32 1.55 0.60 0.27 0.45
Na,O 0.20 0.09 - 1.31 0.72 0.48 0.59
K,0 = 0.42 2.01 0.21 0.07 0.12 0.61
Total 89.71 89.59 89.58 89.09 88.53 89.75 89.59
OHc 11.03 11.35 10.87 10.75 10.52 10.18 10.45
Total 100.74 100.94 100.44 99.84 99.05 99.93 100.04
Structural formulae calculated on the basis of 28 oxygen

Si 6.261 6.837 6.592 7.606 8.025 7.482 6.997
Al (iv) 1.739 1.163 1.408 0.394 - 0.518 1.003
Al (vi) 2.731 2416 2.036 1.686 1.287 0.907 1.335
Ti - 0.003 0.229 0.016 0.019 - -
Fe** 0.516 0.643 0.367 0.493 0.649 0.116 -
Fe* 5.895 4.755 6.115 6.387 7.073 9.303 8.197
Mn 0.182 0.044 0.074 0.193 0.129 0.180 0.145
Mg 1.873 2.945 1.909 1.399 1.365 0.935 1.637
Ca 0.037 0.170 0.074 0.363 0.144 0.068 0.110
Na 0.167 0.073 - 1.111 0.625 0.436 0.521
K - 0.223 1.113 0.117 0.040 0.072 0.355
OH 16.000 16.000 16.000 16.000 16.000 16.000 16.000
Total 35.401 35.273 35.916 35.767 35.355 36.016 36.299
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\‘v ’ MAS035 MAS036 MAS037 MAS038 MAS039 MAS040

f N=5 N=5 N=4 N=7 N=4 N=5

I

{ Wt. %

'1 SiO, 36.44 29.32 23.80 33.03 25.67 30.19

; : TiO, 1.12 . 0.16 - " .

[ Al O, 9.29 13.02 19.28 12.26 18.56 11.47

f Fe,0s 3.01 1.34 0.31 2.81 0.59 .

ﬂ \ FeO 23.50 36.69 42.42 28.15 35.44 30.38
MnO 0.87 0.89 0.49 0.38 0.76 0.33
MgO 1.19 7.44 2.33 11.80 7.84 10.99
CaO 8.67 0.48 0.13 0.82 - 5.68
Na,O 2.95 0.06 0.23 0.22 - 0.25
K,O 1.44 - - 0.12 - 0.14
Total 88.48 89.26 89.15 89.59 88.86 89.43
OHc 11.01 10.78 10.44 11.35 10.84 11.06
Total 99.49 100.04 99.59 100.94 99.70 100.49

Structural formulae calculated on the basis of 28 oxygen

Si 7.648 6.496 5.452 6.911 5.669 6.514
Al (iv) 0.352 1.504 2.548 1.089 2.331 1.486
Al (vi) 2.035 1.919 2.672 1.965 2.507 1.446
Ti 0.177 - 0.028 - - -

| Fe** 0.476 0.223 0.054 0.443 0.098 -

Fe* 4.125 6.798 8.127 4.926 6.545 5.543

\1 Mn 0.155 0.167 0.095 0.067 0.142 0.060

“ Mg 0.372 2.457 0.796 3.680 2.581 3.535

“v ' Ca 1.950 0.114 0.032 0.184 - 1.313

!1 Na 2.401 0.052 0.204 0.179 - 0.209

‘ K 0.771 - - 0.064 - 0.077
OH 16.000 16.000 16.000 16.000 16.000 16.000

Total 36.462 35.730 36.007 35.508 35.875 36.184




ILV Olivine
MAS001 MASO014 MAS016 MAS025 MAS026 MAS028
N=4 N=5§ N=3 N=4 N=4 N=§
Wt. %
SiO, 30.15 29.94 29.50 29.76 29.68 29.69
FeO 66.19 67.24 66.26 67.13 66.49 66.73
MnO 2.40 3.08 3.01 2.61 2.54 2.63
MgO 1.19 0.22 0.61 0.36 0.47 0.46
CaO 0.39 0.29 0.40 0.39 0.36 0.47
Total 100.32 100.77 99.78 100.25 99.54 99.98
Structural formulae calculated on the basis of 4 oxygen
Si 1.006 1.003 0.997 1.002 1.004 1.001
Fe* 1.847 1.884 1.874 1.890 1.882 1.882
Mn 0.068 0.087 0.086 0.074 0.073 0.075
Mg 0.059 0.011 0.031 0.018 0.024 0.023
Ca 0.014 0.010 0.014 0.014 0.013 0.017
Total 2.994 2.997 3.003 2.998 2.996 2.999
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v I1.VI Biotite
3 MAS001 MAS001 MAS002 MAS003 MAS005 MAS012 MASO015
k N=4 N=3 N=4 N=5 N=5 N=6 N=4
1 Wt. %
1 SiO, 35.46 34.54 33.03 39.11 37.32 35.81 35.03
TiO, 0.72 1.44 4.63 0.06 0.16 2.39 3.25
AlL,O; 10.25 10.52 11.95 6.21 7.57 8.04 8.32
, FeO 39.23 39.76 35.94 37.98 41.28 39.92 39.58
. MnO 0.57 0.49 0.22 1.61 0.65 0.54 0.28
MgO 0.99 0.20 1.35 1.29 0.31 0.26 0.35
CaO 0.01 0.19 0.09 0.32 - - -
Na,O 0.67 0.31 0.42 0.61 0.55 0.58 0.52
K,O 8.35 8.63 8.59 8.11 8.48 8.43 8.50
Cl - - 0.17 - 0.58 1.03 0.45
0=Cl - - 0.04 - 0.13 0.23 0.10
Total 96.25 96.08 96.35 95.30 96.77 96.77 96.18
H,O¢ 3.57 3.54 3.56 3.56 3.39 3.27 341
Total 99.82 99.62 99.92 98.86 100.16 100.04 99.59

Structural formulae calculated on the basis of 22 oxygen

Si 5.961 5.863 5.489 6.596 6.328 6.079 5.954
Al (iv) 2.031 2.101 2.341 1.234 1.513 1.609 1.667

" Al (vi) . - - - - - -

' Ti 0.091 0.184 0.579 0.008 0.020 0.305 0.415
Fe?* 5.515 5.635 4.995 5.357 5.854 5.667 5.626
Mn 0.081 0.070 0.031 0.230 0.093 0.078 0.040
Mg 0.248 0.051 0.334 0.324 0.078 0.066 0.089
Ca 0.002 0.035 0.016 0.058 - - -
Na 0218 0.102 0.135 0.199 0.181 0.191 0.171
K 1.790 1.865 1.821 1.745 1.834 1.825 1.843
cl - - 0.048 - 0.167 0.296 0.130
OH 4.000 4.000 3.952 4.000 3.833 3.704 3.870

Total 19.937 19.896 19.740 19.751 19.902 19.820 19.805
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MASO015 MAS023 MAS025 MAS026 MAS027 MAS028 MAS030
N=4 N=4 N=4 N=3 N=4 N=3§ N=7
Wt. %
SiO, 3735 35.67 35.81 36.47 36.31 35.60 33.95
TiO, 0.05 4.04 - 0.38 - - 3.68
AlLO4 7.54 10.35 7.45 6.43 6.45 8.11 9.67
FeO 41.24 30.99 42.55 43.31 43.43 42.07 39.90
MnO 0.96 0.49 0.69 0.19 0.88 0.77 0.26
MgO 0.27 5.34 0.42 0.76 0.40 0.36 0.25
CaO 0.15 - - - - - -
Na,O 0.88 0.22 0.59 0.32 0.57 0.42 0.47
K,O 7.78 9.39 8.24 8.70 8.21 8.42 8.54
Cl 0.10 0.08 0.45 0.44 0.87 0.59 -
O0=Cl 0.02 0.02 0.10 0.10 0.20 0.13 -
Total 96.30 96.55 96.10 96.90 96.92 96.21 96.72
H,Oc 3.51 3.69 3.36 3.38 3.25 3.33 3.55
Total 99.81 100.24 99.46 100.28 100.18 99.54 100.27
Structural formulae calculated on the basis of 22 oxygen

Si 6.331 5.761 6.183 6.253 6.266 6.134 5.728
Al (iv) 1.506 1.970 1.516 1.300 1:312 1.647 1.923
Al (vi) . - - - - - -
Ti 0.006 0.491 - 0.049 - - 0.467
Fe* 5.846 4.186 6.144 6.213 6.268 6.062 5.630
Mn 0.138 0.067 0.101 0.028 0.129 0.112 0.037
Mg 0.068 1.286 0.108 0.194 0.103 0.092 0.063
Ca 0.027 - - - - - -
Na 0.289 0.069 0.198 0.106 0.191 0.140 0.154
K 1.682 1.934 1.815 1.904 1.807 1.850 1.838
Cl 0.029 0.022 0.132 0.128 0.255 0.172 -
OH 3.971 3.978 3.868 3.872 3.745 3.828 4.000
Total 19.895 19.765 20.065 20.050 20.077 20.038 19.839
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MASO031
N=4
Wt. %

SiO, 34.08
TiO, 0.63
ALO; 8.45
FeO 43.33
MnO 0.40
MgO 0.49
Ca0O =
Na,O 0.79
K,O 7.89
Cl 0.35
0=Cl 0.08
Total 96.33
H,O0c¢ 3.38
Total 99.71

Structural formulae calculated on the basis of 22 oxygen

Si 5.897
Al (iv) 1.723
Al (vi) -

Ti 0.082
Fe** 6.270
Mn 0.059
Mg 0.126
Ca -

Na 0.265
K 1.741
Cl 0.103
OH 3.897

Total 20.163




I1.VII Muscovite

MAS019 MASO021

MAS033 MAS033 MAS039 MAS039 MAS040 MAS040

N=4 N=3 N=4 N=1 N=3 N=2 N=3 N=3
Wt. %
Sio, 47.41 45.42 44.58 43.29 44.11 43.85 45.78 45.24
TiO, 0.39 - 0.18 - 0.04 0.07 0.24 0.16
ALO; 33.68 37.84 35.78 37.31 38.47 39.07 36.55 36.58
FeO 3.73 0.88 3.51 2.54 1.16 0.44 1.31 1.82
MgO - = 0.52 0.33 - - - -
Na,O 0.10 - 0.25 0.17 0.17 0.27 0.19 0.16
K,0 11.11 11.59 10.99 11.25 10.85 11.22 11.38 10.89
H,0 4.50 4.52 4.46 4.43 4.48 4.54 4.50 4.47
Total 100.92 100.25 100.27 99.32 99.28 99.46 99.95 99.32
Structural formulae calculated on the basis of 12 oxygen

Si 3.156 3.012 2.997 2.930 2.952 2.960 3.051 3.034
Al (iv) 0.844 0.988 1.003 1.070 1.048 1.040 0.949 0.966
Al (vi) 1.799 1.970 1.831 1.907 1.987 2.000 1.921 1.926
Ti 0.020 - 0.009 - 0.002 0.003 0.012 0.008
Fe3+ - _ _ - _ ~ _ _
Fe*' 0.208 0.049 0.197 0.144 0.065 0.024 0.073 0.102
Mg = - 0.052 0.033 - - - -
Na 0.013 - 0.033 0.022 0.022 0.035 0.025 0.021
K 0.944 0.981 0.942 0.972 0.926 0.945 0.967 0.932
OH 1.998 2.000 2.000 2.000 2.000 1.999 2.000 2.000
Total 8.980 8.999 9.064 9.078 9.003 9.006 8.998 8.988

€6l
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APPENDIX III

COMPOSITIONS OF ACCESSORY MINERALS

Minerals are listed alphabetically. Sample numbers for each unit are:

Border Gabbro pegmatites: MAS001-MAS013
Railway pegmatites: MASO014-MASO017; MAS023-MAS028
Upper Marathon Shore pegmatites MASO018-MAS022
Black pegmatites MAS029-MAS032

Center Three pegmatites MAS033-MAS040
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IILI Allanite [Fe* recalculated using method 10 of Ercit (2002)]

MAS001 MAS001 MAS001 MAS002 MAS018 MASO018 MAS023

N=2 N=1 N=1 N=5 N=4 N=1 N=5

Wt. %
Sio, 30.83 30.31 30.09 30.89 32.12 34.89 30.84
TiO, 3.09 2.63 3.02 1.46 1.14 2.49 .
ALO; 9.59 9.99 9.67 11.61 16.02 19.15 8.39
Y,0; 0.23 = = . - - -
La,0; 8.31 8.23 8.48 3.90 7.37 2.86 7.15
Ce,05 12.27 11.95 13.50 9.10 12.17 5.91 12.94
Pr,0; 1.09 1.04 1.16 1.26 0.95 0.24 127
Nd,0; 3.01 3.84 2.85 5.57 2.40 2,17 4.47
Sm,0; 0.35 0.18 0.33 1.24 0.29 0.02 0.56
Fe,05 - = . . . . 15.69
FeO 18.72 18.68 19.25 20.27 12.09 12.09 6.57
MgO A » . . . . -
CaO 9.17 921 9.01 10.75 11.69 16.18 9.07
MnO 0.29 0.19 0.18 0.52 0.60 0.51 0.26
H,Oc¢ 3.07 3.04 3.05 3.12 3.25 3.53 3.10
Total 100.02 99.29 100.59 99.69 100.09  100.04  100.31

Structural formulae calculated on the basis of 13 oxygens

Si 3.011 2.989 2.956 2.969 2.962 2.962 2.983
Ti 0.229 0.195 0.223 0.106 0.079 0.159 .

Al 1.104 1.161 1.120 1315 1.741 1.916 0.956
Y 0.012 - - - - : .

La 0.299 0.299 0.307 0.138 0251 0.090 0.255
Ce 0.439 0.431 0.486 0.320 0411 0.184 0.458
Pr 0.039 0.037 0.042 0.044 0.032 0.007 0.045
Nd 0.104 0.134 0.099 0.190 0.078 0.065 0.153
Sm 0.012 0.006 0.011 0.041 0.009 0.001 0.019
Fe** - - - - - - 1.142
Fe?* 1.529 1.540 1.582 1.629 0.932 0.858 0.532
Mg . - - - - - -

Ca 0.959 0.973 0.948 1.107 1.155 1472 0.940
Mn 0.024 0.016 0.015 0.042 0.047 0.037 0.021
OH 1.000 1.000 0.999 1.000 1.000 0.999 1.000

Total 8.759 8.782 8.788 8.901 8.698 8.749 8.503
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MAS024 MAS024 MAS024 MAS025 MAS028 MAS028 MAS038

N=3 N=1 N=1 N=4 N=2 N=2 N=2
] Wt. %
SiO, 31.08 3125 30.89 29.62 29.55 29.54 32.69
TiO, 0.89 0.14 0.32 - 0.36 - -
AlLO; 11.86 12.96 12.38 7.74 6.60 6.37 12.45
Y05 - - - - 0.54 0.32 -
La,0; 7.73 7.65 8.27 6.07 7.41 7.59 7.11
; Ce,05 12.73 13.34 12.45 12.30 11.66 12.83 11.93
w Pr,0; 0.71 1.15 0.98 1.53 1.33 1.15 1.30
' Nd,0; 1.55 2.23 2.14 3.55 4.26 3.98 1.65
. Sm,0; 0.32 0.44 0.12 0.52 0.49 0.33 0.14
' Fe,0; - - 0.28 20.34 20.65 22.24 -
| FeO 17.47 16.47 16.22 5.36 5.86 4.36 17.60
| MgO 0.92 . . = - . .
| Ca0 10.30 10.93 10.82 9.15 8.94 8.84 11.14
J ' MnO 0.51 0.41 0.59 - - 0.35 -
H,Oc 314 3.18 3.08 3.08 3.08 3.08 3.15
Total 99.18 100.09 98.54 99.26 100.73  100.98 99.16

Structural formulae calculated on the basis of 13 oxygens

Si 2.994 2.999 3.007 2.883 2.877 2.876 3.109
Ti 0.064 0.010 0.023 - 0.026 - -
Al 1.347 1.466 1.420 0.888 0.757 0.731 1.395
Y - - = - 0.028 0.017 .
La 0.275 0.271 0.297 0.218 0.266 0.273 0.249
Ce 0.449 0.469 0.444 0.438 0.416 0.457 0.415
Pr 0.025 0.040 0.035 0.054 0.047 0.041 0.045
Nd 0.053 0.076 0.074 0.122 0.147 0.137 0.056
Sm 0.011 0.015 0.004 0.017 0.016 0.011 0.005
Fe** - = 0.021 1.490 1.513 1.629 .
Fe?! 1.408 1.322 1.320 0.436 0.477 0.355 1.400
Mg 0.132 - - . - . .
Ca 1.063 1.124 1.129 0.954 0.932 0.922 1.135
Mn 0.042 0.033 0.049 - . 0.029 =
OH 0.999 0.999 1.000 1.000 1.000 1.000 0.999

Total 8.862 8.823 8.822 8.502 8.502 8.477 8.808




ITLIT Apatite-britholite (the halogen site is assumed to be occupied by fluorine)
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MAS001 MAS001 MAS002 MAS002 MAS002 MAS004 MAS004
N=2 N=1 N=1 N=3 N=4 N=2 N=2
Wt. %
P,0s 29.55 27.03 3.45 3.29 4.29 40.03 37.98
SiO, 7.08 8.88 21.2 20.32 20.50 1.37 3.11
ThO, - - - 1.82 2.55 - -
U0, - - - 0.30 0.62 - -
Y,0; - - 2.69 2.99 2.93 - -
La,Os 422 5.99 15.01 16.15 14.97 0.48 0.68
Ce,0; 8.50 11.06 26.39 26.39 24.89 1.59 3.21
Pr,04 0.50 1.17 1.60 1.60 0.94 0.23 0.42
Nd,04 3.44 3.49 7.96 7.96 7.21 1.79 2.02
Sm,0; 0.55 0.28 0.83 1.11 0.42 0.11 0.46
CaO 42.18 38.77 16.09 15.57 16.50 52.88 49.67
FeO 0.58 0.22 0.23 0.47 0.44 - -
SrO 0.36 0.36 0.40 0.20 0.39 - -
Na,O 0.03 - - - - 0.21 0.22
Total 96.99 97.25 95.85 98.17 96.65 98.69 97.77
Fc 3:35 3.27 2.51 2.47 2.50 372 3.65
O=F 1.41 1.38 1.06 1.04 1.05 1.57 1.54
Total 98.93 99.14 97.30 99.60 98.10 100.84 99.88
Structural formulae calculated on the basis of 13 anions (O,F)

P 2.362 2212 0.368 0.357 0.459 2.884 2.787
Si 0.668 0.858 2.670 2.601 2.591 0.117 0.270
Th - - 0.051 0.053 0.073 - -
6] - - 0.005 0.009 0.017 - -
Y - - 0.180 0.204 0.197 - -
La 0.147 0.214 0.697 0.762 0.698 0.015 0.022
Ce 0.294 0.391 1.217 1.237 1.152 0.050 0.102
Pr 0.017 0.041 0.073 0.075 0.043 0.007 0.013
Nd 0.116 0.120 0.358 0.364 0.326 0.054 0.063
Sm 0.018 0.009 0.036 0.049 0.018 0.003 0.014
Ca 4.266 4.015 2.171 2.135 2.235 4.822 4.612
Fe 0.046 0.018 0.024 0.050 0.047 - -
Sr 0.020 0.020 0.029 0.015 0.029 - -
Na 0.006 - - - - 0.035 0.038
F 1.000 1.000 1.000 1.000 0.999 1.001 1.000
Total 8.984 8.923 8.921 8.942 8.903 9.003 8.949
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MAS006 MAS006 MAS007 MAS009 MAS012 MASO12 MASO014

N=5 N=3 N=5 N=5 N=4 N=3 N=2

Wt. %
P,Os 35.36 4123 30.07 32.74 40.63 35.20 38.92
Sio, 3,92 0.51 6.79 5.29 0.98 3.72 1.93
ThO, - - - . - - -
U02 = = - - = - =
Y203 - - = - - = -
La,O; 2.06 0.58 3.42 3.08 0.83 2.69 1.26
Ce,05 5.06 111 8.01 6.89 1.53 5.35 2.53
Pr,0; 0.45 0.13 2.16 0.64 0.05 0.44 0.26
Nd,0; 2.42 0.71 5.98 3.41 0.66 2.43 1.09
Sm,0; 0.33 - 1.06 0.42 0.07 0.30 0.19
CaO 47.57 54.53 39.84 44.82 52.77 47.13 51.28
FeO - - 0.31 0.39 0.23 0.39 0.19
SrO ’ - - - - . .
Na,0 - . 0.34 - 0.25 0.25 -
Total 96.97 98.80 97.98 97.68 98.00 97.90 97.65
Fc 3.51 3.75 3.34 3.44 3.72 3.52 3.65
O=F 1.48 1.58 1.41 1.45 1.57 1.48 1.54
Total 99.00 10097  99.91 99.67 100.15  99.94 99.76

Structural formulae calculated on the basis of 13 anions (O,F)

P 2.693 2.946 2.410 2.546 2.926 2.675 2.850
Si 0.335 0.043 0.643 0.486 0.083 0.334 0.167
Th . . - - . . .
U I - - - - - -
Y - - - = - - -
La 0.068 0.018 0.119 0.104 0.026 0.089 0.040
Ce 0.167 0.034 0.278 0.232 0.048 0.176 0.080
Pr 0.015 0.004 0.074 0.021 0.002 0.014 0.008
Nd 0.078 0.021 0.202 0.112 0.020 0.078 0.034
Sm 0.010 . 0.035 0.013 0.002 0.009 0.006
Ca 4.585 4.931 4.040 4411 4.809 4.533 4.753
Fe . - 0.025 0.030 0.016 0.029 0.014
Sr - - - - - - .
Na - - 0.063 . 0.042 0.044 .
F 0.999 1.001 1.000 0.999 1.001 0.999 0.999

Total 8.954 8.999 8.910 8.954 8.992 8.988 8.965
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MAS014 MAS014 MASO014 MASO01S MASO015S MAS015 MAS016

N=2 N=2 N=2 N=3 N=2 N=2 N=2

Wt. %
P,0; 32.89 7.24 9.08 40.85 35.77 2531 40.01
Si0, 4.81 18.22 17.10 1.06 3.81 9.33 0.95
ThO, - 1.08 0.49 - . - -
uo, - - - - - - -
Y203 = = = = = = =
La,0; 420 14.26 12.41 0.78 2.22 6.64 0.88
Ce,0; 7.96 24.33 23.56 1.33 477 12.54 2.09
Pr,0; L2 2.09 241 0.04 0.35 1.64 0.24
Nd,0; 3.34 8.34 8.50 0.77 1.94 5.23 0.86
Sm,0; 0.89 0.87 1.08 0.16 0.49 1.03 0.19
CaO 42.16 17.90 19.62 51.96 46.93 35.64 51.44
FeO 0.09 0.48 0.78 0.20 0.45 0.61 0.17
SrO - - - . - . .
Na,O - - - 0.29 0.20 031 -
Total 97.86 94.81 95.03 97.44 96.93 98.28 96.83
Fe 3.40 2.52 2.58 371 3.53 3.19 3.65
O=F 1.43 1.06 1.09 1.56 1.49 1.34 1.54
Total 99.83 96.27 96.52 99.59 98.97  100.13  98.94

