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Abstract 

In northern Saskatchewan, granitic pegmatites intrude Early Paleoproterozoic 

Wollaston Group metasedimentary rocks and interfolded granitoids that unconformably 

overlie Late Archean gneisses, all of which have been subjected to deformation during 

the protracted 1.86 to 1.77 Ga Trans-Hudson Orogeny. U-Th±REE-Y-Nb-pegmatite 

intrusions and fracture-controlled uranium mineralization characterizes the U-Th±REE

Y-Nb occurrences at Kulyk Lake, Eagle Lake, and Karin Lake mineral exploration 

properties in the south-central Wollaston Domain. The pegmatites are moderately to 

highly evolved, ranging from mineralogically simple- to complex-type pegmatites. The 

complex-type pegmatites are hybridized, due to bimetasomatic interaction with the host 

rocks. Saturation of U-Th±REE-Y-Nb occurs at the margins (predominantly border and 

wall zones) of the hybridized pegmatites, linking them genetically. These are rare-earth 

element class, NYF pegmatites (Nb-Y-F type), and are interpreted to have formed in a 

late syn- to post-collisional tectonic setting. The age constraints, textures and relatively 

high-T partial melting conditions (-750 to 800°C) confine the pegmatite's melt-forming 

conditions to an early deformational event dated between 1835 and 1805 Ma, followed 

by post-peak high-temperature retrograde metamorphism ca. 1770 Ma. Field 

relationships, textures, and geochemical variations between pegmatite groups provide 

strong evidence that U, Th, REE±Y- Nb phases in pegmatites