Structural formulae calculated on the basis of 13 anions (O,F)

| p 2.588 0.771 0.943 2.948 2.709 2.122 2.932
“1 : Si 0.447 2.291 2.098 0.090 0.341 0.924 0.082
h Th . 0.031 0.014 . . - -
\] U - - - - a5 . -
Y - - - = & = -
La 0.144 0.661 0.561 0.025 0.073 0.242 0.028
. Ce 0.271 1.120 1.058 0.042 0.156 0.455 0.066
Pr 0.051 0.096 0.108 0.001 0.011 0.059 0.008
Nd 0.111 0.374 0.372 0.023 0.062 0.185 0.027
Sm 0.029 0.038 0.046 0.005 0.015 0.035 0.006
Ca 4.199 2411 2.579 4.746 4.497 3.781 4771
Fe 0.007 0.050 0.080 0.014 0.034 0.051 0.012
Sr - - - - - - .
Na . - - 0.049 0.035 0.060 -
F 0.999 1.002 1.001 1.000 0.999 0.999 0.999

Total 8.860 8.868 8.888 8.957 8.947 8.928 8.945
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MASO16 MASO016 MASO017 MAS017 MAS017 MAS017 MASO018

1 N=1 N=2 N=3 N=2 N=1 N=1 N=2
] Wt. %
P,05 37.74 34.75 35.37 35.59 40.33 32.20 41.49
Si0, 2.19 4.09 3.44 3.30 1.11 5.23 -
ThO, - . = . - 0.29 -
uo, - - - - - - -
Y203 = = = - = - -
La,0; 1.74 2.85 2.27 2.39 0.64 3.33 0.13
Cey04 3.64 5.94 4.97 5.22 0.89 7.04 0.70
3 Pr,0; 0.57 0.98 1.02 0.67 0.29 1.07 -
Nd,04 1.62 2.68 3.86 2.63 0.68 3.59 0.43
1 : Sm,05 0.32 0.36 0.64 0.29 0.12 0.86 -
CaO 48.58 44.72 46.06 46.52 52.37 42.44 53.89
FeO 0.55 0.64 0.26 0.17 0.25 0.31 -
SrO - - - - - . -
Na,O - - - - - - 0.48
Total 96.95 97.01 97.89 96.78 96.68 96.36 97.12
Fc 3:57 3.48 3.50 3.50 3.69 3.38 3.71
O=F 1.50 1.47 1.47 1.47 1.55 1.42 1.56
Total 99.02 99.02 99.92 98.81 98.82 98.32 99.27
Structural formulae calculated on the basis of 13 anions (O,F)
P 2.826 2.676 2.702 2.720 2.927 2.554 2.993
Si 0.194 0.372 0.310 0.298 0.095 0.490 -
Th 5 = - - - 0.006 -
U - - - = = = -
Y - - - - - = =
La 0.057 0.096 0.076 0.080 0.020 0.115 0.004
Ce 0.118 0.198 0.164 0.173 0.028 0.241 0.022
Pr 0.018 0.032 0.034 0.022 0.009 0.037 -
Nd 0.051 0.087 0.124 0.085 0.021 0.120 0.013
Sm 0.010 0.011 0.020 0.009 0.004 0.028 -
Ca 4.604 4.358 4.453 4.500 4.810 4.260 4.920
Fe 0.041 0.049 0.020 0.013 0.018 0.024 -
Sr - - - - - - -
Na - - - - - - 0.081
F 0.999 1.001 0.999 0.999 1.000 1.001 1.000

Total 8.932 8.895 8.919 8.924 8.960 8.894 9.032
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—

MAS018 MAS022 MAS022 MAS022 MAS023 MAS023 MAS024
N=2 N=1 N=2 N=1 N=4 N=4 N=4
Wt. %
P,0s 40.97 38.46 40.14 42.09 35.26 30.23 3345
SiO, = 2.29 1.38 0.36 3.92 6.34 4.90
ThO, - - . . : - 5
UOZ = - - = - = =
Y203 - = = - - - -
Lay0; 0.58 1.79 1.16 - 2.23 4.29 2.86
Ce,0; 1.57 3.19 2.06 - 4.87 8.01 5.81
Pr,0; 0.16 0.48 0.38 - 0.38 1.24 0.58
Nd,0; 0.88 1.11 1.26 . 2.09 3.59 2.50
Sm,0; 0.13 0.14 0.18 . 0.20 0.38 0.42
CaO 52.12 49.42 50.12 54.15 47.93 43.89 46.24
FeO - - - - - = 0.17
SrO - . . = - = -
Na,O 0.97 0.31 0.54 0.09 - - -
Total 97.38 97.19 97.22 96.69 96.88 97.97 96.93
Fc 3.68 3.62 3.67 3.76 3.53 3.38 3.47
O=F 1.55 1.52 1.55 1.58 1.49 1.42 1.46
Total 99.51 99.29 99.34 98.87 98.92 99.93 98.94
Structural formulae calculated on the basis of 13 anions (O,F)

P 2.983 2.841 2.927 2.998 2.675 2.396 2.577
Si = 0.200 0.119 0.030 0.351 0.594 0.446
Th - = = - - - -
U - - - - - - -
Y = - - - - N -
La 0.018 0.058 0.037 - 0.074 0.148 0.096
Ce 0.049 0.102 0.065 - 0.160 0.275 0.194
Pr 0.005 0.015 0.012 - 0.012 0.042 0.019
Nd 0.027 0.035 0.039 - 0.067 0.120 0.081
Sm 0.004 0.004 0.005 - 0.006 0.012 0.013
Ca 4.803 4.530 4.625 4.881 4.603 4.403 4.509
Fe = = = = - - 0.013
Sr - & = . = = .
Na 0.164 0.053 0.092 0.015 - - -
F 1.001 0.999 1.000 1.000 1.001 1.001 0.999
Total 9.056 8.948 8.945 8.962 8.967 9.006 8.973
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MAS024 MAS025 MAS025 MAS025 MAS026 MAS026 MAS026
N=2 N=4 N=2 N=2 N=3 N=2 N=2
Wt. %
P,0s 38.67 38.91 35.80 34.93 39.51 35.55 24.89
SiO, 1.87 2.21 3.47 5.20 1.83 3.97 9.43
Th02 - = - - = - -
Uo, - - - - - - -
Y203 - = = = = = =
La,0; 121 1.02 1.79 2.86 0.93 1.94 5.84
Ce,05 2.09 2.49 4.59 6.67 2.17 4.90 12.68
Pr,0; 0.09 0.23 0.62 0.94 0.20 0.62 1.34
Nd,05 0.70 1.16 2.02 2.74 0.97 2.23 5.69
Sm,0; 0.15 - 0.45 0.45 - - 0.78
CaO 51.79 51.17 48.33 44.36 53.17 48.51 37.17
FeO 0.11 - - - - - -
SrO - - = . = = -
Na,O - . . = = = -
Total 96.68 97.19 97.07 98.15 98.78 97.72 97.82
Fc 3.64 3.65 3.53 3.52 3.71 2.66 3.18
O=F 1.53 1.54 1.49 1.48 1.56 1.49 1.34
Total 98.79 99.30 99.11 100.19 100.93 98.89 99.66
Structural formulae calculated on the basis of 13 anions (O,F)

P 2.844 2.854 2.713 2.653 2.852 2.679 2.095
Si 0.162 0.191 0.311 0.467 0.156 0.353 0.937
Th - - - - - - -
U - - - - - - -
Y - - - - - - -
La 0.039 0.033 0.059 0.095 0.029 0.064 0.214
Ce 0.066 0.079 0.150 0.219 0.068 0.160 0.462
Pr 0.003 0.007 0.020 0.031 0.006 0.020 0.049
Nd 0.022 0.036 0.065 0.088 0.030 0.071 0.202
Sm 0.004 - 0.014 0.014 - - 0.027
Ca 4.820 4.750 4.635 4.265 4.858 4.626 3.959
Fe 0.008 - - - - - -
Sr - - - - - - -
Na - - - - - - -
F 1.000 1.000 0.999 0.999 1.001 0.999 1.000
Total 8.993 8.950 8.966 8.830 8.999 8.971 8.944
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MAS027 MAS027 MAS028 MAS028 MAS028 MAS028 MAS029

N=4 N=3 N=3 N=2 N=3 N=2 N=2
Wt. %
P,0s 39.13 26.91 12.89 14.69 26.93 34.23 12.60
SiO, 2.17 8.07 16.29 14.64 8.50 4.53 15.12
ThO, = - 0.60 0.38 .0.3 - 16.99
[8[6)) = - = = = = -
Y,0; 1.01 1.75 11.19 - 1.41 0.83 -
La,0; 0.84 5.50 21.64 9.52 5.35 2.63 5.03
Ce,04 2.30 10.84 2.19 19.12 10.96 5.48 10.93
Pr,0; 0.41 1.17 7.87 2.09 1.33 0.32 1.29
Nd,04 1.09 4.06 0.98 7.07 4.55 2.35 3.46
Sm,0; 0.22 0.44 0.60 0.91 0.54 0.31 0.57
CaO 50.25 3%.21 22.66 27.23 38.25 46.11 6.65
FeO 0.50 1.24 0.64 0.35 0.57 0.31 10.96
SrO = . - - = - 0.68
Na,O = = " = = - -
Total 97.92 97.19 97.55 96.00 98.39 97.10 88.82
Fc 3.67 323 2.85 2.83 3.27 3.50 241
‘ O=F 1.55 1.36 1.20 1.19 1.38 1.47 1.01
| Total 100.04 99.06 99.20 97.64 100.28 99.13 87.05

Structural formulae calculated on the basis of 13 anions (O,F)

P 2.854 2.230 1213 1.392 2.203 2.618 1.398
\ Si 0.187 0.790 1.811 1.639 0.821 0.409 1.982
| Th - . 0.015 0.010 0.001 . 0.507
U = - - - - - -
Y 0.046 0.091 0.662 ; 0.073 0.040 -
La 0.027 0.199 0.887 0.393 0.919 0.088 0.243
Ce 0.073 0.388 0.089 0.784 0.388 0.181 0.524
Pr 0.013 0.042 0.319 0.085 0.047 0.011 0.062
Nd 0.034 0.142 0.039 0.283 0.157 0.076 0.162
Sm 0.007 0.015 0.023 0.035 0.018 0.010 0.162
Ca 4.639 3.903 2.698 3.266 3.960 4.464 0.026
Fe 0.036 0.102 0.059 0.033 0.046 0.023 1.201
Sr - - - . . . 0.052
Na - - - - - - -
F 1.000 1.000 1.002 1.002 0.999 1.000 0.999

Total 8.927 8.918 8.837 8.957 8.926 8.947 8.300
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MAS031 MAS032 MAS033 MAS034 MAS037 MAS038 MAS038

N=4 N=6 N=6 N=3 N=4 N=4 N=1
Wt. %

P,Os 40.35 36.54 33.63 35.56 32.98 37.31 42.62
Si0, 1.63 3.9] 4.61 4.02 4.98 2.65 0.29
ThO, - . . - 0.27 . i
uo, - - - - - - -
Y,0; 0.89 0.77 1.28 - - - .
La,0; 1.89 1.70 3.30 2.28 3.56 0.74 0.03
Ce,0; 0.10 3.81 6.58 4.88 6.55 2.51 0.43
Pr,0; 0.69 0.46 0.58 0.59 0.73 0.35 0.07
Nd,0; 0.23 1.71 2.36 1.75 2.43 1.65 0.32
Sm,04 - 0.27 0.31 0.34 0.41 0.31 0.17
CaO 52.11 49.16 43.88 48.07 4531 50.78 54.22
FeO 0.17 0.38 0.40 0.12 0.43 0.21 0.07
SrO . - - - - . -
Na,0 . 0.15 0.40 - - 0.38 0.06
Total 98.06 98.16 97.33 97.61 97.65 96.89 98.28
Fc 3.73 3.60 3.46 3.56 3.46 3.61 3.79
O=F 1.57 1.52 1.46 1.50 1.46 1.52 1.60
Total 10022  100.24 99.33 99.67 99.65 98.98 100.47

Structural formulae calculated on the basis of 13 anions (O,F)

P 2.900 2.720 2.694 2.677 2.555 2.770 3.010
Si 0.138 0.282 0.422 0.358 0.456 0.232 0.024
Th . - . . 0.006 . -

U - - - = - & =

Y 0.040 0.036 0.062 - - g -

La 0.059 0.055 0.111 0.075 - 0.120 0.024 0.001
Ce 0.003 0.123 0.220 0.159 0.219 0.081 0.013
Pr 0.021 0.015 0.019 0.019 0.024 0.011 0.002
Nd 0.007 0.054 0.077 0.056 0.079 0.052 0.010
Sm - 0.008 0.010 0.010 0.013 0.009 0.005
Ca 4.739 4.632 4301 4.580 4.442 4.771 4.846
Fe 0.012 0.028 0.031 0.009 0.033 0.015 0.005
Sr - - - - - . -

Na “ 0.026 0.072 - - 0.066 0.010
F 1.001 1.001 1.001 1.001 1.001 1.001 1.000

Total 8.939 8.997 8.949 8.960 8.969 9.049 8.942
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IILIII Astrophyllite (fluorine and hydroxyl set to 1 and 4 ions, respectively)

MAS005 MASO01S MAS015S MASO01S MAS026 MAS026 MAS026

N=5 N=4 N=1 N=2 N=4 N=1 N=1
Wt. %
Nb,Os 3.76 3.09 5.33 5.07 2.48 2.23 4.06
SiO, 32.32 34.27 34.47 34.94 34.31 34.06 34.73
TiO, 2.35 8.25 6.33 6.70 3.94 3.68 6.88
' ZrO, 10.48 1.00 3.24 2.69 9.73 9.74 4.47
AlLOs 1.39 1.50 1.31 1.18 1.29 1.07 1.46
FeO 34.48 35.82 34.70 35.89 34.69 34.57 34.47
MnO 0.95 1.03 1.08 0.95 2.23 2.34 2.45
MgO - - 0.14 0.11 0.01 0.14 0.03
CaO 1.24 2.17 1.78 1.60 1.41 1.03 1.34
Na,O 1.62 1.57 1.68 1.86 1.71 2.07 2.05
K,O 5.05 5.32 4.99 5.26 5.10 5.28 5.44
Total 93.64 94.02 95.05 96.25 96.90 96.21 97.38
H,Oc 2.62 2.65 2.67 2.70 2.65 2.63 2.72
Fc 1.38 1.40 1.41 1.42 1.40 1.39 1.43
O=F 0.58 0.59 0.59 0.60 0.59 0.59 0.60
Total 98.86 97.48 98.54 99.77 100.45 99.64 100.93

Structural formulae calculated on the basis of 31 anions (O,0H,F)

Nb 0.401 0.316 0.541 0.509 0.253 0.230 0.405
Si 7.633 7.744 7.746 7.764 7.727 1.757 7.662
Ti 0.417 1.402 1.070 1.120 0.667 0.630 1.142
Zr 1.184 0.110 0.355 0.291 1.069 1.082 0.481
Al 0.387 0.399 0.347 0.309 0.342 0.287 0.380
Fe 6.810 6.769 6.521 6.670 6.534 6.584 6.360
Mn 0.190 0.197 0.206 0.179 0.425 0.451 0.458
Mg - - 0.047 0.036 0.034 0.048 0.010
Ca 0.314 0.525 0.429 0.381 0.340 0.251 0.317
Na 0.742 0.688 0.732 0.801 0.747 0.914 0.877
K 1.522 1.534 1.430 1.491 1.465 1.534 1.531
OH 4.001 3.994 4.002 4.002 3.995 2.995 4.003
F 1.001 1.000 1.002 0.998 0.997 1.001 0.998

Total 24.603 24.679 24.427 24.552 24.591 24.765 24.622
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MAS032 MAS032

N=2  N=1
| Wt. %
: Nb,Os 176 245
' Si0, 33.35 34.81
TiO, 2.51 2.67
710, 12.97 12.84
ALO; 1.06 0.78
FeO 33.33 33.65
MnO 3.69 3.28
MgO - 0.37
! | Ca0 2.05 227
i Na,0 1.23 1.23
; K0 4.70 2.53
Total 96.65  96.88
H,0c 2.62 2.67
Fe 138 1.41
O=F 0.58 0.59
Total 100.07  100.37

Structural formulae calculated on the basis of 31 anions (O,0H,F)

Si 7.642 7.811
Ti 0.433 0.451
Al 0.286 0.206
Fe 6.387 6.315
Mn 0.716 0.623
Mg - 0.124
Ca 0.503 0.546
Na 0.546 0.535
K 1.374 0.724
Zr 1.449 1.405
Nb 0.182 0.249
OH 4.004 3.996
F 1.000 1.001

Total 24.523 23.986




IIL.IV Baddeleyite

MAS005 MAS006 MASO015 MAS016 MAS017 MAS017 MAS018 MAS026 MAS030 MAS031 MAS036
N=3 N=4 N=§ N=3 N=5§ N=3 N=3 N=4 N=3 N=4 N=5
Wt. %
Ta,0s - - - . 0.70 0.48 0.61 . . - -
Sio, - 0.41 0.23 - . - - 0.12 0.11 0.16 -
TiO, 0.26 . . . 0.47 0.20 0.18 . . - 3
ZrO, 98.08 97.63 97.22 98.84 97.66 98.03 95.89 98.37 98.57 98.26 98.55
HfO, 0.98 1.91 1.49 0.81 1.62 1.08 1.87 1.40 0.90 1.06 1.26
Ca0 - . 0.20 - = = - . e - .
FeO 0.18 0.41 0.94 1.02 - 0.53 0.55 0.40 0.66 0.53 0.39
Total 99.50 100.36 100.08 100.67 100.45 100.32 99.10 100.29 100.24 100.01 100.20
Structural formulae calculated on the basis of 2 oxygens

Ta = B - - 0.004 0.003 0.003 - - - -
Si - 0.008 0.005 - - - - 0.002 0.002 0.003 -
Ti 0.004 - - - 0.007 0.003 0.003 - - - -
Zr 0.990 0.970 0.961 0.970 0.986 0.977 0.970 0.979 0.976 0.977 0.983
Hf 0.006 0.011 0.009 0.005 0.010 0.006 0.011 0.008 0.005 0.006 0.007
Ca - = 0.004 - - - - - - - -
Fe 0.009 0.021 0.049 0.051 - 0.027 0.029 0.020 0.034 0.027 0.020
Total 1.009 1.010 1.026 1.026 1.006 1.016 1.016 1.010 1.017 1.014 1.010

L0T
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II1.V Barite

MASO012 MAS018 MAS023 MAS037

N=4 N=4 N=3 N=4
Wt. %
SO, 35.11 34.94 34.29 34.72
Ca0 - - - 0.65
E - St0 0.62 1.18 171 0.29
i BaO 63.89 64.15 63.59 64.41
| ; Total 99.62 10027  99.59  100.07

Structural formulae calculated on the basis of 4 oxygens

S 1.009 0.995 0.998 0.992
Ca - - - 0.027
Sr 0.014 0.026 0.038 0.006
Ba 0.959 0.954 0.967 0.961

Total 1.982 1.975 2.003 1.986




II1.VI Chevkinite [Fe* recalculated using the method of Droop (1987)]
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MAS001 MAS001 MAS001 MAS003 MAS003 MAS005 MAS005
N=1 N=3 N=3 N=5§ N=7 N=2 N=3
Wt. %
Nb,Os - - - 3.96 5.43 1.91 438
SiO, 20.55 20.80 21.22 19.55 19.18 21.03 21.33
TiO, 19.28 19:75 25.68 16.05 13.60 17.08 19.47
ZrO, - - - 1.20 0.50 1.02 0.73
ThO, 1.87 1.70 3.51 1.08 1.77 0.30 1.00
U0, 0.04 0.37 0.17 - - 0.06 0.14
ALO; 0.53 0.67 0.48 0.33 0.21 0.74 1.21
Y203 = - = = = - =
La,05 10.25 11.27 7.73 11.80 11.56 6.41 5.47
Ce,0; 17.96 19.21 15.20 20.83 22.32 19.63 15.44
Pr,0; 1.59 2.23 1.40 1.62 1.94 2.98 1.81
Nd,0; 4.63 4.93 4.48 5.26 5.49 10.58 4.19
Sm,0; 0.13 0.44 0.51 - . 1.35 0.65
Fe,O; - - = 3.41 3.84 - -
FeO 8.13 8.24 3.14 824 8.74 10.57 5.22
MnO 0.61 0.66 0.71 - - - -
CaO 3.78 3.81 2.76 4.49 3.62 2.63 4.40
Na,O - - - : - - -
Total 89.35 94.08 86.99 97.82 98.19 98.29 85.44
Structural formulae calculated on the basis of 22 oxygens

Nb - = - 0.367 0.515 0.179 0.417
Si 4.423 4.324 4.411 4.012 4.026 4.350 4.494
Ti 3.121 3.088 4.015 2477 2.147 2.657 3.085
Zr = = = 0.120 0.051 0.103 0.075
Th 0.092 0.080 0.166 0.050 0.085 0.014 0.048
U 0.002 0.017 0.008 - - 0.003 0.007
Al 0.134 0.164 0.118 0.080 0.052 0.180 0.300
Y - - - - = - -
La 0.814 0.864 0.593 0.893 0.895 0.489 0.425
Ce 1.415 1.462 1.157 1.565 1.715 1.487 1.191
Pr 0.125 0.169 0.106 0.121 0.148 0.225 0.139
Nd 0.356 0.366 0.333 0.385 0.412 0.782 0.315
Sm 0.010 0.032 0.037 - - 0.096 0.047
Fe3+ - - - 0.534 0.615 - -
Fe 1.463 1.432 0.546 1.431 1.555 1.828 0.920
Mn 0.111 0.116 0.125 - - - -
Ca 0.872 0.849 0.615 0.987 0.814 0.583 0.993
Na - - - - - - -
Total 12.936 12.963 12.228 13.024 13.030 12.976 12.457
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MAS005 MAS007 MAS007 MAS009 MAS009 MASO12 MASO14
N=5§ N=3 N=3 N=3 N=2 N=4 N=2

] Wt. %

d Nb,Os 1.15 0.86 0.32 4.74 3.66 6.08 1.25

SiO, 19.49 18.94 20.77 17.99 20.33 20.00 18.88
TiO, 16.93 17.13 23.25 20.77 17.43 21.72 15.77
ZrO, 1.28 1.85 0.24 - - 1.67 0.74
ThO, - = - 1.13 0.90 0.90 1.12
Uo, = - 0.73 0.06 0.02 - 0.24
AlLO; 0.55 0.22 0.71 0.38 0.30 0.58 0.60
Y,0; - - - . = . 1.06

' La0; 6.30 4.92 9.09 10.47 12.36 5.63 10.85

l Ce,04 21.15 20.00 18.69 18.44 20.98 14.18 22.65
Pr,0; 3.24 3.28 2.48 1.68 2.55 1.73 2,19
Nd,04 12.12 13.18 6.15 4.62 5.01 4.73 6.88
Sm,0; 2.05 1.93 0.23 0.42 0.26 0.62 0.68
Fe,0; 4.16 3.46 . . . . 3.50
FeO 7.99 7.77 6.50 3.34 8.64 4.46 8.74
MnO - = 0.23 - - 0.44 -
CaO 2.79 3.14 3.12 1.89 3.12 3.67 1.74
Na,O - = & - = = -
Total 99.20 96.69 92.51 85.93 95.56 86.41 96.89

Structural formulae calculated on the basis of 22 oxygens

Nb 0.107 0.082 0.030 0.480 0.346 0.574 0.212
Si 4.015 4.000 4.242 4.033 4.255 4.177 4.034
Ti 2.624 2.721 3.571 3.502 2.744 3.412 2.535
Zr 0.129 0.191 0.024 - - 0.170 0.077
Th . - - 0.058 0.043 0.043 0.054
8] = - 0.033 0.003 0.001 - 0.011
Al 0.134 0.055 0.171 0.100 0.074 0.143 0.151
Y = = = - - - 0.121
La 0.479 0.383 0.685 0.866 0.954 0.434 0.855
Ce 1.595 1.547 1.397 1.513 1.608 1.084 1.772
Pr 0.243 0.252 0.185 0.137 0.194 0.132 0.171
Nd 0.892 0.994 0.449 0.370 0.375 0.353 0.525
Sm 0.146 0.140 0.016 0.032 0.019 0.045 0.050
Fe3+ 0.655 0.558 - - - - 0.570
Fe 1.397 1.391 1.110 0.626 1.512 0.779 1.583
Mn - - 0.040 - - 0.078 -
Ca 0.616 0.711 0.683 0.454 0.700 0.821 0.398
Na - - - - - - -

Total 13.031 13.025 12.634 12.175 12.825 12.243 13.028
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MAS014 MAS014 MASO014 MAS015S MAS015S MAS01S MASO015

N=1 N=2 N=2 N=4 N=3 N=2 N=2
Wt. %
Nb,Os 1.36 1.18 1:33 2.40 3.16 2.96 3.05
SiO, 19.10 20.04 20.10 19.41 15.72 19.57 20.02
TiO, 14.63 18.19 19.71 16.61 18.42 21.79 17.53
ZrO, 0.39 - 0.33 0.02 - - 1.99
ThO, 0.98 0.58 0.51 2.86 3.17 3.24 1.17
U0, 025 - - . - 0.31 0.59
AlLO; 1.18 0.48 0.67 0.18 0.27 0.26 0.25
Y,0; 0.39 - : . - 0.94 0.07
La,0; 10.36 11.06 10.03 15.99 15.04 7.01 12.44
Ce,0; 24.01 20.88 20.25 21.81 21.16 16.36 20.69
Pr,0; 2.93 2.50 2.58 1.84 1.84 1.77 2.01
Nd,05 7.25 6.47 6.52 4.60 4.48 4.47 5.55
Sm,0; 0.42 0.42 0.35 0.44 0.31 0.70 0.37
Fe,0; 3.50 - - 2.16 - - 0.95
FeO 8.84 8.90 8.36 10.16 3.88 3.10 10.05
MnO - 0.36 0.25 0.10 0.26 1.88 -
CaO 1.12 2.44 2.87 1.97 0.51 0.69 3.84
NaZO . - = - = = =
Total 96.71 93.50 93.86 100.56 88.22 85.05 100.56
Structural formulae calculated on the basis of 22 oxygens

Nb 0.132 0.114 0.126 0.226 0.341 0.296 0.278
Si 4.109 4.285 4.206 4.035 3.753 4.323 4.034
Ti 2.367 2.926 3.103 2.597 3.307 3.620 2.657
Zr 0.041 - 0.034 0.002 - - 0.196
Th 0.048 0.028 0.024 0.135 0.172 0.163 0.054
U 0.012 - ~ - - 0.015 0.026
Al 0.299 0.121 0.165 0.044 0.076 0.068 0.059
Y 0.045 - - - - 0.110 0.008
La 0.822 0.872 0.774 1.226 1.324 0.571 0.925
Ce 1.891 1.635 1.552 1.660 1.849 1.323 1.526
Pr 0.230 0.195 0.197 0.139 0.160 0.142 0.148
Nd 0.557 0.494 0.487 0.342 0.382 0.353 0.399
Sm 0.031 0.031 0.025 0.032 0.026 0.053 0.026
Fe3+ 0.573 - - 0.341 - - 0.144
Fe 1.612 1.591 1.463 1.781 0.775 0.573 1.699
Mn - 0.065 0.044 0.018 0.053 0.352 -
Ca 0.258 0.559 0.644 0.439 0.130 0.163 0.829
Na - - - - - - -

Total 13.028 12.916 12.844 13.016 12.348 12.125 13.006
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MASO16 MAS016 MAS016 MAS017 MASO017 MAS025 MAS025

N=1 N=6 N=2 N=4 N=4 N=3 N=1
Wt. %

Nb,Os 5.97 1.52 1.91 4.72 7.54 3.31 425
Si0, 19.75 19.37 14.79 19.79 16.72 19.25 19.21
TiO, 12.64 18.22 25.64 17.14 29.41 13.05 13.37
Zr0, 1.02 0.26 0.39 0.77 1.52 - -
ThO, . 0.70 1.46 0.85 1.48 . -
Uo, - 0.14 0.28 0.14 0.01 = :
Al,O; 0.46 0.25 0.33 0.58 0.47 0.44 0.49
Y,0; - = 0.78 - - - -
La,0; 9.32 13.57 7.19 9.68 3.01 12.28 11.84
Ce 05 21.37 23.05 17.67 19.02 9.87 2291 21.27
Pr,0; 3.02 2.06 2.13 2.08 1.29 2.41 1.27
Nd,O; 8.68 5.88 5.84 5.37 2.91 6.78 5.72
Sm,0; 0.92 0.75 0.82 0.59 0.26 0.83 1.13
Fe,0; 422 1.63 . . - 3.98 1.72
FeO 9.62 10.09 2.97 7.47 291 9.62 11.03
MnO - - - 0.45 0.57 . -
CaO 2.75 2.04 0.79 3.30 3.85 1.02 1.24
Na,0 - - - - - . -
Total 99.74 99.53 82.99 91.95 81.82 95.88 92.54

Structural formulae calculated on the basis of 22 oxygens

Nb 0557  0.142 0.201 0.455 0709 0326  0.426
Si 4079 4011 3446 4218 3479 4191 4257
Ti 1964 2838 4494 2748  4.603 2137 2229
Zr 0.103 0.026 0044 0080  0.154 . .
Th - 0.033 0.077  0.041 0.070 : -
U - 0.006 0.015 0.007 s - .
Al 0.112 0.6l 0.091 0.146  0.115 0.113 0.128
Y - - 0.097 - : . -
La 0.710 1036 0618  0.761 0.231 0.986  0.968
Ce 1.616 1.747 1.507 1484 0752 1.826 1.726
Pr 0227  0.155 0.181 0.162  0.098 0.191 0.103
Nd 0.640 0435 048 0409 0216 0527 0.453
Sm 0.065 0.054 0066  0.043 0.019  0.062 0.086
Fe3+ 0.666 0255 : - - 0.662 0.289
Fe 1.687 1758 0.579 1332 0.506 1778  2.058
Mn - - - 0.081 0.100 - -
Ca 0.609 0453 0.197 0754  0.858 0.238 0.294
Na - - - - . - .

Total 13.036 13.012 12.099 12.721 11.913 13.037 13.015
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MAS028 MAS028

N=3 N=2
Wt. %
Nb,0s - -
SiO, 19.79 19.10
i TiO, 16.72 16.28
ZrO, - 0.52
ThO, 0.08 -
uo, - -
Al O 0.20 0.43
Y,0; - 0.58
La,04 8.89 9.32
Ce,0; 23.89 23.16
Pr,0; 3.44 3.13
Nd,04 11.05 11.09
Sm,04 1.32 1.51
Fe, 05 4.94 6.84
FeO 8.26 6.48
MnO - 0.92
CaO 1.42 1.32
Na,O - -
Total 100.00 100.67

Structural formulae calculated on the basis of 22 oxygens

Nb - -

Si 4.120 3.960
Ti 2.618 2.539
Zr - 0.053
Th 0.004 -

U - -

Al 0.049 0.105
Y - 0.064
La 0.683 0.713
Ce 1.821 1.758
Pr 0.261 0.236
Nd 0.821 0.821
Sm 0.095 0.108
Fe3+ 0.788 1.094
Fe 1.465 1.152
Mn - 0.162
Ca 0.317 0.293
Na - -

Total 13.040 13.056
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IIL.VII Fergusonite
MAS006 MAS006 MAS006 MAS006 MAS006 MAS009 MAS009
N=2 N=1 N=1 N=2 N=2 N=1 N=3
Wt. %

WO; 5.30 2.48 3.95 4.15 2.95 4.44 2.92
Nb,Os 44.63 44.05 41.85 42.80 43.95 46.64 49.21
Ta,0s 1.14 1.66 1.94 2.11 2.50 . .
SiO, 0.42 0.04 = - = = s
TiO, 0.88 0.71 1.05 0.58 0.59 - -
ThO, 121 2.90 0.96 1.79 20 - -
uo, 1.34 2.81 2.59 1.44 1.70 - -
Y,0; 21.82 22.41 22.24 19.80 20.06 17.38 20.71
La,O3 - - 0.15 0.18 0.33 0.82 0.16
Ce, 03 1.36 1.20 1.16 1.92 1.63 7.95 5.74
Pr,05 0.59 0.66 0.70 0.66 0.67 2.12 1.30
Nd,04 447 4.02 4.39 5.41 4.90 9.14 7.68
Sm,0; 2.64 2.32 0.57 2.64 2.62 2.17 1.83
Eu,0; - = 0.45 0.36 0.70 . -
Gd,03 3.64 3.91 3.49 3.51 4.20 1.27 1.68
Tb,04 0.89 0.67 0.71 0.71 0.68 0.01 0.55
Dy,05 2.96 4.78 4.82 4.39 3.95 2.48 2.88
Ho,04 - . 1.24 0.86 0.56 0.86 0.41
Er,0; 2.00 0.95 2.86 2.02 2.39 1.17 1.01
Tm,04 - . 1.00 0.77 0.82 0.28 0.38
Yb,0; 2.29 2.18 2.58 2.03 1.23 1.55 1.96
Lu,05 - - 0.40 0.50 0.25 - -
CaO 0.70 0.54 0.58 0.69 0.69 1.99 1.34
MnO 0.09 0.16 - - - - -
FeO 0.52 0.64 0.35 0.50 0.77 0.51 0.64
Total 98.89 99.09 100.03 99.82 100.89 100.78 100.40
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MAS006 MAS006 MAS006 MAS006 MAS006 MAS009 MAS009
N=2 N=1 N=1 N=2 N=2 N=1 N=3

Structural formulae calculated on the basis of 4 oxygens

w 0.062 0.029 0.047 0.050 0.035 0.052 0.033
Nb 0.910 0.914 0.877 0.898 0.905 0.947 0.981
Ta 0.014 0.021 0.024 0.027 0.031 - -
Si 0.019 0.002 - - - - -
Ti 0.030 0.025 0.037 0.020 0.020 - -
Th 0.012 0.030 0.010 0.019 0.029 - -
U 0.013 0.029 0.027 0.015 0.017 - -
Y 0.524 0.547 0.549 0.489 0.486 0.415 0.486
La = - 0.003 0.003 0.006 0.014 0.003
Ce 0.022 0.020 0.020 0.033 0.027 0.131 0.093
Pr 0.010 0.011 0.012 0.011 0.011 0.035 0.021
Nd 0.072 0.066 0.073 0.090 0.080 0.147 0.121
Sm 0.041 0.037 0.009 0.042 0.041 0.034 0.028
Eu - = 0.007 0.006 0.011 - -
Gd 0.054 0.059 0.054 0.054 0.063 0.019 0.025
Tb 0.013 0.010 0.011 0.011 0.010 0.000 0.008
Dy 0.043 0.071 0.072 0.066 0.058 0.036 0.041
Ho . = 0.018 0.013 0.008 0.012 0.006
Er 0.028 0.014 0.042 0.029 0.034 0.017 0.014
Tm > - 0.014 0.011 0.012 0.004 0.005
Yb 0.031 0.031 0.036 0.029 0.017 0.021 0.026
Lu - ~ 0.006 0.007 0.003 - -
Ca 0.034 0.027 0.029 0.034 0.034 0.096 0.063
Mn 0.003 0.006 - - - - -
Fe 0.059 0.074 0.041 0.058 0.088 0.057 0.071

Total 1.994 2.021 2.017 2.013 2.026 2.035 2.024
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MAS012 MAS012 MAS012 MAS026 MAS026 MAS026

N=2 N=1 N=1 N=2 N=1 N=1
Wt. %

WO, 4.75 4.60 6.22 3.82 2.79 3.71
Nb,Os 45.35 44.92 44.11 45.18 45.69 44.54
Tay0s = = - 0.72 1.00 1.07
SiO, 1.84 2.08 1.89 - - -
TiO, 0.59 0.87 0.96 0.45 0.48 0.14
ThO, 0.23 0.19 0.11 4.49 5.25 5.26
Uuo, 0.13 0.03 0.05 1.66 1.51 0.77
Y,0; 14.27 18.47 21.42 20.23 18.22 15.65
La,O; " 0.19 0.08 0.26 0.64 0.54
Ce,0; 5.00 2.99 1.56 255 3.14 3.97
Pr,0; 1.44 0.58 0.48 0.78 0.73 0.83
Nd,05 10.68 5.66 4.50 5.02 5.51 6.91
Sm,0; 3.54 2.65 2.76 2.56 2.15 2.81
EU203 1.00 b 0.79 - - -
Gd,0; 3.40 4.18 3.92 3.56 -3.60 3.79
Tb,0; 0.43 1.27 1.48 0.44 0.34 0.47
Dy,0s 241 4.52 3.82 4.00 445 3.84
Ho,0; 0.12 0.78 0.26 - - ,
Er,O; 1.34 1.72 1.71 1.94 2.09 1.58
Tm,0; 0.57 0.15 1.07 : ; -
Yb,05 0.73 1.26 1.04 1.10 0.92 1.32
Lu,05 0.22 0.32 0.10 - . .
CaO 0.49 0.56 0.43 1.21 132 1.58
MnO 0.08 0.42 0.29 0.19 0.16 0.09
FeO 0.92 1.83 1.20 0.02 0.12 0.28

Total 99.53 100.24 100.25 100.18 100.11 99.15
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MAS012 MAS012 MAS012 MAS026 MAS026 MAS026
N=2 N=1 N=1 N=2 N=1 N=1

Structural formulae calculated on the basis of 4 oxygens

W 0.055 0.051 0.070 0.046 0.033 0.045
Nb 0.911 0.868 0.861 0.940 0.953 0.945
Ta = o - 0.009 0.013 0.014
Si 0.082 0.089 0.082 - - -

Ti 0.020 0.028 0.031 0.016 0.017 0.005
Th 0.002 0.002 0.001 0.047 0.055 0.056
U 0.001 0.000 - 0.017 0.015 0.008
Y 0.337 0.420 0.492 0.495 0.447 0.391
La - 0.003 0.001 0.004 0.011 0.009
Ce 0.081 0.047 0.025 0.043 0.053 0.068
Pr 0.023 0.009 0.008 0.013 0.012 0.014
Nd 0.169 0.086 0.069 0.082 0.091 0.116
Sm 0.054 0.039 0.041 0.041 0.034 0.045
Eu 0.015 - 0.012 - - -

Gd 0.050 0.059 0.056 0.054 0.055 0.059
Tb 0.006 0.018 0.021 0.007 0.005 0.007
Dy 0.034 0.062 0.053 0.059 0.066 0.058
Ho 0.002 0.011 0.004 - - -

Er 0.019 0.023 0.023 0.028 0.030 0.023
Tm 0.008 0.002 0.014 - - -

Yb 0.010 0.016 0.014 0.015 0.013 0.019
Lu 0.003 0.004 0.001 - - -

Ca 0.023 0.026 0.020 0.060 0.065 0.079
Mn 0.003 0.015 0.011 0.007 0.006 0.004
Fe 0.103 0.196 0.130 0.002 0.014 0.033

Total 2.013 2.076 2.039 1.985 1.989 1.998




IT1.VIII Fluorocarbonates (fluorine and carbon calculated assuming full occupancy)

MAS004 MAS004 MAS005 MAS006 MAS006 MAS006 MAS007 MAS007 MAS009 MASOI1 MASO12
N=2 N=3 N=4 N=3 N=3 N=3 N=2 N=3 N=2 N=5 N=4
Wt. %

SO; - - 1.58 . - “ , - ; - -
Si0, 1.80 0.36 1.62 0.32 0.39 0.92 0.68 0.53 122 - 0.53
ThO, 3.00 0.96 135 - 0.41 127 2.87 1.82 3.91 1.07 0.90
Y,0; 2.03 1.17 1.59 0.56 . 1.01 1.01 0.65 1.01 - 0.70
La,0; 7.64 15.42 14.57 11.41 20.59 9.03 7.93 15.63 18.22 15.03 8.98
Ce,05 19.03 34.15 27.59 27.98 37.26 22.86 22.49 35.05 31.28 36.82 25.49
Pr,0; 2.70 3.50 3.01 4.02 4.02 2.76 3.16 3.69 3.51 4.59 3.20
Nd,0; 9.89 11.98 9.97 12.97 9.83 10.55 10.23 12.27 8.54 12.88 11.66
Sm,0; 1.90 1.49 0.76 135 1.03 1.59 1.37 1.41 1.02 1.65 1.72
Gd,05 - - - - - - - . - - -
Dy;0; 025 0.25 0.11 . . - - . - . -
Er,0; 0.11 . . - . - - . - . a
Fe,0s 1.37 0.42 4.78 0.41 0.18 3.18 5.22 0.29 2.30 0.61 1.02
CaO 16.91 1.57 0.44 10.40 0.09 15.58 12.90 1.12 143 0.23 14.23
SrO 0.73 0.91 0.41 - - - 0.59 0.65 1.42 021 0.39
Total 66.36 72.18 68.01 69.68 74.13 68.97 68.67 73.28 73.86 73.09 69.03
Fe 6.21 8.71 9.36 7.06 8.78 6.18 7.09 8.81 9.31 8.51 6.84
O=F 261 3.67 3.94 2.97 3.7 2.60 2.99 3.71 3.92 3.58 2.88
COxc 28.75 20.18 21.69 24.54 20.34 28.65 27.38 20.40 21.57 19.72 26.40
Total 99.71 97.40 95.12 98.31 99.55 101.20  100.15 9878  100.82  97.74 99.39

81¢



MAS004 MAS004 MAS005 MAS006 MAS006 MAS006 MASO007

N=2

N=3

N=4

N=3

N=3

N=3

N=2

MAS007
N=3

MAS009
N=2

MASO011
N=5

MAS012
N=4

Structural formulae calculated on the # of ions in each respected mineral type (bastnaesite = 4; synchysite = 7; parisite = 11;

réentgenite = 18)

S

Si
Th
Y
La
Ce
Pr
Nd
Sm
Gd
Dy
Er
F e3+
Ca
Sr

F
CO,
Total

0.092
0.029
0.055
0.144
0.355
0.050
0.180
0.033
0.004
0.002
0.017
0.923
0.022
1.001
2.000
4.907

0.013
0.008
0.023
0.207
0.454
0.046
0.155
0.019

0.003

0.002
0.061
0.019
1.000
1.000
3.010

0.040
0.055
0.010
0.029
0.183
0.344
0.037
0.121
0.009

0.001
0.022
0.016
0.008
1.000
0.960
2.844

0.029

0.027
0.377
0.917
0.131
0.415
0.042

0.010
0.998

1.999
3.000
7.972

0.014
0.003

0.273
0.491
0.053
0.126
0.013

0.001
0.003

1.000
1.000
2.991

0.047
0.015
0.027
0.170
0.409
0.051
0.193
0.028

0.040
0.854

1.000
2.000
4.847

0.091
0.087
0.072
0.391
1.101
0.154
0.489
0.064

0.204
1.849
0.046
3.000
5.000
12.583

0.019
0.015
0.012
0.207
0.461
0.048
0.157
0.017

0.001
0.043
0.014
1.000
1.000
3.001

0.041
0.030
0.018
0.228
0.389
0.043
0.104
0.012

0.006
0.084
0.028
1.000
1.000
2.983

0.009

0.206
0.501
0.062
0.171
0.021

0.003
0.009
0.005
1.000
1.000
2.987

0.074
0.028
0.052
0.459
1.294
0.162
0.578
0.082

0.041
2.115
0.031
3.000
4.999
12.949

61¢C



MAS012 MAS0I12 MAS012 MAS012 MASO0I3 MAS013 MAS013 MAS0I3 MAS014 MAS0O14 MASO14
N=5 N=4 N=5 N=4 N=5 N=4 N=4 N=4 N=3 N=3 N=3
Wt. %
SO, - - . - ; 1.70 - - . 3.87 1.86
Si0, 0.40 0.41 1.68 0.63 2.38 0.85 0.99 0.39 0.50 0.75 0.94
ThO, 0.10 . 1.66 1.66 4.61 1.64 0.54 0.13 0.23 0.54 :
Y,0; 0.68 0.31 1.69 6.55 0.61 1.16 1.42 2.35 0.17 0.66 0.17
La,0; 11.68 19.31 12.55 8.46 10.11 13.48 15.83 10.60 21.17 15.45 13.30
Ce,0; 24.24 35.27 22.01 18.59 18.79 27.03 33.58 23.25 35.07 28.35 24.19
Pr,0; 3.03 3.40 2.25 2.02 2.30 2.84 3.54 2.53 3.38 2.75 2.51
Nd,0, 9.70 10.92 8.32 8.64 9.02 12.31 13.05 9.46 9.69 923 7.88
Sm,0; 0.89 1.00 0.96 1.35 1.36 1.45 1.50 1.05 0.70 1.02 0.78
Gd,0; . - - 1.08 . - - : - - .
Dy,0; - : - 1.36 . - - - - - ;
Er,0; - - - 0.73 . - - . - - .
Fe,O, 0.03 0.18 0.23 0.36 0.89 0.46 1.64 0.71 2.14 4.59 2.52
Ca0 16.78 1.38 16.00 16.28 16.71 3.97 0.83 17.04 0.28 4.32 13.64
SrO 1.03 1.05 0.69 0.43 0.54 0.23 0.80 0.47 0.29 0.16 0.08
Total 68.74 73.39 68.27 68.14 67.32 67.69 73.95 68.11 73.68 71.98 68.07
Fc 5.99 8.84 6.19 6.10 6.23 6.09 9.26 6.06 8.99 9.86 7.00
=F 2.52 3.72 2.61 2.57 2.62 2.56 3.90 2.55 3.79 4.15 2.95
COsc 27.78 20.47 28.68 28.23 28.86 22.59 21.45 28.06 20.82 20.72 26.03
Total 99.99 98.98 100.53 99.90 99,79 93.81 100.76 99.68 99.70 98.41 98.15

0T



MASO012 MAS012 MAS012 MAS012 MAS013 MAS013 MAS013 MAS013 MASO014 MASO014 MASO014

N=5

N=4

N=5

N=4

N=5

N=4

N=4

N=4

N=3

N=3

N=3

Structural formulae calculated on the # of ions in each respected mineral type (bastnaesite = 4; synchysite = 7; parisite = 11;
roentgenite = 18)

S

Si
Th
Y
La
Ce
Pr
Nd
Sm
Gd
Dy
Er
Fe**
Ca
Sr

F
CO,
Total

0.021
0.001
0.019
0.227
0.468
0.058
0.183
0.016

0.000
0.948
0.031
0.999
2.000
4.982

0.015
0.006
0.255
0.462
0.044
0.140
0.012

0.001
0.053
0.022
1.000
1.000
3.017

0.086
0.019
0.046
0.236
0.412
0.042
0.152
0.017

0.003
0.876
0.020
1.000
2.000
4.921

0.033
0.020
0.181
0.162
0.353
0.038
0.160
0.024
0.011
0.023
0.012
0.004
0.905
0.013
1.001
2.000
4.940

0.121
0.053
0.016
0.189
0.349
0.043
0.163
0.024

0.011
0.909
0.016
1.000
2.000
4.894

0.199
0.132
0.058
0.096
0.774
1.541
0.161
0.684
0.078

0.021
0.662
0.021
2.998
4.801
12.331

0.034
0.004
0.026
0.199
0.420
0.044
0.159
0.018

0.009
0.030
0.015
1.000
1.000
2.967

0.020
0.002
0.065
0.204
0.444
0.048
0.176
0.019

0.009
0.953
0.014
1.000
2.000
4.962

0.018
0.002
0.003
0.275
0.452
0.043
0.122
0.008

0.009
0.011
0.006
1.000
1.000
2.951

0.093
0.024
0.004
0.011
0.183
0.333
0.032
0.106
0.011

0.019
0.148
0.003
1.000
0.907
2.884

0.189
0.127
0.012
0.665
1.200
0.124
0.381
0.036

0.100
1.980
0.006
3.000
4.815
12.667

12¢



MAS014 MAS017 MASO017 MAS019 MAS019 MAS021 MAS022 MAS022 MAS022 MAS023 MAS023
N=4 N=3 N=3 N=3 N=4 N=2 N=3 N=17 N=5 N=3 N=4

Wt. %

SO, . - - . . - - - - - 0.83
Sio, 0.39 0.95 0.44 0.38 0.39 0.62 1.44 0.32 0.52 0.48 0.76
ThO, 0.18 0.90 0.56 . . : 2.24 021 0.69 0.22 2.24
Y,0, 0.13 1.84 1.02 - 0.94 0.65 0.43 : 0.12 . 0.76
La,0; 15.36 12.39 13.56 25.20 13.51 22.10 11.20 21.89 15.37 23.89 19.65
Ce,0; 28.49 24.38 25.99 36.46 28.13 35.55 19.32 37.37 26.59 34.65 32.07
Pr,0; 2.93 2.55 3.01 2.59 3.14 4.02 1.61 3.02 2.01 3.24 3.15
Nd,0; 8.69 8.40 8.22 7.80 10.99 9.81 5.26 8.79 6.28 9.03 10.45
Sm,0; 0.72 0.51 0.78 1.02 1.05 1.40 0.25 0.51 0.98 0.67 0.59
Gd,0; - - - . - - - - - -

Dy.0; - - - - - - - g - :

Er,0; . - s - - - = : : :

Fe,O; 0.77 6.83 1.59 0.17 1.33 . 11.98 - 5.82 0.78 0.53
Ca0 11.11 8.83 13.71 0.38 10.20 0.43 13.22 0.72 10.62 0.68 1.75
SrO 0.11 0.71 0.66 0.14 0.18 . . g - - 0.53
Total 69.16 68.72 69.85 74.51 70.21 74.79 67.01 72.96 69.00 73.64 66.67
Fe 7.13 7.68 6.94 8.88 723 8.97 7.69 8.65 7,51 8.83 9.26
O=F 3.00 3.23 2.92 3.74 3.04 3.78 3.24 3.64 3.16 3.72 3.90
Clise 24.78 26.68 26.81 20.57 25.12 20.78 29.68 20.04 26.10 20.45 2145
Total 98.07 99.85 100.68  100.22 99.52 100.76  101.14 98.01 99.45 99.20 100.02
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MAS014 MAS017 MASO017 MAS019 MAS019 MAS021 MAS022 MAS022 MAS022 MAS023 MAS023
N=4 N=3 N=3 N=3 N=4 N=2 N=3 N=17 N=5 N=3 N=4

Structural formulae calculated on the # of ions in each respected mineral type (bastnaesite = 4; synchysite = 7; parisite = 11;
roentgenite = 18)

S - - - = - - - . - - 0.021
Si 0.035 0.078 0.060 0.014 0.034 0.022 0.178 0.012 0.044 0.017 0.026
Th 0.004 0.017 0.017 - - - 0.063 0.002 0.013 0.002 0.017
Y 0.006 0.081 0.074 - 0.044 0.012 0.028 5 0.005 - 0.014
La 0.502 0.376 0.683 0.331 0.436 0.287 0.510 0.295 0.477 0316 0.248
Ce 0.925 0.735 1.300 0.475 0.898 0.459 0.873 0.500 0.820 0.454 0.401
Pr 0.095 0.077 0.150 0.034 0.100 0.052 0.072 0.040 0.062 0.042 0.039
Nd 0.275 0.247 0.401 0.099 0.343 0.124 0.232 0.115 0.189 0.116 0.127
Sm 0.022 0.014 0.037 0.013 0.032 0.017 0.011 0.006 0.028 0.008 0.007
Gd . - : - . : « . - ’ .

Dy : 2 - - - - . - - . -

Er - . - - s : - - - - -

Fe’* 0.019 0.154 0.064 0.001 0.032 - 0.433 : 0.135 0.003 0.002
Ca 1.056 0.779 2.007 0.014 0.956 0.016 1.748 0.028 0.958 0.026 0.064
Sr 0.006 0.034 0.052 0.003 0.009 . - , . - 0.009
F 2.000 2.000 2.998 1.000 2.000 1.000 3.001 1.000 2.000 1.000 1.000
Co, 3.000 3.000 5.000 1.000 3.000 1.000 5.000 1.000 3.000 1.000 1.000
Total 7.971 7.630 12.893 3.000 7.917 2.998 12.158 3.004 7.731 2.984 2.976

€Ce




MAS025 MAS026 MAS026 MAS028 MAS028 MAS032 MAS032 MAS033 MAS033 MAS034 MAS034
N=3 N=3 N=3 N=3 N=3 N=4 N=4 N=2 N=2 N=2 N=2
Wt. %

SO, . . - - - - s : - - -
Sio, 0.22 0.51 0.30 0.35 2.10 1.70 0.81 0.97 1.99 1.05 1.25
ThO, 2.24 - 0.40 0.41 4.70 - - 2.01 4.29 1.07 2.11
Y,0; - 0.51 - - 2.19 2.68 0.33 0.59 0.46 0.53 0.54
La,0; 15.99 12.55 18.48 21.65 11.98 9.19 19.81 18.99 17.50 20.59 17.50
Ce,0, 31.18 24.03 36.09 36.21 24.36 19.74 36.11 31.54 27.69 30.37 29.21
Pr,0; 2.87 2.67 3.84 2.58 2.61 2.64 3.29 2.76 1.99 3.83 3.18
Nd,O; 10.73 8.02 11.10 11.77 9.73 8.97 11.12 7.53 6.59 9.90 8.52
Sm,0; 0.64 0.63 1.41 0.85 1.09 1.03 1.29 0.85 0.55 0.67 0.84
Gd,0; - - - . - - - . - - -
Dy,0; . - - - - - - - . - -
Er203 = = = = = = - = i = =
Fe,O; - 1.40 0.30 0.18 8.79 0.70 0.36 3.80 5.61 2.19 1.89
CaO 7.97 17.93 0.44 0.25 2.96 18.00 0.46 2.35 4.06 1.53 6.08
Sr0 - - - - 0.35 0.18 0.12 0.40 0.30 0.53 0.71
Total 71.84 68.50 72.65 74.25 70.86 65.37 73.98 72.03 71.39 72.26 71.83
Fc 6.90 6.18 8.63 8.72 10.25 6.24 8.98 9.41 10.02 9.11 9.58
O=F 291 2.60 3.63 3.67 432 2.63 3.78 3.96 422 3.84 4.03
€O 23.97 28.63 20.00 20.19 23.75 28.94 20.80 21.80 23.21 21.10 22.20
Total 99.80 100.71 97.65 99.49 100.54 97.92 99.98 99.28 100.40  98.63 99.58

(44



MAS025 MASO026

N=3

N=3

MAS026
N=3

MAS028 MAS028 MAS032 MAS032 MAS033 MAS033 MAS034

N=3

N=3

N=4

N=4

N=2

N=2

N=2

MAS034
N=2

S

Si
Th
Y
La
Ce
Pr
Nd
Sm
Gd
Dy
Er
Fe**
Ca
Sr

F
CO,
Total

0.020
0.047
0.541
1.047
0.096
0.351
0.020

0.026
0.014
0.237
0.450
0.050
0.147
0.011

0.018
0.983

1.000
2.000
4.951

0.011
0.003

0.250
0.484
0.051
0.145
0.018

0.001
0.017

1.000
1.000
2.993

0.013
0.003

0.290
0.481
0.034
0.152
0.011

0.001
0.010

1.000
1.000
2.995

0.065
0.033
0.036
0.136
0.275
0.029
0.107
0.012

0.037
0.098
0.006
1.000
1.000
2.835

0.086
0.072
0.172
0.366
0.049
0.162
0.018

0.009
0.976
0.005
0.999
2.000
4.946

0.029
0.006
0.257
0.466
0.042
0.140
0.016

0.001
0.017
0.002
1.000
1.000
2.988

0.033
0.015
0.011
0.235
0.388
0.034
0.090
0.010

0.016
0.085
0.008
1.000
1.000
2.935

0.063
0.031
0.008
0.204
0.320
0.023
0.074
0.006

0.023
0.137
0.005
1.000
1.000
2.907

0.036
0.008
0.010
0.264
0.386
0.048
0.123
0.008

0.009
0.057
0.011
1.000
1.000
2.960

Structural formulae calculated on the # of ions in each respected mineral type (bastnaesite = 4; synchysite = 7; parisite = 11;
roentgenite = 18)

0.041
0.016
0.009
0.213
0.353
0.038
0.100
0.010

0.008
0.215
0.014
1.000
1.000
3.018

gce



MAS034 MAS035 MAS035 MAS036 MAS036 MAS037 MAS040 MAS040
N=2 N=3 N=2 N=2 N=3 N=4 N=4 N=5
Wt. %

SO, “ - - . - - . -
Sio, 0.72 0.73 0.62 0.89 1.00 0.42 0.37 0.27
ThO, 1.19 1.97 0.51 0.88 0.87 0.29 - :
Y,0; 1.03 0.85 0.45 0.46 0.69 - - :
La,0; 16.83 10.22 16.27 11.56 10.70 24.67 26.02 16.92
Ce,0; 27.68 17.71 25.63 19.93 20.70 35.78 37.20 31.57
Pr,0; 2.71 1.65 3.16 2.43 2.81 3.11 2.94 2.92
Nd,0; 8.07 6.02 8.25 6.62 8.82 7.37 7.88 9.57
Sm,0; 0.70 0.72 0.70 0.50 1.17 0.34 0.29 0.81
Gd,0; - - - - - - . -
Dy,0; - - - - - - - -
Er203 = - = = - - = =
Fe,0; 1.89 8.35 4.06 9.43 4.68 . - .
CaO 9.00 17.21 9.68 13.55 15.53 0.34 0.14 8.84
Sr0O 0.55 0.26 0.21 - - - 0.26 0.18
Total 70.37 66.09 69.86 66.75 67.14 73.01 75.10 71.08
Fe 721 6.54 7.53 7.46 7.20 8.81 8.81 6.95
0= 3.04 2.75 3.17 3.14 3.03 3.71 3.71 2.93
€0 25.05 30.28 26.15 28.82 27.79 20.40 20.41 24.15
Total 99.59 100.16  100.37 99.89 99.10 98.51 100.61 99.25

9T



MAS034

N=2

MAS035 MAS035 MAS036 MAS036 MAS037 MAS040 MAS040

N=3

N=2

N=2

N=3

N=4

N=4

N=35

Structural formulae calculated on the # of ions in each respected mineral type (bastnaesite = 4;
synchysite = 7; parisite = 11; roentgenite = 18)

S

Si
Th
Y
La
Ce
Pr
Nd
Sm
Gd
Dy
Er
Fe*
Ca
Sr
F
Total

0.063
0.024
0.048
0.545
0.889
0.087
0.253
0.021

0.045
0.846
0.028
2.001
3.000
7.850

0.035
0.022
0.022
0.182
0.314
0.029
0.104
0.012

0.105
0.892
0.007
1.000
2.000
4.743

0.052
0.010
0.020
0.504
0.788
0.097
0.248
0.020

0.104
0.871
0.010
2.001
3.000
7.753

0.113
0.025
0.031
0.542
0.927
0.113
0.300
0.022

0.351
1.845

2.998
5.000
12.330

0.132
0.026
0.048
0.520
0.999
0.135
0.415
0.053

0.180
2.193
3.001
5.000
12.728

0.013

0.025

LTe
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ILIX Kainosite and altered variety (carbon and hydrogen calculated assuming full

occupancy)
MAS003 MASO014 MASO014 MAS024 MAS024 MAS032
N=2 N=3 N=2 N=3 N=2 N=4
Wt. %

SiO, 21.24 21.53 19.07 16.04 19.59 22.28
Al203 0.33 0.15 - 0.10 - 1.15
Y,05 - 2.58 2.20 6.09 5.88 7.29
La,04 13.53 10.09 10.42 13.19 13.22 12.98
Ce,04 29.72 27.25 26.39 24.12 24.29 24.28
Pr,0s 3.45 3.51 2.41 2.16 2.36 2.02
Nd,0; 11.20 11.59 9.57 7.24 7.54 6.40
Sm,0; 1.41 1.54 1.21 0.76 1.04 0.99
Gd,0; - - - 0.59 0.22 0.56
Tb,04 - - - 0.11 - 0.22
Dy,05 - - - 0.49 0.15 0.45
H0203 = = - - = =
Er,0; . . . 0.26 - 0.31
Yb,0; - . . 0.31 0.31 0.47
CaO 11.70 10.99 13.20 3.56 4.24 3.96
FeO* 0.85 0.60 0.91 1.88 1.96 0.86
Total** 93.43 89.83 85.38 76.90 80.80 84.22
COxyc 5.00 4.90 4.62 3.90 4.33 4.73
H,Oc 2.05 2.01 1.89 1.60 1.77 1.93

Total 100.48 96.74 91.89 82.40 86.90 90.88
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IIL.X Magnetite and ilmenite [Fe*'/Fe* recalculated using the method of Carmichael (1967)]

MAS001 MAS001 MAS007 MAS007 MAS009 MAS009 MAS013 MASO013
N=4 N=3 N=3 N=3 N=5§ N=5§ N=3 N=4

Wt. %
Nb,Os - - - 0.38 - 2.97 - -
SiO, 0.38 0.32 0.30 0.28 0.41 0.32 0.37 0.30
TiO, 3.82 50.49 2.04 50.27 1.62 47.27 2.29 49.78
AlLO; 0.46 0.10 0.19 0.04 - - 0.18 0.19
Fe,0; 60.42 3.42 63.38 3.26 64.52 7.16 63.72 4.42
FeO 35.29 43.82 32.99 44.06 32.92 40.11 33.80 42.14
MnO - 1.96 0.04 1.48 - 2.76 - 2.96
CaO - - - - - - - -
Total 100.37 100.11 98.94 99.77 99.47 100.59 100.36 99.79
Structural formulae calculated on the basis of 4 (magnetite) and 3 (ilmenite) oxygens
Nb . - - 0.005 - 0.039 - -
Si 0.014 0.008 0.012 0.007 0.016 0.008 0.014 0.008
Ti 0.109 0.958 0.060 0.959 0.047 0.904 0.066 0.947
Al 0.021 0.003 0.009 0.001 - - 0.008 0.006
Fe** 1.732 0.065 1.849 0.062 1.874 0.137 1.832 0.084
Fe* 1.124 0.924 1.070 0.934 1.063 0.853 1.080 0.892
MnO - 0.042 0.001 0.032 - 0.059 - 0.063
Ca = - - = - . - -
Total 3.000 2.000 3.001 2.000 3.000 2.000 3.000 2.000
Magnetite ternary values (Andersen 1998)
FeO 52.24 51.20 50.96 51.34
TiO, 337 1.80 1.43 2.01
Fe,05 44.39 47.00 47.61 46.65
Ilmenite ternary values (Andersen 1998)
FeO 48.09 48.20 46.05 47.54
TiO, 48.09 48.20 46.05 47.54

Fe,O; 3.82 3.60 7.90 4.92
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MAS013 MAS013 MAS017 MAS017 MAS018 MAS018 MAS019 MASO019

N=3 N=4 N=5§ N=3 N=3 N=3 N=4 N=3
Wt. %
Nb,05 . . - 0.31 . . . 1.38
SiO, 0.37 0.35 - 0.30 0.35 0.33 0.37 0.33
TiO, 1.91 50.12 0.49 50.95 0.86 49.17 2.65 49.17
AlLO; 0.53 0.16 0.11 0.09 0.04 - 0.07 -
Fe, O3 64.05 3.71 67.66 2.50 66.27 5.07 62.97 5.07
FeO 33.51 42.93 31.12 40.34 32.01 42.20 34.03 42.20
MnO - 2.54 - 4.88 0.21 2.40 - 2.40
CaO - - 0.22 0.71 - - = -
Total 100.37 99.81 99.60 100.08 99.74 99.17 100.09 100.55
Structural formulae calculated on the basis of 4 (magnetite) and 3 (ilmenite) oxygens
Nb - - - 0.004 - - - 0.018
Si 0.014 0.009 - 0.008 0.013 0.008 0.014 0.008
Ti 0.055 0.953 0.014 0.965 0.025 0.943 0.076 0.934
Al 0.024 0.005 0.005 0.003 0.002 - 0.003 -
Fe’* 1.838 0.071 1.967 0.047 1.921 0.097 1.816 0.096
‘ Fe** 1.069 0.908 1.005 0.850 1.032 0.90 1.091 0.891
' MnO - 0.054 - 0.104 0.007 0.052 - 0.051
Ca = - 0.009 0.019 - - - -
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 1.998
Magnetite ternary values (Andersen 1998)
FeO 51.12 50.29 50.44 51.55
TiO, 1.69 0.42 0.66 2.33
Fe,O3 47.19 49.29 48.90 46.12
Ilmenite ternary values (Andersen 1998)
FeO 47.89 48.98 47.20 47.20
TiO, 47.89 48.98 47.20 47.20

Fe,0s 422 2.04 5.60 5.60
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MAS022 MAS022 MAS023 MAS023 MAS024 MAS024 MAS030 MASO030

N=3  N=5 N=3 N=4 N=4 N=4 N=3  N=3

Wt. %
Nb,Os - - : 0.72 - 0.92 - 0.50
Si0, 0.27 0.20 0.46 0.29 0.39 0.26 0.30 0.25
TiO, 1.91 51.28 0.86 49.87 0.87 50.10 4.95 50.77
ALO; 0.32 0.16 0.15 0.04 - 0.13 0.18 0.13
Fe,0; 64.34 226 65.75 3.99 66.36 2.55 58.96 234
FeO 33.09 50.62 3234 41.64 3228 3111 36.14 4381
MnO 0.16 5.68 - 3.52 0.07 14.09 0.14 2.13
Ca0 - - - - - - - -
Total 100.09 10020  99.56  100.07  99.97  99.16  100.67  99.93

Structural formulae calculated on the basis of 4 (magnetite) and 3 (ilmenite) oxygens

Nb - - - 0.009 - 0.012 - 0.009
Si 0.010 0.005 0.018 0.007 0.015 0.007 0.011 0.007
Ti 0.055 0.971 0.025 0.494 0.025 0.961 0.142 0.962
Al 0.014 0.005 0.007 0.001 - 0.004 0.008 -

Fe’* 1.855 0.043 1.908 0.076 1.920 0.049 1.686 0.054
Fe** 1.060 0.855 1.043 0.881 1.038 0.663 1.148 0.927
MnO 0.005 0.121 - 0.075 0.002 0.304 0.005 0.042
Ca - - - - - - - -

Total 2.999 2.000 3.001 2.000 3.000 2.000 3.000 2.001

Magnetite ternary values (Andersen 1998)

FeO 51.07 50.51 50.49 51.50
TiO, 1.61 0.76 0.73 2.24
Fe,0; 47.32 48.73 48.78 46.26
Ilmenite ternary values (Andersen 1998)
FeO 48.63 47.73 47.98 48.41
TiO, 48.63 47.73 47.98 48.41

Fe,O; 2.74 4.54 4.04 3.18
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MAS032 MAS032 MAS033 MAS033 MAS036 MAS036 MAS037 MAS037

N=3 N=3 N=3 N=5 N=5 N=3 N=3 N=3
Wt. %

Nb,0s - 0.75 - 0.75 : 1.57 : 0.62
Si0, 0.30 0.32 0.36 0.34 0.27 0.29 0.41 0.38
TiO, 1.4 50.10 0.66 50.67 1.14 48.54 0.84 49.55
AL,O, 0.20 - 0.26 - 0.50 0.12 0.38 0.14
Fe,0; 65.68 3.62 65.86 3.25 65.17 5.91 65.75 429
FeO 32.86 31.76 31.60 41.19 3228 32.94 32.12 34.19
MnO 0.13 13.14 0.17 474 0.09 10.93 0.22 10.70
CaO . 0.30 0.07 - - - - -
Total 100.61 99.99 98.98 100.94  99.45 100.30  99.72 99.87

Structural formulae calculated on the basis of 4 (magnetite) and 3 (ilmenite) oxygens

Nb - 0.007 - 0.010 - 0.010 - 0.020
Si 0.011 0.006 0.014 0.008 0.010 0.009 0.016 0.007
Ti 0.041 0.966 0.019 0.953 0.033 0.956 0.024 0.924
Al 0.009 0.004 0.012 - 0.023 - 0.017 0.004
Fe** 1.885 0.045 1.922 0.069 1.890 0.061 1.903 0.113
Fe*' 1.049 0.927 1.025 0.671 1.041 0.864 1.033 0.697
MnO 0.004 0.046 0.006 0.281 0.003 0.101 0.007 0.234
Ca = - 0.003 0.008 - - - -

Total 2.999 2.001 3.001 2.000 3.000 2.001 3.000 1.999

Magnetite ternary values (Andersen 1998)

FeO 52.84 50.80 50.34 50.65
TiO, 4.25 1.20 0.51 0.98
Fe,O5 4291 48.00 49.15 48.37
Ilmenite ternary values (Andersen 1998)
FeO 48.66 47.56 48.04 46.01
TiO, 48.66 47.56 48.04 46.01

Fe,0s 2.68 4.88 3.92 7.98
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ITI.XT Monazite and rhabdophane

MAS003 MAS003 MAS004 MAS004 MAS004 MAS005 MAS005

N=1 N=1 N=2 N=2 N=2 N=3 N=3
Wt. %
SO, - - - - - 0.82 -
P,0s 28.42 29.82 30.48 30.35 29.61 20.70 28.12
SiO, 2.14 0.89 0.93 0.97 1.27 5.92 1.85
ThO, 0.78 = 0.95 0.31 1.83 0.30 0.65
ALO; 0.36 0.39 - . - 0.37 0.35
Fe,O; - 0.63 - . . 0.73 0.25
Y,0; - . 0.20 0.56 0.80 0.33 1.40
La,0; 14.98 15.86 11.86 10.70 10.29 16.74 14.58
Ce,0; 36.60 34.39 31.96 31.92 30.36 32.75 31.78
Pr,0; 3.27 3.95 3.74 4.25 4.24 241 345
Nd,05 9.89 11.57 15.11 16.05 15.55 7.14 13.09
Sm,0; 1.13 1.32 2.59 2.78 3.01 0.30 1.23
Gd,0; - - = = - = =
Dy,0; - - - - - - -
CaO 0.93 0.55 0.60 0.73 1.07 2.86 1.86
SrO 0.60 0.26 0.63 0.66 0.55 0.81 0.55
Total 99.10 99.63 99.05 99.28 98.58 92.18 99.16
Structural formulae calculated on the basis of 4 oxygen

S = = = = = 0.025 -
P 0.936 0.973 0.997 0.991 0.976 0.734 0.925
Si 0.083 0.034 0.036 0.037 0.049 0.248 0.072
Th 0.007 - 0.008 0.003 0.016 0.003 0.006
Al 0.017 0.018 - - - 0.018 0.016
Fe - 0.018 - - - 0.026 0.007
Y = - 0.004 0.011 0.017 0.007 0.029
La 0.215 0.226 0.169 0.152 0.148 0.259 0.209
Ce 0.521 0.486 0.452 0.451 0.433 0.502 0.452
Pr 0.046 0.055 0.053 0.060 0.060 0.037 0.049
Nd 0.137 0.159 0.208 0.221 0.216 0.107 0.182
Sm 0.015 0.018 0.034 0.037 0.040 0.004 0.016
Gd . = . = = - -
Dy - - - - - - -
Ca 0.039 0.023 0.025 0.030 0.045 0.128 0.077
Sr 0.014 0.006 0.014 0.015 0.012 0.020 0.012

Total 2.030 2.016 2.000 2.008 2.013 2.118 2.054
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MAS009 MAS009 MAS010 MASO11 MASO011 MASO11 MASO014

N=5§ N=3 N=5§ N=2 N=2 N=2 N=4
Wt. %

SOs - - - - - - -
P,Os 28.68 29.55 30.98 30.51 30.54 29.31 27.34
SiO, 0.97 1.44 1.67 0.92 1.06 1.48 1.97
ThO, 0.25 0.33 0.62 0.23 0.48 1.23 2.00
AlLO; 0.49 - - - - - 0.28
Fe,O3 0.37 - 0.25 - - - 0.26
Y,0; 0.99 1.48 - - - - 0.53
La,0; 15.42 14.31 10.60 12.51 10.02 11.57 21.38
Ce,04 32.68 31.97 30.99 33.58 32.09 33.29 34.26
Pr,O5 3.78 3.92 3.58 3.76 4.19 3.87 2.65
Nd,O04 13.19 13.43 14.21 15.13 17.65 14.49 8.44
Sm,03 1.34 0.40 1.89 1.86 2.81 1.64 0.28
Gd,04 - - - - - - -
Dy,0; - - - - - - =
CaO 0.63 2.84 4.14 0.38 0.25 0.66 0.03
SrO 0.39 0.62 0.41 0.38 0.60 0.54 0.41
Total 99.18 100.29 99.34 99.26 99.69 98.08 99.83

Structural formulae calculated on the basis of 4 oxygen

S - - - - - - -

P 0.952 0.951 0.975 0.997 0.995 0.973 0.917
Si 0.038 0.055 0.062 0.036 0.041 0.058 0.078
Th 0.002 0.003 0.005 0.002 0.004 0.011 0.018
Al 0.023 - : . : - 0.013
Fe 0.011 . 0.007 : - - 0.008
Y 0.021 0.030 . : - - 0.011
La 0.223 0.201 0.145 0.178 0.142 0.167 0.312
Ce 0.469 0.445 0.422 0.475 0.452 0.478 0.497
Pr 0.054 0.054 0.049 0.053 0.059 0.055 0.038
Nd 0.185 0.182 0.189 0.209 0.243 0.203 0.119
Sm 0.018 0.005 0.024 0.025 0.037 0.022 0.004
Gd - - - - - - -

Dy - - - - - - -

Ca 0.026 0.116 0.165 0.016 0.010 0.028 0.001
Sr 0.009 0.014 0.009 0.009 0.013 0.012 0.009

Total 2.030 2.056 2.052 1.998 1.996 2.008 2.027
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MASO018 MAS022 MAS023 MAS024 MAS024 MAS025 MAS025

N=4 N=4 N=4 N=3 N=1 N=2 N=2

Wt. %
SO, - - - - - - 5.41
P,0s 29.73 29.16 29.46 28.30 28.18 28.46 25.06
Sio, 0.63 0.87 0.32 2.14 1.87 2.05 0.49
ThO, 0.78 1.18 0.99 4.19 4.50 2.71 0.52
Al,O; 0.38 0.32 0.64 . . . 0.85
Fe,0; . - - - - - 3.23
Y,0, - 0.35 0.10 - . . 2.78
La,0; 12.48 24.53 17.55 18.55 25.46 14.23 9.61
Ce,0; 34.52 3271 33.42 3428 31.48 34.26 23.20
Pr,0; 4.18 2.38 3.27 2.74 2.60 3.40 2.87
Nd,0; 13.55 6.64 10.29 8.04 4.56 12.33 9.98
Sm,0; 2.57 0.62 1.17 0.54 021 1.56 0.84
Gd,04 1.48 0.61 1.4% - . ’ .
Dy,0; 0.27 0.12 . - - ] .
CaO s 0.16 0.64 1.05 1.47 0.18 4.44
SrO - - - - - - .
Total 100.57 99.65 100.31 99.83 100.33 99.18 89.28

Structural formulae calculated on the basis of 4 oxygen

S - - - - - - 0.150
P 0.979 0.966 0.968 0.936 0.932 0.947 0.817
Si 0.025 0.034 0.038 0.084 0.073 0.081 0.019
Th 0.007 0.011 0.017 0.037 0.040 0.024 0.005
Al 0.017 0.015 0.015 - : - 0.039
Fe - - - - - - 0.104
Y . 0.007 0.002 - . - 0.057
La 0.179 0.354 0.251 0.267 0.367 0.206 0.136
Ce 0.492 0.469 0.475 0.490 0.450 0.493 0.327
Pr 0.059 0.034 0.046 0.039 0.037 0.049 0.040
Nd 0.188 0.093 0.143 0.112 0.064 0.173 0.137
Sm 0.034 0.008 0.016 0.007 0.003 0.021 0.011
Gd 0.019 0.008 0.015 : . - .

Dy 0.003 0.002 - : . : .

Ca - 0.007 0.027 0.044 0.062 0.008 0.183
Sr - - - - - - -

Total 2.003 2.008 2.012 2.017 2.028 2.003 2.025
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MAS025 MAS025 MAS029 MAS036
N=2 N=2 N=5 N=4
Wt. %

SO; 10.09 15.82 = .
P,0s 22.23 20.13 28.54 28.86
SiO, 0.65 1.60 1.09 1.07
ThO, 0.38 1.03 0.81 0.68
ALO;, 1.26 0.54 . 0.30
Fe,05 6.30 1.94 0.38 0.47
Y,0; 1.87 - 1.58 1.10
La,0, 8.68 11.58 16.86 13.20
Ce,0; 21.31 27.89 33.98 33.76
Pr,0s 2.46 2.62 3.21 3.91
Nd,0; 9.02 9.87 11.07 14.33
Sm,0; 0.91 1.23 1.37 1.41
Gd,0,4 - - - .
Dy,0; - - - =
CaO 4.87 1.49 0.21 0.63
SrO - - - -
Total 90.03 95,74 99.10 99,72

Structural formulae calculated on the basis of 4 oxygen

S

P
Si
Th
Al
Fe
Y
La
Ce
Pr
Nd
Sm
Gd
Dy
Ca
Sr
Total

0.263
0.682
0.024
0.003
0.054
0.191
0.036
0.116
0.283
0.033
0.117
0.011

0.189

2.002

0.398
0.595
0.056
0.008
0.022
0.057
0.149
0.357
0.033
0.123
0.015

0.056

1.869

0.955
0.043
0.007
0.011
0.033
0.246
0.491
0.046
0.156
0.019

0.009

2.017

0.953
0.042
0.006
0.014
0.014
0.023
0.190
0.482
0.056
0.200
0.019

0.026

2.024
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IIL.XII Pyrochlore

MAS003 MAS003 MAS003 MAS006 MAS006 MAS008 MAS008

N=3 N=3 N=8 N=2 N=3 N=1 N=1
Wt. %

WO, 1.13 1.66 1.61 1.59 3.73 2.11 1.00
Nb,Os 4823 46.41 53.83 48.59 54.92 53.21 50.98
Ta,0s 423 3.17 3.69 3.56 4.76 4.94 2.87
SiO, - 2.70 . 3.67 1.32 2.35 3.77
TiO, 7.16 3.53 5.51 6.74 6.39 4.66 5.54
Zr0, - - - - . : -
ThO, 1.22 1.35 1.19 0.52 0.96 0.71 0.88
Uo, 12.01 4.02 5.44 5.10 3.53 1.75 Wy
ALO; - . . 0.33 0.26 0.68 0.52
Y,0; - 0.91 0.08 2.38 0.48 2.55 1.41
La,0; 0.08 1.18 0.09 0.54 - 0.77 1.44
Ce,0; 2.22 6.47 1.74 5.00 1.65 2.59 2.98
Pr,0; 0.39 111 0.32 0.88 025 - -
Nd,05 0.86 5.11 0.82 3.60 0.85 4.94 2,87
Sm,0; 0.39 1.26 0.21 0.80 0.11 - ;
Fe,0; 2.28 3.46 4.97 4.41 4.01 4.58 4.69
MnO - - . 0.37 0.55 . 0.50
CaO 15.42 10.33 17.75 6.44 12.64 9.61 10.46
SrO : 0.28 0.08 - ; ] )
Na,0 0.18 - 0.20 - . - -

Total 95.80 92.95 97.53 94.52 96.41 96.45 92.08
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MAS003 MAS003 MAS003 MAS006 MAS006 MAS008 MASO008
N=3 N=3 N=8 N=2 N=3 N=1 N=1

Structural formulae calculated on the basis of 2 anions (O,F)

w 0.019 0.029 0.025 0.023 0.054 0.031 0.014
Nb 1.451 1.408 1.465 1.242 1.396 1.355 1.284
Ta 0.077 0.058 0.060 0.055 0.073 0.076 0.043
Si - 0.181 - 0.207 0.074 0.132 0.210
Ti 0.358 0.178 0.249 0.287 0.270 0.197 0.232
Zr - = = = - - -

Th 0.018 0.021 0.016 0.007 0.012 0.009 0.011
U 0.178 0.060 0.073 0.064 0.044 0.022 0.027
Al - - - 0.022 0.017 0.045 0.034
Y - 0.032 0.003 0.072 0.014 0.076 0.042
La 0.002 0.029 0.002 0.011 - 0.016 0.030
Ce 0.054 0.159 0.038 0.103 0.034 0.053 0.061
Pr 0.009 0.027 0.007 0.018 0.005 - -

Nd 0.020 0.123 0.018 0.073 0.017 0.099 0.057
Sm 0.009 0.029 0.004 0.016 0.002 - -

Fe* 0.114 0.175 0.225 0.188 0.170 0.194 0.197
Mn - - - 0.018 0.026 - 0.024
Ca 1.099 0.743 1.145 0.390 0.761 0.580 0.624
Sr - 0.011 0.003 - - - -

Na 0.023 - 0.023 - - - -

Total 3.431 3.263 3.356 2.796 2.969 2.885 2.890

Mol %
Na + Ca 58.93 46.72 60.67 23.08 40.05 3345 35.39
U+ Th 10.30 5.06 4.64 4.20 2.97 1.79 2.16
A-def. 30.77 48.22 34.69 72.72 56.98 64.76 62.45
Mol %

Nb 76.94 85.65 82.51 78.44 80.28 83.23 82.33
Ta 4.06 3.52 3.44 3.46 4.18 4.65 2.79

Ti 19.00 10.84 14.05 18.10 15.54 12.12 14.88
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MAS008 MAS008 MAS009 MAS009 MAS009 MAS010 MASO010

N=1 N=1 N=3 N=2 N =5 N=2 N=1

Wt. %
WO, 2.16 1.59 - - 1.61 - "
Nb,Os 45.58 40.97 52.00 59.03 53.25 40.74 41.91
Ta,0s 3.78 3.29 1.66 0.09 2.51 1.27 1.35
Sio, 3.38 3.62 5.06 1.34 321 12.51 15.29
TiO, 5.26 7.12 6.56 6.76 6.72 5.25 5.29
Zr0, - - - - . ’ -
ThO, 81 0.84 1.33 0.54 0.89 1.14 0.03
Uo, 48 7.23 0.96 - 3.99 6.28 6.13
AlLO; 39 0.32 0.22 - 0.13 - -
Y,0, 3.66 3.75 ; . - 0.64 0.03
La,0; 0.81 0.91 0.64 0.79 0.24 0.34 -
Ce,0; 3.66 3.02 2.89 2.47 1.85 3.53 1.78
Pr,0; - - 0.30 0.45 . 0.44 0.35
Nd,0; 2.48 3.29 1.14 1.29 0.77 0.90 0.43
Sm,0; - - 0.12 0.22 - 0.24 0.14
Fe,05 4.34 461 8.41 145 431 1.56 1.46
MnO 0.48 0.15 0.67 0.15 0.58 - -
CaO 5.12 5.86 6.83 14.40 7.85 6.30 5.89
SrO . . - - . 0.01 0.77
Na,0 - - - 4.03 . 0.11 0.02

Total 86.71 86.57 88.79 93.01 87.91 81.26 80.87
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MAS008 MAS008 MAS009 MAS009 MAS009 MAS010 MASO010

N=1 N=1 N=3 N=2 N=5§ N=2 N=1
Structural formulae calculated on the basis of 2 anions (O,F)
# W 0.034 0.026 - - 0.023 - -
Nb 1.261 1.149 1.150 1.559 1.322 1.012 0.955
Ta 0.063 0.056 0.022 0.001 0.037 0.019 0.019
Si 0.207 0.225 0.250 0.078 0.176 0.687 0.771
Ti 0.242 0.332 0.243 0.297 0.278 0.217 0.201
Zr - - - - - - -
1 Th 0.011 0.012 0.015 0.007 0.011 0.014 -
U 0.065 0.100 0.011 - 0.049 0.077 0.069
Al 0.028 0.023 0.013 - 0.008 - -
Y 0.119 0.124 - - - 0.019 0.001
La 0.018 0.021 0.012 0.017 0.005 0.007 -
4 Ce 0.082 0.069 0.052 0.053 0.037 0.071 0.033
Pr - - 0.005 0.010 - 0.009 0.006
Nd 0.054 0.073 0.020 0.027 0.015 0.018 0.008
Sm - - 0.002 0.004 - 0.005 0.002
Fe** 0.200 0.215 0.312 0.064 0.178 0.065 0.055
Mn 0.025 0.008 0.028 0.007 0.027 - -
Ca 0.336 0.390 0.361 0.902 0.462 0.371 0.318
} Sr - - - - - - 0.023
Na - - - 0.457 - 0.012 0.002
Total 2.745 2.821 2.506 3.484 2.629 2.602 2.463
Mol %
Na + Ca 19.72 22.83 19.20 72.17 24.11 20.44 16.61
U + Th 4.50 6.55 1.35 0.38 3.13 4.86 3.59
A-def. 75.78 70.62 79.45 27.45 72.76 74.70 79.80
Mol %
Nb 80.53 74.77 81.36 83.93 80.76 81.10 81.34
Ta 4.01 3.62 1.57 0.08 2.29 1.52 1.58
Ti 15.46 21.61 17.07 15.99 16.95 17.38 17.08
!
-
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MAS010 MAS010 MAS010 MAS011 MASO011 MAS012 MASO016

N=1 N=2 N=2 N=6 N=3 N=1 N=1
A Wt. %
: WO, - . 1.09 0.90 1.31 . .
Nb,0s 56.13 54.16 58.19 48.57 45.08 54.20 50.01
Ta,0s 1.13 2.87 3.05 7.91 1189 2.65 2.70
Si0, 5.44 321 0.61 4.94 475 5.51 2.58
TiO, 6.09 7.15 5.40 6.55 298 473 537
Zr0, - - - . . 0.64 -
ThO, 0.69 1.14 0.99 0.83 0.73 0.88 0.63
Uo, 1.91 221 1.54 461 5.94 4.14 2.96
ALO; - - - - . 0.64 0.18
i Y,0; 0.65 0.29 0.04 3.30 3.77 - ’
La,0; 0.76 . 0.07 0.39 0.43 0.44 125
Ce,05 3.19 1.78 1.58 3.53 3.62 2.19 2.34
Pr,0; 0.10 0.28 0.23 0.55 0.26 - 0.33
Nd,0; 1.10 0.47 0.35 2.26 2.36 0.33 0.67
~ Sm,0; 0.39 . 0.38 041 0.42 - 0.03
Fe,05 3.92 1.67 372 5.23 3.98 8.38 25.50
MnO - - - 0.43 0.44 1.39 1.68
CaO 10.78 5.79 13.89 7.48 5.61 7.88 0.93
SrO 0.53 1.51 1.66 . . 63 ,
Na,0 0.22 0.37 2.92 - - 0.10 0.15

Total 93.03 82.90 95.71 97.89 97.74 94.73 97.31
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MAS010 MAS010 MAS010 MASO011 MASO011 MASO012 MASO16
N=1 N=2 N=2 N=6 N=3 N=1 N=1

Structural formulae calculated on the basis of 2 anions (O,F)

w = - 0.016 0.012 0.018 - -

Nb 1.313 1.395 1.520 1.158 1.109 1.176 0.916
Ta 0.016 0.044 0.048 0.113 0.175 0.035 0.030
Si 0.281 0.183 0.035 0.261 0.258 0.264 0.105
Ti 0.237 0.306 0.235 0.260 0.295 0.171 0.164
Zr . - = = - 0.015 -

Th 0.008 0.015 0.013 0.010 0.009 0.010 0.006
U 0.022 0.028 0.020 0.054 0.072 0.044 0.027
Al % = = = - 0.036 0.009
Y 0.018 0.009 0.001 0.093 0.109 - -

La 0.015 - 0.001 0.008 0.009 0.008 0.019
Ce 0.060 0.037 0.033 0.068 0.072 0.038 0.035
Pr 0.002 0.006 0.005 0.011 0.005 - 0.005
Nd 0.020 0.010 0.007 0.043 0.046 0.006 0.010
Sm 0.007 = 0.008 0.007 0.008 - -

Fe** 0.153 0.072 0.162 0.208 0.163 0.303 0.777
Mn o - - 0.019 0.020 0.057 0.058
Ca 0.598 0.353 0.860 0.423 0.327 0.405 0.040
Sr 0.016 0.050 0.056 - - 0.018 -

Na 0.022 0.041 0.327 - - 0.009 0.012

2.788 2.549 3.347 2.748 2.695 2.595 2.213

20.75 62.04 24.14 18.89 22.12 2.78
2.25 1.71 3.66 4.67 2.88 1.74
77.00 36.25 72.20 76.44 75.00 95.48

79.90 84.32 75.63 70.22 85.14 82.57
2.55 2.66 7.41 11.07 2.50 2.68
17.55 13.02 16.96 18.71 12.36 14.75
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MASO016 MAS018 MAS018 MAS018 MASO018 MAS018 MASO019

N=2 N=1 N=1 N=1 N=1 N=2 N=3
.
Wt. %

WO, . . 0.80 1.94 0.97 0.26 .
Nb,Os 51.30 38.51 39.71 53.88 43.14 51.50 25.49
Ta,0s 2.67 1.86 3.60 3.70 1.69 0.72 3.66
Si0, 3.22 13.01 11.44 235 8.52 5.02 17.48
TiO, 5.70 6.66 5.70 6.80 7.68 4.82 6.89
Zr0, - 1.25 121 . . - -
ThO, 0.56 0.27 . 0.78 0.60 0.64 1.55
uo, 3.35 - 1.31 0.81 1.13 5.77 10.61
ALO; 0.04 0.85 0.81 0.38 1.57 9 0.75
Y,0; - . ’ 1.38 1.37 1.63 -
La,O; 0.79 0.33 . 1.13 0.49 - 0.60
Ce,0; 2.08 5.50 523 9.96 8.73 4.40 193
Pr,0; 0.09 - : 1.60 1.59 0.80 .
Nd,0; 0.42 0.48 0.71 5.33 5.39 2.61 0.81
Sm,0; 0.09 - - 0.61 0.89 0.15 .
Fe,0; 24.07 2.66 2.02 2.57 2.98 2.57 3.17
MnO 1.75 ; - . - 1.49 -
Ca0 1.46 8.52 8.56 6.15 424 4.07 7.24
SrO - - . . - . .
Na,O 0.19 0.35 0.47 . 0.85 . 0.23

Total 97.78 80.25 81.57 99.37 91.83 86.45 81.71
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MASO016 MAS018 MAS018 MAS018 MAS018 MAS018 MAS019
N=2 N=1 N=1 N=1 N=1 N=2 N=3

Structural formulae calculated on the basis of 2 oxygens

W - - 0.011 0.029 0.013 0.004 -
Nb 0.935 0.881 0.952 1.384 1.017 1.367 0.599
Ta 0.028 0.026 0.052 0.057 0.024 0.011 0.052
Si 0.130 0.658 0.606 0.133 0.444 0.295 0.909
Ti 0.173 0.253 0.227 0.290 0.301 0.213 0.270
Zr - 0.031 0.031 - - - -
Th 0.005 0.003 - 0.010 0.007 0.009 0.018
U 0.030 - 0.015 0.010 0.013 0.075 0.123
Al 0.002 0.051 0.051 0.025 0.096 - 0.046
Y - - - 0.042 0.038 0.051 -
La 0.012 0.006 - 0.024 0.009 - 0.012
Ce 0.031 0.102 0.102 0.207 0.167 0.095 0.062
Pr 0.001 - - 0.033 0.030 0.017 -
Nd 0.006 0.009 0.013 0.108 0.100 0.055 0.015
Sm 0.001 - - 0.012 0.016 0.003 -
Fe** 0.731 0.101 0.081 0.110 0.117 0.114 0.124
Mn 0.060 - - - - 0.074 -
Ca 0.063 0.462 0.486 0.374 0:237 0.256 0.404
Sr - - - - - - -
Na 0.015 0.034 0.048 - 0.086 - 0.023
Total 2.223 2.617 2.675 2.848 2.715 2.639 2.657
Mol %
Na + Ca 4.13 26.34 28.36 23.77 19.70 15.02 22.32
U+ Th 1.86 0.16 0.82 1.30 1.23 4.92 7.38
A-def. 94.01 73.50 70.82 74.93 79.07 80.06 70.30
Mol %
Nb 82.23 75.95 77.32 79.92 75.78 85.90 65.11
Ta 2.57 2.21 4.22 3.30 1.79 0.73 5.62

Ti 15.20 21.84 18.46 16.78 22.43 13.37 29.27
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MAS020 MAS020 MAS020 MAS021 MAS021 MAS021 MAS022
N=4 N=3 N=3 N=7 N=3 N=2 N=3
Wt. %
WO, 0.68 0.47 - - - : 1.09
Nb,Os 55.98 62.52 63.02 33.01 38.13 41.30 64.50
Ta,0s 1.40 0.99 0.88 5.49 3.75 2.77 1.33
Si0, 2.17 0.32 0.67 15.66 11.50 11.29 -
TiO, 1.42 1.70 5.09 7.12 6.62 5.93 4.73
Zr0, - . - 2.36 0.81 2.40 -
ThO, - . - 0.60 0.34 0.48 1.33
Uo, 0.93 : - 16.10 14.54 9.53 1.09
Al,O; 0.18 0.15 0.05 0.51 0.27 0.17 0.15
Y203 = - - - = = =
La,O; 1.96 1.56 0.23 . - . -
Ce,0, 6.08 3.59 1.42 2.78 3.42 4.00 0.49
Pr,0; 0.67 0.38 0.31 . : i -
Nd,O; 2.11 1.09 0.62 0.49 0.99 0.97 0.29
Sm,0; 0.28 . . . . - .
Fe,O; 5.31 0.59 0.27 2.04 1.08 1.26 1.60
MnO . 0.04 - : - ; -
CaO 9.14 12.45 16.91 6.67 5.40 4.78 18.20
SrO - - - - - - -
Na,O 0.03 7.36 7.16 : - . 6.48
Total 88.34 93.21 96.63 92.83 86.85 84.88 101.28
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MAS020 MAS020 MAS020 MAS021 MAS021 MAS021 MAS022
N=4 N=3 N=3 N=7 N=3 N=2 N=3

Structural formulae calculated on the basis of 2 oxygens

w 0.011 0.008 - - - - 0.016
Nb 1.528 1.838 1.701 0.733 0.951 0.996 1.692
Ta 0.023 0.018 0.014 0.073 0.056 0.040 0.021
Si 0.131 0.021 0.040 0.769 0.634 0.602 -
Ti 0.064 0.083 0.229 0.263 0.275 0.238 0.206
Zr - - - 0.057 0.022 0.062 -
Th - - - 0.007 0.004 0.006 0.018
U 0.012 - - 0.176 0.178 0.113 0.014
Al 0.013 0.011 0.004 0.030 0.018 0.011 0.010
Y - = & &= = - -
La 0.044 0.037 0.005 - - . ,
Ce 0.134 0.085 0.031 0.050 0.069 0.078 0.010
Pr 0.015 0.009 0.007 - - - -
Nd 0.045 0.025 0.013 0.009 0.020 0.018 0.006
Sm 0.006 - - = - - o
Fe** 0.241 0.029 0.012 0.075 0.045 0.051 0.070
Mn - 0.002 - - - - -
Ca 0.591 0.867 1.082 0.351 0.319 0.273 1.132
Sr - - - - - - -
Na 0.004 0.928 0.829 - . . 0.729
Total 2.862 3.961 3.967 2.593 2.591 2.488 3.924
Mol %
Na + Ca 33.86 97.55 98.30 18.08 16.69 14.33 93.82
U+ Th 0.71 - - 941 9.56 6.25 1.60
A-def. 65.43 2.45 1.70 72.51 73.75 79.42 4.58
Mol %
Nb 94.59 94 .81 87.51 68.55 74.19 78.18 88.15
Ta 1.42 0.90 0.73 6.86 4.39 3.15 1.10

Ti 3.99 4.29 11.76 24.59 21.42 18.67 10.75
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MAS023 MAS023 MAS023 MAS023 MAS023 MAS023 MAS024

N=1 N=2 N=2 N=4 N=1 N=1 N=3

Wt. %
WO, - - - - - - 0.91
Nb,0s 59.40 40.08 54.06 59.97 58.83 54.97 40.45
Ta,0s 1.57 - - 1.26 1.91 1.20 1.71
Sio, 0.67 4.44 3.65 1.71 5.02 6.59 5.02
TiO, 6.39 10.87 9.95 7.00 737 8.03 5.30
Zr0, . - - - - . 1.95
ThO, - 1.57 2.66 . 1.88 - 1.18
uo, . 0.60 g 0.67 0.67 3.51 2.08
ALO; - . 0.13 . . . 0.26
Y,0; - 277 0.35 - . . 1.57
La,0; 1.38 1.17 1.06 0.85 0.94 0.05 0.88
Ce,0; 2.53 7.03 4.63 1.79 %13 1.29 6.97
Pr,0; - & 0.98 0.35 0.25 0.33 1.4
Nd,0; 0.78 6.72 1.84 0.65 0.47 0.68 7.41
Sm,05 - 2.10 0.43 0.43 - - 2.32
Fe,0; 0.18 5.00 3.78 2.92 426 7.09 5.67
MnO - - - 0.66 0.73 0.85 .
CaO 17.73 4.94 9.45 16.87 12.77 7.88 3.70
SrO - - - - - - .
Na,0 6.10 . . 2.27 0.16 0.42 -

Total 96.73 88.81 92.97 97.40 97.39 92.89 88.82
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MAS023 MAS023 MAS023 MAS023 MAS023 MAS023 MAS024
N=1 N=2 N=2 N=4 N=1 N=1 N=3

Structural formulae calculated on the basis of 2 oxygens

A\ - - - - - - 0.014
Nb 1.633 1.051 1.267 1.481 1.301 1.152 1.099
Ta 0.026 - - 0.019 0.025 0.015 0.028
Si 0.041 0.257 0.189 0.093 0.246 0.305 0.302
Ti 0.292 0.474 0.388 0.287 0.271 0.280 0.240
Zr - - - - - - 0.057
Th - 0.021 0.031 - 0.021 - 0.016
U - 0.008 - 0.008 0.007 0.036 0.028
Al - - 0.008 - - - 0.018
Y - 0.085 0.010 - - - 0.050
La 0.031 0.025 0.020 0.017 0.017 0.001 0.020
Ce 0.056 0.149 0.088 0.036 0.038 0.022 0.153
Pr - 0.032 0.019 0.007 0.004 0.006 0.032
Nd 0.017 0.129 0.034 0.013 0.008 0.011 0.159
Sm - 0.042 0.008 0.008 - - 0.048
Fe* 0.008 0.218 0.147 0.120 0.157 0.247 0.256
Mn - - - 0.031 0.030 0.033 -

Ca 1.155 0.307 0.525 0.987 0.669 0.391 0.238
Sr . - - - - - -

Na 0.719 - - 0.240 0.015 0.038 -

Total 3.978 2.798 2.734 3.347 2.809 2.537 2.758

Mol %
Na+ Ca 98.86 20.09 28.82 64.98 35.99 22.27 15.49
U+ Th - 1.87 1.72 0.43 1.48 1.88 2.86
A-def. 1.14 78.04 69.46 34.59 62.53 75.85 81.65
Mol %

Nb 83.69 68.91 76.56 82.86 81.44 79.61 80.43
Ta 1.33 - - 1.05 1.60 1.05 2.05

Ti 14.98 31.09 23.44 16.09 16.87 19.34 17.52
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MAS025 MAS025 MAS025 MAS026 MAS026 MAS026 MAS026
N=1 N=1 N=3 N=2 N=1 N=2 N=1
Wt. %
WO, 1.46 - : 0.60 1.24 1.62 0.16
Nb,Os 51.12 56.36 55.48 51.85 51.62 63.11 60.02
Ta,0s 2.63 2.11 1.99 3.41 423 3.37 2.57
Sio, 2.29 3.59 3.92 2794 2.53 - .
TiO, 7.09 5.00 2.98 4.85 6.33 4.88 4.94
Zr0, - - . - - - .
ThO, 1.23 0.62 0.24 . : 0.26 223
Uo, 2.70 3.54 2.80 2.42 428 1.03 .
ALO; 0.37 - - 0.18 0.20 0.29 0.42
Y,0, - - - - : . .
La,0; 0.16 - 0.22 0.96 0.47 0.27 .
Ce,0; 1.12 1.43 111 1.80 1.04 1.38 1.30
Pr,0; 0.39 0.44 0.24 0.07 : ; ;
Nd,O; 0.44 0.33 0.65 0.47 0.47 0.23 8
Sm,0; 0.02 0.03 0.06 - . - -
Fe,05 25.62 14.40 20.74 21.24 20.13 5.91 13.38
MnO 1.54 1.49 2.02 2.62 2.69 1.22 1.49
CaO 0.88 8.13 3.80 3.05 1.99 15.93 8,67
SrO - - - . : . .
Na,0 0.33 0.24 0.20 - s 0.68 -
Total 99.39 97.71 97.45 96.25 97.22 100.18 86.51
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MAS025 MAS025 MAS025 MAS026 MAS026 MAS026 MAS026
N=1 N=1 N=3 N=2 N=1 N=2 N=1

Structural formulae calculated on the basis of 2 oxygens

w 0.015 - - 0.007 0.014 0.022 0.002
Nb 0.903 1.152 1.042 0.999 0.990 1.505 1.289
Ta 0.028 0.026 0.022 0.040 0.049 0.048 0.033
Si 0.090 0.162 0.163 0.116 0.107 - -
Ti 0.208 0.170 0.124 0.155 0.202 0.194 0.176
Zr - - - - - - -
Th 0.011 0.006 0.002 - . 0.003 0.024
U 0.023 0.036 0.026 0.023 0.040 0.012 -
Al 0.017 . . 0.009 0.010 0.018 0.024
Y - = & . - - -
La 0.002 . 0.003 0.015 0.007 0.005 -
Ce 0.016 0.024 0.017 0.028 0.016 0.027 0.023
Pr 0.006 0.007 0.004 0.001 " - .
Nd 0.006 0.005 0.010 0.007 0.007 0.004 -
Sm - . 0.001 . . . .
Fe* 0.754 0.490 0.648 0.681 0.642 0.235 0.478
Mn 0.051 0.057 0.071 0.095 0.097 0.055 0.060
Ca 0.037 0.394 0.169 0.139 0.090 0.900 0.441
Sr - - - - - 0 -
Na 0.025 0.021 0.016 - - 0.070 -
Total 2.192 2.550 2.318 2.315 2.271 3.098 2.550
1
Mol %
Na + Ca 3:22 21.76 9.78 7.51 4.83 50.81 23.01
U+ Th 1.80 2.20 1.49 1.24 2.16 0.80 1.26
A-def. 9498 76.04 88.73 91.25 93.01 48.39 75.73
Mol %
Nb 79.26 85.46 87.65 83.67 79.79 86.15 86.01
Ta 2.45 1.93 1.89 3.31 3.93 2.77 2.22

Ti 18.29 12.61 10.46 13.02 16.28 11.08 11.77
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MAS027 MAS027 MAS028 MAS028 MAS028 MAS029 MAS029

N=2 N=2 N=4 N=1 N=1 N=1 N=3
1 Wt. %
WO, 0.92 0.64 0.76 0.82 0.03 0.50 0.56
Nb,Os 45.04 45.29 50.0 4821 4821 51.02 49.54
Ta,0s 4.68 4.06 3.48 4.55 3.33 0.76 0.73
4 Sio, 4.97 4.58 2.46 271 3.18 2.26 2.72
TiO, 8.43 8.33 8.01 7.90 7.52 0.15 0.19
Zr0, - - . - ‘ - .
ThO, 1.13 0.92 0.98 0.79 1.05 6.10 4.46
Uo, 6.93 6.79 4.38 5.72 530 0.32 1.08
‘ ALO; 0.35 0.38 0.33 0.51 0.27 - .
Y,0; - - 0.03 0.12 - 1.97 1.97
La,0; 1.53 1.47 0.85 1.01 0.65 0.56 0.59
Ce,0; 5.06 5.98 1.91 2.26 2.20 5.24 4.86
Pr,0; 0.58 0.66 0.26 0.08 0.71 1.19 1.17
Nd,0s 1.82 2.52 0.86 0.88 0.45 6.40 6.46
Sm,0; 0.39 0.29 - - : 2.14 1.90
! Fe,0; 8.90 7.19 15.90 16.65 20.93 6.80 7.24
MnO 1.48 1.35 1.4 1.46 1.59 0.26 0.04
CaO 4.09 491 5.66 5.89 3.67 4.66 4.61
SrO - - - . - - -
Na,O 0.06 - 0.09 0.29 0.01 . .

Total 96.36 95.36 97.36 99.85 99.10 90.33 88.12
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MAS027 MAS027 MAS028 MAS028 MAS028 MAS029 MAS029
N=2 N=2 N=4 N=1 N=1 N=1 N=3

Structural formulae calculated on the basis of 2 oxygens

W 0.012 0.009 0.009 0.009 - 0.008 0.009
Nb 1.017 1.070 0.996 0.973 0.916 1.500 1.449
Ta 0.064 0.058 0.042 0.055 0.038 0.013 0.013
Si 0.248 0.239 0.152 0.121 0.134 0.147 0.176
Ti 0.317 0.327 0.265 0.265 0.238 0.007 0.009
Zr - - - - 4 - -

Th 0.013 0.011 0.010 0.008 0.010 0.090 0.066
U 0.077 0.079 0.043 0.057 0.050 0.005 0.016
Al 0.021 0.023 0.017 0.027 0.013 - -

Y - . 0.001 0.003 - 0.068 0.068
La 0.029 0.028 0.014 0.017 0.010 0.016 0.014
Ce 0.093 0.114 0.031 0.037 0.034 0.125 0.115
Pr 0.011 0.013 0.004 0.001 0.011 0.028 0.028
Nd 0.032 0.047 0.014 0.014 0.007 0.149 0.149
Sm 0.007 0.005 - - . 0.048 0.042
Fe** 0.334 0.283 0.527 0.559 0.662 0.333 0.353
Mn 0.063 0.060 0.054 0.055 0.057 0.014 0.002
Ca 0.219 0.275 0.267 0.282 0.165 0.325 0.320
Sr - - - - - - -

Na 0.006 5 0.008 0.025 0.001 - -

Total 2.563 2.641 2.454 2.508 2.346 2.876 2.829




2353

MAS029 MAS029 MAS032 MAS032 MAS033 MAS033 MAS035

N=3 N=1 N=2 N=2 N=1 N=2 N=2
Wt. %

WO, 1.19 139 0.96 1.90 1.87 3.13 -
Nb,Os 58.39 50.58 63.62 5998  61.24 60.24 27.04
Ta,Os 0.40 0.56 3.60 4.44 2.84 4.10 0.76
Si0, 6.96 5.84 0.10 4.15 - - 9.12
TiO, 1.02 0.32 0.79 1.12 5.50 5.43 11.96
710, . - s - 1.68 2.34 .
ThO, 3.29 3.62 . - - 0.78 17.03
U0, 1.02 1.73 1.15 1.80 . 0.29 5.16
ALO; 0.52 0.56 0.10 0.20 0.15 0.26 0.50
Y,0, 0.15 - - - ; . 1.54
La,0; - 0.20 1.93 0.39 0.78 0.46 1.55
Ce,0, 2.09 1.43 2.70 1.87 2.56 231 4.18
Pr,0; 0.25 0.29 « - 0.55 0.32 0.76
Nd,05 0.61 0.34 0.42 0.51 0.54 0.47 3.49
Sm,0; 0.10 0.02 0.40 - 0.12 : 1.19
Fe,0, 3.55 9.59 7.86 9.17 1.84 2.87 3.97
MnO 0.62 0.67 0.98 1.40 0.57 0.63 -
Ca0 5.57 5.16 13.74 4.90 14.67 12.64 4.49
Sr0 - - - - - - -
Na,0 - - 0.37 0.17 3.28 2.04 -

Total 85.73 82.30 98.72 92.00 98.19 98.31 92.74
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MAS029 MAS029 MAS032 MAS032 MAS033 MAS033 MASO035
N=3 N=1 N=2 N=2 N=1 N=2 N=2

Structural formulae calculated on the basis of 2 oxygens

W 0.016 0.019 0.014 0.024 0.028 0.045 -

Nb 1.407 1.237 1.577 1.341 1.577 1.511 0.717
Ta 0.006 0.008 0.054 0.060 0.044 0.062 0.012
Si 0.371 0.316 0.005 0.205 - - 0.535
Ti 0.041 0.013 0.033 0.042 0.236 0.227 0.527
Zr - - - = 0.047 0.063 -

Th 0.040 0.045 - - - 0.010 0.227
U 0.012 0.021 0.014 0.020 - 0.004 0.067
Al 0.033 0.036 0.006 0.012 0.010 0.017 0.035
Y 0.004 - - - - - 0.048
La - 0.004 0.039 0.007 0.016 0.009 0.034
Ce 0.041 0.028 0.054 0.034 0.053 0.047 0.090
Pr 0.005 0.006 = - 0.011 0.006 0.016
Nd 0.012 0.007 0.008 0.009 0.011 0.009 0.073
Sm 0.002 - 0.008 - 0.002 - 0.024
Fe’* 0.142 0.390 0.324 0.341 0.086 0.120 0.175
Mn 0.028 0.031 0.046 0.059 0.028 0.030 -

Ca 0.318 0.299 0.807 0.260 0.895 0.752 0.282
Sr - - - “ - - -

Na - - 0.039 0.016 0.362 0.219 -

Total 2.478 2.460 3.028 2.430 3.406 3.131 2.862

Mol %

] Na + Ca 16.67 15.54 45.88 14.58 66.98 51.41 16.37
U+ Th 2.72 3.40 0.76 1.05 - 0.71 17.10
A-def. 80.61 81.06 53.36 84.37 33.02 47.88 66.53

Mol %
Nb 96.79 98.31 94 81 92.97 84.94 83.97 57.06
Ta 0.40 0.65 3.23 4.14 2.37 3.44 0.96

Ti 2.81 1.03 1.96 2.89 12.69 12.59 41.98
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MAS037 MAS038 MAS040 MAS040
N=3 N=35 N=4 N=3

Wt. %
WO, 4.44 0.39 0.63 1.65
Nb,Os 61.66 64.15 54.96 37.11
Ta,05 3.23 2.34 0.47 4.71
Sio, 1.08 0.30 2.30 14.66
TiO, 593 5.11 6.62 3.60
7r0, 1.56 . " 2.01
] ThO, 0.64 - - 0.25
f uo, 1.08 - . 6.81
5 ALO; 0.25 0.11 0.37 1.18
' Y,0; ” . 1.77 -
La,0; 0.26 0.09 0.57 0.44
Ce,05 2.84 0.83 6.68 3.24
Pr,0; 0.24 i 1.43 0.26
Nd,04 0.49 0.39 6.39 0.32
Sm,0; 0.07 ~ 0.97 5
Fe,0; 2.67 0.74 4.46 2.87
MnO 0.89 . 0.27 -
Ca0 9.49 17.28 6.69 9.33
SrO - - - -
Na,O 0.45 6.72 = 0.61

Total 97.06 98.45 94.58 89.05
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MAS037 MAS038 MAS040 MAS040
N=3 N=5 N=4 N=3

Structural formulae calculated on the basis of 2 oxygens

\% 0.062 0.006 0.009 0.021
Nb 1.499 1.683 1.379 0.840
Ta 0.047 0.037 0.007 0.064
Si 0.058 0.017 0.128 0.734
Ti 0.231 0.223 0.276 0.136
Zr 0.041 - - 0.049
Th 0.008 - - 0.003
U 0.013 - - 0.076
Al 0.016 0.008 0.024 0.070
Y - - 0.052 -

La 0.005 0.002 0.012 0.008
Ce 0.056 0.018 0.136 0.059
Pr 0.005 - 0.029 0.005
Nd 0.009 0.008 0.127 0.006
Sm 0.001 - 0.019 -

Fe** 0.108 0.032 0.186 0.108
Mn 0.041 - 0.013 -

Ca 0.547 1.074 0.398 0.500
Sr - - - -

Na 0.047 0.756 - 0.059
Total 2.794 3.864 2.795 2.738

Mol %
Na + Ca 31.52 92.80 24.65 29.10
U+ Th 1.10 - - 4.09
A-def. 67.38 7.20 75.35 66.81
Mol %

Nb 84.33 86.62 82.95 80.80
Ta 2.66 1.90 0.43 6.17

Ti 13.01 11.48 16.62 13.03
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HILXIII Rutile
MAS001 MAS001 MAS002 MAS002 MAS002 MAS003 MAS003
N=1 N=2 N=2 N=2 N=3 N=3 N=1

Wt. %
Nb,Os 8.79 7.02 0.67 6.64 0.85 14.83 9.00
SiO, 0.57 0.63 0.38 0.45 0.73 1.31 0.79
TiO, 87.60 90.03 96.60 89.87 95.77 77.64 85.69
Zr0, - - - - - - -
Sno, - - 0.73 0.90 i " =
U02 = = = = - - =
ALO; . 0.04 0.11 0.06 0.13 0.01 0.08
Fe,0; 0.42 2.48 1.57 1.02 2.30 3.73 5.00
FeO 1.98 0.25 - 1.23 - 2.21 -
CaO 0.16 0.40 0.10 0.05 0.09 0.10 0.14
CuO = = = = - - -
Total 99.52 100.85 100.16 100.22 99.87 99.83 100.70

Structural formulae calculated on the basis of 2 oxygens
Nb 0.055 0.043 0.004 0.041 0.005 0.094 0.056
Si 0.008 0.009 0.005 0.006 0.010 0.018 0.011
Ti 0.908 0.914 0.972 0.922 0.964 0.820 0.879
Zr : : - - - - s
Sn . - 0.004 0.005 . . -
U = - = = - - =
Al - 0.001 0.002 0.001 0.002 . 0.001
Fe** 0.004 0.025 0.016 0.011 0.023 0.039 0.051
Fe®* 0.023 0.003 - 0.014 - 0.026 -
Ca 0.002 0.006 0.001 0.001 0.001 0.002 0.002
Cu - - - - - : -
Total 1.000 1.000 1.004 1.000 1.006 1.000 1.000
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MAS004 MAS007 MAS007 MAS007 MAS009 MAS009 MASO12

N=1 N=2 N=1 N=1 N=3 N=1 N=1

Wt. %
Nb,Os 6.06 10.61 11.26 8.48 7.27 20.52 23.19
Sio, 0.14 0.96 1.07 1.26 0.42 0.68 0.39
TiO, 88.37 82.78 82.05 82.79 89.46 72.05 67.71
Zr0, - - 1.32 2.07 1.65 0.95 0.37
Sno, - - - - - . -
Uo, : 0.30 0.10 0.51 . - .
Al,O; - - - - - - -
Fe,O; 5.86 2.63 1.28 3.53 - 1.04 0.29
FeO . 122 1.92 - 0.76 4.84 5.91
CaO . 0.14 0.17 0.26 0.60 0.19 0.18
CuO - 0.33 0.37 0.51 : = =
Total 100.43 98.96 99.54 99.41 100.16  100.26  100.04

Structural formulae calculated on the basis of 2 oxygens

Nb 0.037 0.067 0.071 0.053 0.045 0.133 0.152
Si 0.002 0.013 0.015 0.018 0.006 0.010 0.006
Ti 0.906 0.871 0.862 0.868 0.918 0.778 0.762
Zr - - 0.009 0.014 0.011 0.007 0.003
Sn - . - - - - -
U - 0.001 - 0.002 - - -
Al - - a - - - .
Fe** 0.060 0.028 0.013 0.037 - 0.011 0.003
Fe** . 0.014 0.022 - 0.009 0.058 0.072
Ca . 0.002 0.003 0.004 0.009 0.003 0.003
Cu g 0.003 0.004 0.005 : - -

Total 1.006 1.000 1.000 1.001 0.998 1.000 1.000
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MAS012 MAS012 MAS012 MAS019 MAS019 MAS021 MASO022

N=2 N=2 N=1 N=2 N=3 N=3 N=1
Wt. %

Nb,Os 19.80 16.10 21.32 1.94 4.63 1.91 10.84
Si0, 0.52 2.33 1.26 0.39 0.48 0.36 0.29
TiO, 73.61 77.17 69.76 93.19 88.00 95.83 84.61
Zr0, 0.51 0.27 0.42 ) . 0.37 "
SnO, - - - - - - -
U02 = = - a - = i
ALO; - 0.09 0.06 0.27 0.24 0.35 .
Fe,0; 1.59 1.23 1.96 3.60 6.21 y 0.99
FeO 441 3.53 4.68 - - 1.22 1.95
CaO 0.18 0.16 0.13 . . - 0.42
CuO - - - - - - -
Total 100.62  100.88 99.59 99.39 99.56 100.01 99.10

Structural formulae calculated on the basis of 2 oxygens

Nb 0.128 0.101 0.139 0.012 0.029 0.012 0.068
Si 0.007 0.032 0.018 0.005 0.007 0.005 0.004
Ti 0.789 0.807 0.759 0.949 0.907 0.967 0.888
Zr 0.004 0.002 0.003 - . 0.002 .
Sn - - - - - - -
U = = = & = . =
Al - 0.001 0.001 0.004 0.004 0.006 -
Fe** 0.017 0.013 0.021 0.037 0.064 . 0.010
Fe?* 0.053 0.041 0.057 - - 0.014 0.023
Ca 0.003 0.002 0.002 - - . 0.006
Cu - - - - - - -

Total 1.000 1.000 1.000 1.007 1.010 1.005 1.000
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IIL.XIV Thorite
MAS001 MAS002 MAS006 MAS006 MAS006 MAS008 MAS008
N=3 N=4 N=3 N=3 N=1 N=2 N=3
Wt. %

P,0s - - - - - - -
Nb,Os - - - 0.78 0.10 1.01 -
SiO, 20.37 23.35 21.18 21.34 19.03 19.75 18.81
7ZrO, 1.26 - 1.65 1.60 1.86 - -
ThO, 39.15 52.35 46.88 43.61 42.66 44.87 42.86
uo, 10.76 0.92 2.76 1.07 3.92 0.59 6.92
Al,O3 0.89 1.32 0.61 0.58 0.60 0.66 0.62
Y,0; 0.74 - 7.64 7.35 8.65 6.88 6.98
La,0; 2.06 0.99 . - - 0.40 0.11
Ce,04 6.54 2.01 0.53 - - 0.71 0.71
Pr,0; 1.08 0.35 . ~ . 0.32 .
Nd,0; 2.43 0.90 . - . 1.05 0.57
Sm,05 - - - - - - -
Eu203 5 = - = = - .
Gd,0; - - - 0.45 0.03 0.58 0.31
Tb,0; - - - 0.06 0.08 = =
Dy,0; 0.13 - 1.33 1.04 1.06 0.95 1.01
Ho,0; . - 0.64 0.28 0.47 . .
Er,0; - - 1.18 1.17 122 0.75 0.37
Tm,0; = - = 0.32 0.56 - -
Yb,0; 0.14 - 1.19 1.20 0.98 0.53 0.80
Lu,Os . . : 0.14 - . -
CaO 1.00 4.46 1.10 1.10 0.86 1.24 1.29
MnO - - - - - - -
FeO 1.05 2.06 2.24 239 1.04 4.98 1.51
PbO 0.98 - . ’ . . -
Total 88.58 88.71 88.93 83.53 83.02 84.25 82.88
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MAS001 MAS002 MAS006 MAS006 MAS006 MAS008 MASO008
N=3 N=4 N=3 N=3 N=1 N=2 N=3

! Structural formulae calculated on the basis of 4 cations
P & - = = - - -
Nb - - - 0.017 0.002 0.022 -
Si 1.052 1.092 1.023 1.050 1.019 0.935 1.017
Zr 0.032 - 0.039 0.038 0.049 - -
Th 0.450 0.557 0.515 0.488 0.520 0.483 0.527
U 0.124 0.010 0.030 0.012 0.047 0.006 0.083
Al 0.054 0.073 0.035 0.034 0.038 0.037 0.040
Y 0.020 - 0.196 0.192 0.246 0.173 0.201
La 0.039 0.017 - - - 0.007 0.002
Ce 0.124 0.034 0.009 - - 0.012 0.014
Pr 0.020 0.006 - - - 0.006 -
Nd 0.045 0.015 - - - 0.018 0.011
Sm - - - = - - -
Eu - = = = = = -
Gd - - - 0.007 0.001 0.009 0.006
Tb - - - 0.001 0.001 - -
Dy 0.002 - 0.021 0.016 0.018 0.014 0.018
Ho - - 0.010 0.004 0.008 - -
Er - - 0.018 0.018 0.021 0.011 0.006
Tm - - - 0.005 0.009 - -
Yb 0.002 - 0.018 0.018 0.016 0.008 0.013
Lu - - - 0.002 - - -

! Ca 0.055 0.223 0.057 0.058 0.049 0.063 0.075
Mn - - - = - . -
Fe 0.136 0.242 0.271 0.274 0.140 0.592 0.205
Pb 0.014 - - - - - -
Total 2.179 2.269 2.241 2.219 2.181 2.374 2.217

1
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MAS008 MAS014 MASO014

MAS015 MASO016

MAS019 MASO019

N=2 N=3 N=3 N=4 N=4 N=6 N=4

Wt. %
P,0s - 2.66 2.04 0.83 2.83 0.79 0.76
Nb,Os - - - - - - :
Si0, 18.17 17.89 17.93 20.11 18.56 20.27 20.85
Zr0, - - - - - s :
ThO, 44.15 59.91 48.49 53.02 52.09 50.03 44.38
Uo, 0.59 1.78 4.44 0.38 0.56 5.75 420
ALO; 0.51 0.07 0.29 0.85 0.20 0.35 0.44
Y,0; 7.20 - 7.25 - . 2.37 8.28
La,0s 0.37 1.31 0.99 3.05 5.58 1.20 021
Ce,0; 0.66 5.97 2.98 7.32 6.06 6.21 1.43
Pr,0; - 1.17 0.26 1.03 0.77 0.87 0.23
Nd,05 0.33 3.52 1.90 2.09 1.15 3.27 2.12
Sm,0; - 0.74 0.64 0.34 021 0.20 0.73
Eu,0; - - - - - - -
Gd,05 0.42 - 0.68 - . 021 0.89
Tb,0; 0.10 ; ; ) ] ] )
Dy,0s 1.49 . 1.02 . . 0.54 1.28
Ho,0; 021 . g - . . 0.10
Er,0; 0.70 : 0.24 s : 0.10 0.42
Tm203 = = = = = = =
Yb,0; 0.50 - 0.10 - 5 . 0.26
LU203 = - = - - = =
CaO 1.10 1.42 1.58 0.51 1.07 1.01 0.88
MnO - - . 0.46 . . .
FeO 3.92 3.23 3.03 2.59 4.02 . 1.68
PbO - . . - 0.35 - -
Total 80.42 99.67 93.86 92.58 93.45 93.17 89.14
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MAS008 MASO014 MAS014 MASO015 MAS016 MAS019 MASO019
N=2 N=3 N=3 N=4 N=4 N=6 N=4

Structural formulae calculated on the basis of 4 cations

P - 0.105 0.082 0.034 0.111 0.034 0.031
Nb - - - - - . :

Si 0.947 0.831 0.849 0.972 0.860 1.040 1.018
Zr . - - - - . -

Th 0.524 0.633 0.522 0.583 0.549 0.584 0.493
U 0.009 0.18 0.047 0.004 0.006 0.066 0.046
Al 0.031 0.004 0.016 0.048 0.011 0.021 0.025
Y 0.200 - 0.183 - - 0.065 0215
La 0.007 0.022 0.017 0.054 0.095 0.023 0.004
Ce 0.013 0.102 0.052 0.130 0.103 0.117 0.026
Pr - 0.020 0.004 0.018 0.013 0.016 0.004
Nd 0.006 0.058 0.032 0.036 0.019 0.060 0.037
Sm - 0.012 0.010 0.006 0.003 0.004 0.012
Gd 0.007 . 0.011 . . 0.004 0.014
Tb 0.002 . : - . . .

Dy 0.025 . 0.016 . - 0.009 0.020
Ho 0.003 . - . - - 0.002
Er 0.011 . 0.004 - - 0.002 0.006
Tm - - - - - - -

Yb 0.008 . 0.001 - - . 0.004
Lu , . - - - - -

Ca 0.060 0.071 0.080 0.026 0.053 0.056 0.046
Mn - ; . 0.019 - - -

Fe 0.513 0.376 0.360 0.314 0.467 - 0.206
Pb - - . a 0.004 - -

Total 2.365 2.252 2.286 2.244 2.296 2.099 2.211
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MAS021 MAS022 MAS022 MAS025 MAS029 MAS037

N=6 N=2 N=2 N=4 N=3 N=2
Wt. %
P,Os 0.24 1.26 0.25 . 0.96 -
Nb,0s - = 1.18 - ; )
Si0, 21.69 18.24 19.52 21.77 19.14 19.21
Zr0, - - « 0.97 - :
ThO, 46.05 42.61 44.98 64.25 46221 48.33
‘ UO, 0.46 1.54 0.33 . 0.77 0.72
ALO; 0.87 0.72 1.00 - 0.23 0.38
Y,0; 6.77 7.52 423 0.78 8.09 6.18
La,05 0.11 0.58 1.25 2.33 0.06 0.64
Ce,0; 0.65 2.18 2.82 422 0.58 3.41
Pr,0; 0.36 0.42 0.74 0.45 0.39 0.92
Nd,0; 1.09 1.53 1.67 0.80 1.55 3.10
Sm,0; 0.77 0.74 0.45 021 1.12 0.74
Eu,0; 0.28 - = - 0.70 .
Gd,0, 1.06 0.95 0.66 - 1.69 0.26
Tb,0; 0.16 - - - 0.29 -
Dy,0s 0.83 1.36 0.36 - 1.48 0.66
Ho,0; 0.08 0.38 0.20 . 0.75 -
Er,0; 0.60 0.87 0.52 . 0.64 0.86
Tm,05 0.12 0.32 - - 0.39 -
Yb,0; 0.14 0.66 0.78 - 0.48 021
Lu,0; 0.15 . - - 0.10 :
CaO 1.10 1.45 1.74 1.02 0.76 1.18
MnO - - - - - -
FeO 4.10 1.29 2.19 3.99 2.24 0.71
PbO ’ - - - - .

Total 87.68 84.62 84.87 100.02 88.62 87.51
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MAS021 MAS022 MAS022 MAS025 MAS029 MAS037
N=6 N=2 N=2 N=4 N=3 N=2

Structural formulae calculated on the basis of 4 cations

P 0.009 0.056 0.011 . 0.041 i
Nb . ; 0.027 ; . ]
Si 1.001 0.955 0.988 0.991 0.956 1.023
Zr - - - 0.022 - -
Th 0.483 0.508 0.518 0.665 0.525 0.586
U 0.005 0.018 0.004 - 0.009 0.009
Al 0.047 0.044 0.060 - 0.014 0.024
Y 0.166 0.209 0.114 0.019 0.215 0.175
La 0.002 0.011 0.023 0.039 0.001 0.013
Ce 0.011 0.042 0.052 0.070 0.011 0.066
Pr 0.006 0.008 0.014 0.007 0.007 0.018
Nd 0.018 0.029 0.030 0.013 0.028 0.059
Sm 0.012 0.013 0.008 0.003 0.019 0.014
Eu 0.004 . : . 0.012 s
Gd 0.016 0.016 0.011 - 0.028 0.005
Tb 0.002 " . . 0.005 :
Dy 0.012 0.023 0.006 - 0.024 0.011
Ho 0.001 0.006 0.003 - 0.012 -
Er 0.009 0.014 0.008 - 0.010 0.014
Tm 0.002 0.005 ; - 0.006 "
Yb 0.002 0.011 0.012 - 0.007 0.003
Lu 0.002 . : - 0.002 ;
Ca 0.054 0.081 0.094 0.050 0.041 0.067
Mn - - : - - -
Fe 0.474 0.169 0.278 0.368 0.281 0.095
Pb . = - - . .

Total 2.340 2.220 2.262 2.247 2.250 2.182
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III.XV Titanite (all niobium accompanied by equal amounts (apfu) of

water)
MAS003 MAS024 MAS024 MAS036 MAS036 MAS037
N=5 N=5§ N=4 N=3 N=3 N=5
Wt. %
Nb,O5 0.60 1.82 0.54 1.54 3.46 0.34
SiO, 31.75 31.83 31.40 30.19 31.04 32.07
TiO, 34.97 32.71 34.59 35.87 32.75 33.22
710, - - - - 1.00 -
Al,O; 3.69 4.87 6.02 3.15 2.70 3.22
Fe,0; 3.33 3.11 2.11 2.59 3.12 5.22
CaO 25.73 24.45 25.12 25.99 24.58 24.96
Total 100.26 98.79 99.58 98.94 98.71 99.01
H,0¢ 0.08 0.25 0.05 0.16 0.47 0.07
Total 100.34 99.04 99.63 99.12 99.18 99.08

Structural formulae calculated on the basis of 5 oxygens

Nb 0.009 0.027 0.005 0.017 0.051 0.005
Si 1.025 1.033 1.011 0.990 1.018 1.048
Ti 0.849 0.798 0.838 0.884 0.808 0.817
Zr - = = = 0.017 -

Al 0.140 0.186 0.228 0.122 0.104 0.124
Fe’* 0.081 0.076 0.051 0.064 0.077 0.128
Ca 0.890 0.850 0.866 0.913 0.864 0.874
H,O 0.009 0.027 0.005 0.017 0.051 0.005

Total 3.002 2.997 3.005 3.007 2.990 3.002
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III.XV Xenotime

MAS018 MAS018 MAS019 MAS019 MAS021 MAS021 MASO021

N=4 N=1 N=2 N=2 N=1 N=2 N=1
Wt. %

Si0, 0.50 - 0.36 - 1.33 1.36 0.23
ThO, 0.30 - 0.62 1.68 1.85 1.84 1.48
Uo, 0.12 - - . 0.11 0.12 0.08
P,0s 34.24 34.45 34.98 35.91 33.96 34.41 35.24
ALO; - - - : 0.95 0.90 0.92
Y,0; 44.36 42.81 41.14 42.32 39.54 40.71 40.89
La,0; 0.14 - 0.88 0.34 - : -
Ce,05 0.30 0.41 1.53 0.67 . : ;
Pr,0; 0.17 - 0.13 - - - .
Nd,0s 0.20 - 0.93 021 . - -
Sm,0; 0.47 0.55 0.41 0.44 - = -
Eu,0; - 0.31 - - . 0.03 -
Gd,04 2.86 3.92 2.83 2.23 1.66 1.20 1.48
Tb,0; 0.62 0.54 0.70 0.98 1.15 0.33 0.77
Dy,0; 6.69 7.78 8.11 7.10 7.56 5.80 6.12
Ho,0; 1.45 1.75 1.24 1.62 2.36 1.36 1.53
Er,0; 4.10 421 4.07 3.85 4.95 5.55 4.44
Tm,0; 0.78 1.07 0.78 0.91 0.42 0.96 0.91
Yb,0; 2.17 2.32 1.81 2.52 3.61 3.97 421
Lu;0; 0.29 0.14 - - 0.62 1.18 0.44
CaO - 0.43 0.11 0.14 0.25 0.15 0.05
FeO - - - - 0.41 0.22 0.30

Total 99.76 100.69 100.63 100.92 100.73 100.09 99.09
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MAS018 MASO018 MAS019 MAS019 MAS021 MAS021 MASO021
N=4 N=1 N=2 N=2 N=1 N=2 N=1

Structural formulae calculated on the basis of 4 oxygens

Si 0.017 - 0.012 - 0.044 0.045 0.008
Th 0.002 - 0.005 0.013 0.014 0.014 0.011
U 0.001 - - - 0.001 0.001 0.001
P 0.976 0.983 0.991 1.007 0.954 0.964 0.992
Al = - - - 0.037 0.035 0.036
Y 0.795 0.768 0.733 0.746 0.698 0.717 0.724
La 0.002 - 0.011 0.004 - - -

Ce 0.004 0.005 0.019 0.008 - - -

Pr 0.002 - 0.002 - - - -

Nd 0.002 - 0.011 0.002 - - -

Sm 0.005 0.006 0.005 0.005 - - -

Eu - 0.004 - - - 0.000 -

Gd 0.032 0.044 0.031 0.024 0.018 0.013 0.016
Tb 0.007 0.006 0.008 0.011 0.013 0.004 0.008
Dy 0.073 0.085 0.087 0.076 0.081 0.062 0.066
Ho 0.016 0.019 0.013 0.019 0.025 0.014 0.016
Er 0.043 0.045 0.043 0.040 0.052 0.058 0.046
Tm 0.008 0.011 0.008 0.009 0.004 0.010 0.009
Yb 0.022 0.024 0.018 0.025 0.037 0.040 0.043
Lu 0.003 0.001 - - 0.006 0.012 0.004
Ca - 0.016 0.004 0.005 0.009 0.005 0.002
Fe e - - - 0.034 0.018 0.025

Total 2.009 2.016 2.001 1.993 2.026 2.012 2.008
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MAS022 MAS022 MAS026 MAS040 MAS040 MAS040
N=2 N=2 N=4 N=2 N=1 N=2
Wt. % |
Si0, . 0.23 0.98 0.02 0.35 0.25 I
ThO, 0.64 1.12 1.14 0.45 0.37 0.24 1
uo, 0.03 - 0.21 0.14 0.18 0.12
P,0s 35.69 36.01 35.20 35.25 34.91 35.11
ALO; 1.46 1.12 - 0.53 0.52 0.45
Y,0; 39.34 39.57 45.53 40.21 39.59 40.06
La,0; - - - - - -
Ce203 - - - = - -
Pr,05 - - - - - -
Nd,0; - - 0.14 - - -
Sm,04 - - - - - -
Eu,0; 0.01 0.02 - 0.03 - 0.10
Gd,0; 1.66 2.25 1.66 3.27 3.19 2.63
Tb,05 0.61 0.70 0.53 1.05 0.90 0.60
Dy,0s 5.93 5.92 5.84 7.46 9.31 8.18
Ho,0; 1.76 0.82 1.43 1.55 2.04 1.77
Er,0; 5.24 4.69 4.23 4.04 4.66 5.10
Tm, 05 0.86 0.92 0.64 1.14 0.54 1.04
Yb,05 5.07 5.29 2.29 3.9 3.71 3.98
Lu,0; 0.70 0.59 0.16 0.23 0.36 1.00
CaO - 0.06 035 0.10 0.09 -
FeO 0.24 0.04 - - : ;

Total 99.24 99.35 100.32 99.46 100.72 100.63
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MAS022 MAS022 MAS026 MAS040 MAS040 MAS040
N=2 N=2 N=4 N=2 N=1 N=2

Structural formulae calculated on the basis of 4 oxygens

Si - 0.008 0.032 0.001 0.012 0.008
Th 0.005 0.008 0.009 0.003 0.003 0.002
U 0.000 - 0.002 0.001 0.001 0.001
P 1.001 1.008 0.978 1.004 0.991 0.996
Al 0.057 0.044 - 0.021 0.021 0.018
Y 0.693 0.696 0.795 0.720 0.707 0.714
La - = = = & =
Ce = = - B = -
Pr = = - = - =
Nd . - 0.002 - - -
Sm = = . = - 5
Eu 0.000 0.000 - 0.000 - 0.001
Gd 0.018 0.025 0.018 0.036 0.035 0.029
Tb 0.007 0.008 0.006 0.012 0.010 0.007
Dy 0.063 0.063 0.062 0.081 0.101 0.088
Ho 0.019 0.009 0.015 0.017 0.022 0.019
Er 0.055 0.049 0.044 0.043 0.049 0.054
Tm 0.009 0.009 0.007 0.012 0.006 0.011
Yb 0.051 0.053 0.023 0.041 0.038 0.041
\ Lu 0.007 0.006 0.002 0.002 0.004 0.010
Ca - 0.002 0.012 0.004 0.003 -
Fe 0.020 0.003 - - - -

Total 2.004 1.991 2.005 1.997 2.002 1.999




II.XVII Zircon (includes hydrous variety)

MAS001 MAS005 MAS005 MAS006 MAS006 MAS007 MAS007 MAS009 MAS009 MASO11 MASO11
N=3 N=5 N=3 N=3 N=3 N=3 N=5 N=3 N=3 N=2 N=3
Wt. %

SiO, 33.08 30.96 32.78 33.02 30.34 25.80 26.71 32.59 29.25 31.78 27.70
7+0, 66.24 5226 66.77 66.37 59.14 35.14 46.99 65.66 55.08 62.79 52.78
HIO, 0.95 - 0.88 0.96 0.53 0.37 0.80 1.17 0.77 0.25 0.27
Tho, - - : - 0.31 2.75 0.25 : 0.62 2.36 1.80
U0, - : : - 0.63 2.15 1.02 : 0.34 1.58 0.67
ALO; - 0.42 - : - 1.83 1.22 0.15 0.17 : i
Y,0; - 8.26 - = . 8.34 3.86 . - : :
La; ; - - ; ; 0.25 ; - - - -
Ce,0; . 0.25 - - . 0.72 0.36 ; - . ,
Pr,0; - - - - - 0.11 - - - - -
Nd,0; - - ] . - 0.65 - : - - -
Sm203 - - = = = 0.09 = = - = =
Gd,0; . 0.51 - ; ; 0.49 0.43 . - - -
Tb,0; - 0.04 s - - 0.14 0.04 - - - -
Dy,0; : 1.12 : . - 127 0.53 - - - -
Ho,05 . : . . - - - - . . -
En,0; - 1.05 - ; - 1.03 0.82 - : ’ :
Tm,0; - 0.24 " : - 0.38 - ; - - -
Yb,0; - 1.61 : - . 1.90 0.66 - - - -
CaO - 0.39 - - 1.89 1.57 1.74 - 1.44 - 2.17
MnO - - - - 0.55 - - - 0.60 - 0.68
FeO 0.20 0.49 - - 1.41 1.14 1.19 0.08 1.26 - 1.77
Na,O = = - - 0.51 0.22 0.63 - 0.67 - -
Total 100.47 97.60 100.43 100.35 95.31 86.34 87.25 99.65 90.20 98.76 87.84

1LT




MAS001 MAS005 MAS005 MAS006 MAS006 MAS007 MAS007 MAS009 MAS009 MASO0I1 MASO11
N=3 N=5 N=3 N=3 N=3 N=3 N=5 N=3 N=3 N=2 N=3
Structural formulae calculated on the basis of 4 cations

Si 1.004 0.997 1.000 1.006 0.970 0.972 0.956 1.000 0.987 1.003 0.959
Zr 0.980 0.821 0.993 0.986 0.922 0.646 0.820 0.982 0.906 0.966 0.891
Hf 0.008 - 0.008 0.008 0.005 0.004 0.008 0.010 0.007 0.002 0.003
Th - - - - 0.002 0.024 0.002 - 0.005 0.017 0.014
U - - - - 0.004 0.018 0.008 - 0.003 0.011 0.005
Al - 0.016 - - - 0.081 0.051 0.005 0.007 - -
Y - 0.142 - - - 0.167 0.074 - - - -
La - - . - . 0.003 - - . . -
Ce . 0.003 - - . 0.010 0.005 . . - .
Pr . - = - - 0.002 y . " . -
Nd - - - = - 0.009 - . - - :
Sm - . . . - 0.001 - . . - a
Gd - 0.005 . - . 0.006 0.005 - - - .
Tb . - a . = 0.002 - = - - -
Dy . 0.012 . . . 0.015 0.006 - . . =
Ho - - - - - - - - - - -
Er . 0.011 - . . 0.012 0.009 . - . .
Tm . 0.002 - - . 0.004 . . - . .
Yb . 0.016 - - - 0.022 0.007 = - - .
Ca . 0.013 . - 0.065 0.063 0.067 . 0.052 - 0.081
Mn " - - . 0.015 . - - 0.017 - 0.020
Fe 0.015 0.040 . - 0.113 0.108 0.107 0.006 0.107 - 0.154
Na 0.032 0.016 0.044 - 0.044 - -
Total 2.007 2.078 2.001 2.000 2.128 2.185 2.169 2.003 2.135 1.999 2.127

cLe




MAS012 MAS012 MAS013 MAS013 MAS015 MASO015 MAS015S MAS016 MAS016 MAS017 MASO018
N=4 N=4 N=2 N=2 N=2 N=1 N=3 N=3 N=3 N=3 N=2
Wt. %

SiO, 32.59 30.08 25.38 26.91 32.56 29.87 28.40 32.40 28.52 27.20 31.61
ZrO, 65.62 58.70 39.76 48.87 65.24 58.06 53.44 65.02 57.26 4731 62.26
HfO, 1.04 1.01 0.59 0.46 0.64 1.28 0.74 1.47 0.93 0.39 1.33
ThO, - - 2.19 0.39 0.30 0.40 0.69 0.37 0.59 3.81 0.42
U0, = 0.29 1.49 0.82 0.41 0.26 0.20 0.13 0.31 1.37 0.21
Al,O4 - 0.34 1.98 0.68 - 0.20 - 0.24 0.18 0.36
Y,0; - » 4.16 5.45 - - 0.21 - - - -
La,O4 - - 0.15 - - - - - - - -
Ce,0; - - 0.76 - - - - - - - 0.35
Pr,0; - - 0.57 - - - s - - - :
Nd,0; : - : : i - - - - - 0.12
Sm,0; - - s - - - . - - : .
Gd,0; . - 0.59 0.78 - : : . ; ; -
Tb,0; . . . 0.12 : “ - ’ 3 . »
DyZO:; = s 0.78 1.06 = = = - - - -
Ho,0; - - - 0.21 - - - - - - -
Er,0; - - 1.02 122 - - y ; ; ; )
Tm, 05 - - - 0.24 - - - . - - »
Yb,05 - - 0.87 1.06 - - - ; i : :
Ca0 . 1.46 1.96 1.49 0.09 0.40 1.08 , 0.92 2.02 0.45
MnO - 1.00 0.24 0.56 ’ 0.21 0.54 " 0.66 0.66 :
FeO 0.11 1.89 1.43 1.93 0.16 1.01 2.83 . 2.97 1.64 0.35
Na,0 : 0.61 0.23 0.58 - 0.44 0.40 - 0.32 0.82 -
Total 99.36 95.38 84.15 92.83 99.40 92.13 88.53 99.39 92.72 85.40 97.46

€LT




MAS012 MAS012 MAS013 MAS013 MAS015 MAS015S MAS01S MAS016 MAS016 MAS017 MAS018
N=4 N=4 N=2 N=2 N=2 N=1 N=3 N=3 N=3 N=3 N=2

Structural formulae calculated on the basis of 4 cations

Si 1.002 0.956 0.952 0.920 1.002 0.988 0.956 1.003 0.926 0.980 0.994
Zr 0.984 0.910 0.727 0.815 0.979 0.937 0.877 0.981 0.906 0.831 0.954
Hf 0.009 0.009 0.006 0.004 0.006 0.012 0.007 0.013 0.009 0.004 0.012
Th - - 0.019 0.003 0.002 0.003 0.005 0.003 0.004 0.031 0.003
U . 0.002 0.012 0.006 0.003 0.002 0.001 0.001 0.002 0.011 0.001
Al - 0.013 0.088 0.027 - 0.008 0.008 - 0.009 0.008 0.013
Y - . 0.083 0.099 - , . - s : .
La - : 0.002 « - - . : : - ;
Ce - . 0.010 - - - - . - . 0.004
Pr : - 0.008 ; . : - ; ; ; ;
Nd - . . - . - . . : 5 0.001
Sm - - - - - - : - : : g
Gd - - 0.007 0.009 . ; - - - ; -
Tb . . - 0.001 5 - - - . - :
Dy . - 0.009 0.012 S " - - - ; :
Ho . - - 0.002 . - - - - ; .
Er . - 0.012 0.013 - - . ; - - ;
Tm - - - 0.003 . - . . . . -
Yb - - 0.010 0.011 - - - - - : -
Ca - 0.050 0.079 0.055 0.003 0.014 0.039 . 0.032 0.078 0.015
Mn . 0.027 0.008 0.016 - 0.006 0.015 - 0.018 0.020 -
Fe 0.008 0.151 0.135 0.166 0.012 0.084 0.239 - 0.242 0.148 0.028
Na . 0.038 0.017 0.038 - 0.028 0.026 - 0.020 0.057 :
Total 2.003 2.156 2.184 23 2.007 2.082 2.173 2.001 2.168 2.168 2.026

VLT




MAS019 MAS020 MAS022 MAS024 MAS024 MAS025 MAS025 MAS026 MAS026 MAS026 MAS030
N=4 N=4 N=4 N=3 N=2 N=3 N=4 N=2 N=2 N=4 N=3
Wt. %
Sio, 32.58 32.55 32.13 28.72 32.26 32.53 28.43 32.89 32.58 28.99 32.93
70, 65.71 65.72 64.17 54.58 64.66 63.74 55.35 64.40 64.36 55.17 66.6
HfO, 0.49 1.12 1.20 1.65 1.26 2.17 1.80 0.74 0.94 2.51 0.89
ThO, 1.44 - . 0.81 0.38 . 0.86 - 0.69 0.45 g
Uo, . - - - - . 0.15 y - . -
ALO; - . 0.26 0.30 . 0.71 0.36 - s 0.27 -
Y,0; - - - - - - - - - - -
La203 - = = = = = = = = = =
Ce,0; - - - - - - - . . . -
Pr,0; - - - - - - . - - : -
Nd,0; - - - - - - - - . - -
Sm,0; - - - - - - : : . . .
Gd,05 - - - - - - . - - - -
Tb,0s - - - - - - . - - - -
Dy:0s - - : : - - - - - - -
Ho,0; - - - - - - - - - - -
Er203 = = = = - - = . - . -
Tm,0; - - - - - - : - . . -
Yb,05 - - - . - - - - - . -
CaO - 0.09 0.19 1.61 0.06 0.05 2.28 - - 1.79 -
MnO - = - 0.14 - - 0.40 - . 0.77 .
FeO 0.06 . 0.59 0.99 0.13 0.16 1.61 0.51 0.24 2.68 0.22
Na,0 - = . 0.49 - - 0.33 . . 0.46 -
Total 100.28 99.48 98.54 89.29 98.75 99.36 91.57 99.54 98.81 93.09 100.64

SLT




MAS019 MAS020 MAS022 MAS024 MAS024 MAS025 MAS025 MAS026 MAS026 MAS026 MAS030
N=4 N=4 N=4 N=3 N=2 N=3 N=4 N=2 N=2 N=4 N=3

Structural formulae calculated on the basis of 4 cations

Si 1.000 1.002 0.991 0.979 1.001 1.000 0.947 1.002 1.007 0.938 0.999
Zr 0.983 0.987 0.965 0.907 0.979 0.955 0.899 0.972 0.970 0.870 0.985
Hf 0.004 0.010 0.011 0.016 0.011 0.019 0.017 0.006 0.008 0.023 0.008
Th 0.010 . , 0.006 0.003 - 0.007 . 0.005 0.003 :
U . - - - , ; 0.001 - - . -
Al « x 0.009 0.012 : 0.026 0.014 . - 0.010 ’
Y - - - - - - - - - - -
La - - - - - - - . - - -
Ce - - - - - - - - - - -
Pr - . - - - - - - . - -
Nd - - - - - - - - . -

Sm = . - . . - . - : - -
Gd - - - - - . - - - - -
Tb . - - - - - - - . - -
Dy - . - - - - - . - . .
Ho - - - - - - - - - - -
Er - - - . - - - - - - -
Tm - . - - - - - - - - -
Yb - - - - - - - - - - -
Ca - 0.003 0.006 0.059 0.002 0.002 0.081 . : 0.062 -
Mn . . - 0.004 « - 0.011 - - 0.021 -
Fe 0.005 - 0.046 0.085 0.010 0.012 0.135 0.039 0.019 0218 0.017
Na : - - 0.032 “ - 0.021 - - 0.029 -
Total 2.002 2.001 2.028 2.101 2.006 2.013 2.133 2.019 2.009 2.175 2.008

9LT




MAS031 MAS032 MAS032 MAS032 MAS033 MAS033 MAS033 MAS034 MAS034 MAS038 MAS038
N=3 N=3 N=1 N=2 N=1 N=2 N=3 N=4 N=7 N=3 N=2
Wt. %
Si0, 32.87 32.98 28.40 28.30 32.79 27.52 29.65 32.89 28.29 33.32 28.93
710, 65.43 65.95 55.92 55.47 64.81 48.43 54.69 66.97 57.54 64.91 58.31
HfO, 1.38 1.41 1.17 0.83 0.43 - 1.03 0.48 0.78 1.10 0.86
ThO, - s 0.94 1.05 . . . - 0.38 , 2.28
uo, - - 2 - - - . - 0.21 s 027
Al,O; 0.21 0.22 0.29 027 - 0.80 1.00 - 0.52 0.44 0.33
Y50, - - . - - - . - : : :
La,0; . e 5 - . : : . . . 111
Ce,0; - . s - : - 0.35 - s : 1.73
Pr203 - = = = o = = = = = =
Nd,0s - - . . - - 0.17 - - - 0.44
Sm,0; - - - - - . . : - - -
Gdy05 . - - - - - s ’ : - .
Tb203 = = = = - = = = = - -
Dy,0; - - : s - 0.91 0.48 - : . .
H0,05 . - x - . 0.32 0.19 . : . :
Er,0; : . , - - 0.63 0.65 - . - .
Tm,0s . . - - : - : - - - -
Yb,0; - . : . - 0.83 0.66 - . . ,
CaO . - 0.18 1.27 . 1.64 1.43 . 2.40 - 1.65
MnO - - . - 0.32 . 0.32 . 0.71 - -
FeO 0.21 - 0.27 1.44 0.68 1.05 1.32 . 0.55 0.72 1.14
Na,0 - z 0.83 0.43 - 0.33 0.26 : 0.68 S "
Total 100.10  100.56  88.00 89.06 99.03 82.46 92.20 10034  92.06 100.49  97.05

LLE




MAS031 MAS032 MAS032 MAS032 MAS033 MAS033 MAS033 MAS034 MAS034 MAS038 MAS038
N=3 N=3 N=1 N=2 N=1 N=2 N=3 N=4 N=7 N=3 N=2

Structural formulae calculated on the basis of 4 cations

Si 1.002 1.003 0.991 0.963 1.001 1.004 0.976 1.001 0.947 1.001 0.938
Zr 0.972 0.978 0.952 0.921 0.965 0.861 0.877 0.994 0.939 0.951 0.922
Hf 0.012 0.012 0.012 0.008 0.004 . 0.010 0.004 0.007 0.009 0.008
Th - . 0.007 0.008 . : . - 0.003 - 0.017
U . - - - . - - - 0.002 - 0.002
Al 0.008 . 0.012 0.011 . 0.034 0.039 - 0.021 0.016 0.013
Y - = - - = . - = = = .
La - - : - : - - - . - 0.013
Ce : : : - - - 0.004 . . - 0.021
Pr - : - - : - - - . . «
Nd - . - - - - 0.002 . - . 0.005
Sm - - - - - . - - - - -
Gd - - - - - - - - - - -
Tb . = - - - - - - : - -
Dy . - - - « 0.011 0.005 . . - -
Ho - . - - - 0.004 0.002 " - .
Er - . - - - 0.007 0.007 s » - -
Tm - - - . - - - . - - -
Yb - . - - s 0.009 0.007 - - - -
Ca : . 0.007 0.046 - 0.064 0.050 - 0.086 . 0.057
Mn - - . - 0.008 - 0.009 : 0.020 - -
Fe 0.016 . 0.024 0.123 0.052 0.096 0.109 - 0.046 0.054 0.093
Na - : 0.056 0.028 . 0.021 0.017 . 0.044 - -
Total 2.010 2.002 2.060 2.109 2.030 2.114 2.113 2.000 2.114 2.031 2.088

8LT




MAS038 MAS040

N=1 N=4
Wt. %

SiO, 23.59 32.47
Zr0O, 48.11 66.37
HfO, 0.75 0.24
ThO, 4.00 -
uoO, 0.46 -
AlLO; 0.36 -
Y203 - =
La,03 3.09 -
Ce,0; 4.03 -
PI'203 - -
Nd,O4 0.78 -
Sm203 - -
Gd,05 = -
Tb,04 - -
Dy,0s - -
Ho,0; - -
Er,0; - -
Tm203 - =
Yb,04 - -
CaO 3.89 -
MnO = -
FeO 1.03 -
Na,O - -
Total 90.09 99.08

6LC




MASO038 MAS040
N=1 N=4

Structural formulae calculated on the basis of 4 cations

Si 0.871 1.001
Zr 0.867 0.997
Hf 0.008 0.002
Th 0.034 -
U 0.004 -
Al 0.016 -
Y - -
La 0.042 -
Ce 0.055 -
Pr - -
Nd 0.010 -
Sm - -
Gd - -
Tb - -
Dy = =
Ho - -
Er - o
Tm - -
Yb - -
Ca 0.154 -
Mn = -
Fe 0.095 -
Na - =
Total 2.155 2.000

08¢
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IILXVIII Zirconolite [Fe* recalculated using the method of Droop (1987)]

" MAS001 MAS002 MAS002 MAS002 MAS005S MAS005 MAS023

| N=5 N=3 N=5 N=3 N=3 N=5 N=3
Wt. %

WO, 0.26 - - : 0.59 0.38 -
Nb,Os 10.54 10.04 8.01 8.21 12.62 11.88 17.58
Ta,05 1.90 s . - 1.83 1.61 0.91
Si0, 0.79 0.60 0.59 0.40 2.82 2.01 -
TiO, 20.58 23.06 25.60 22.67 21.43 22.50 18.18
Zr0, 27.20 32.14 3321 28.97 28.89 29.50 30.40
HfO, 0.44 0.49 0.39 0.59 0.57 0.75 0.54
ThO, 3.09 1.95 2.15 2.19 3.92 3.15 0.16
Uo, 1.14 0.78 0.75 0.89 0.42 0.47 o
ALO; 0.26 0.65 0.15 0.59 0.23 0.38 0.20
Y,0; 1.77 221 2.34 4.69 7.44 8.16 1.78
La,0; 2.24 2.07 1.64 2.24 0.52 0.73 2.54
Ce,0; 6.37 6.61 5.17 7.63 2.44 2.82 7.11
Pr,05 1.54 1.01 1.04 1.38 0.49 0.41 1.10
Nd,0; 4.10 3.54 2.54 3.34 1.59 1.49 3.67
Sm,0; 0.79 0.46 0.89 0.36 0.41 0.22 0.55
Gdy0; 0.14 - - 0.24 1.54 2.04 -
Tb,0; 0.32 2 - 0.53 0.29 0.19 .
Dy,0s 0.84 . - 1.40 2.05 2.59 .
Ho,0; 0.39 - - 0.46 0.56 0.66 -
Er,0; 0.31 - - 0.03 0.87 1.24 .
Tm,0; 0.40 - - 0.32 0.21 0.19 .
Yb,0; 0.37 ; . 0.15 0.69 1.19 .
Lu,05 0.25 - . 0.07 0.16 . -
Fe,0; 1.84 0.08 0.62 1.91 - . :
FeO 6.84 8.47 7.11 6.05 3.54 2.64 9.13
CaO 6.11 6.15 7.42 5.39 4.54 3.65 6.98

Total 100.76 100.31 99.62 100.70 100.66 100.85 100.83
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MAS001 MAS002 MAS002 MAS002 MAS005 MAS005 MAS023
N=5 N=3 N=35 N=3 N=3 N=5 N=3

Structural formulae calculated on the basis of 7 oxygens

w 0.005 - - - 0.010 0.007 -
Nb 0.333 0.305 0.240 0.256 0.382 0.362 0.541
Ta 0.036 - - - 0.033 0.030 0.017
Si 0.055 0.040 0.039 0.028 0.189 0.136 -
Ti 1.081 1.165 1.277 1.174 1.080 1.141 0.930
Zr 0.926 1.052 1.074 0.973 0.944 0.970 1.008
Hf 0.009 0.009 0.007 0.012 0.011 0.014 0.010
Th 0.049 0.030 0.032 0.034 0.060 0.048 0.002
U 0.018 0.012 0.011 0.014 0.006 0.007 -
Al 0.021 0.051 0.012 0.048 0.018 0.030 0.016
Y 0.066 0.079 0.083 0.172 0.265 0.293 0.064
La 0.058 0.051 0.040 0.057 0.013 0.018 0.064
Ce 0.163 0.163 0.126 0.192 0.060 0.070 0.177
Pr 0.039 0.025 0.025 0.035 0.012 0.010 0.027
Nd 0.102 0.085 0.060 0.082 0.038 0.036 0.089
Sm 0.019 0.011 0.020 0.009 0.009 0.005 0.013
Gd 0.003 - - 0.005 0.034 0.046 -
Tb 0.007 - - 0.012 0.006 0.004 -
Dy 0.019 - - 0.031 0.044 0.056 -
Ho 0.009 - - 0.010 0.012 0.014 -
Er 0.007 - - 0.001 0.018 0.026 -
Tm 0.009 - - 0.007 0.004 0.004 -
Yb 0.008 - - 0.003 0.014 0.024 -
Lu 0.005 - - 0.001 0.003 - -
Fe** 0.435 0.476 0.395 0.351 - - -
Fe** 0.064 0.004 0.031 0.100 0.198 0.149 0.519
Ca 0.457 0.443 0.527 0.398 0.326 0.264 0.509

Total 4.002 4.000 4.001 4.003 3.791 3.764 3.987




MAS023 MAS023
N=1 N=2
Wt. %

WO, - -
Nb,Os 19.66 16.49
Ta,0s 0.89 0.82
SiO, - -
TiO, 16.22 18.39
ZrO, 29.49 28.98
HfO, 0.24 0.57
ThO, 1.08 0.85
U0, 0.45 -
AlLO; - -
Y,0; 1.76 1.82
La,04 1.63 1.98
Ce,04 6.70 7.18
Pr,0; 0.78 1.19
Nd,04 4.32 4.03
Sm,05 0.53 0.46
Gd,03 - -
Tb,05 - -
Dy,0s - -
Ho,03 - -
Er,O; - -
Tm,04 - -
Yb,03 - -
Lu,O3; - -
Fe,05 - 0.15
FeO 9.69 8.90
CaO 6.88 7.02
Total 100.32 98.82
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MAS023 MASO023
N=1 N=2

Structural formulae calculated on the basis of 7 oxygens

W - -
Nb 0.614 0.519
Ta 0.017 0.016
Si - -
Ti 0.843 0.963
Zr 0.994 0.984
Hf 0.005 0.011
Th 0.017 0.013
U 0.007 -
Al - -
Y 0.065 0.067
La 0.042 0.051
Ce 0.170 0.183
Pr 0.020 0.030
Nd 0.107 0.100
Sm 0.013 0.011
Gd - -
Tb - -
Dy =
Ho - -
Er - -
Tm - -
Yb - -
Lu - -
Fe** - 0.008
Fe* 0.560 0.518
Ca 0.509 0.524

Total 3.981 4.000






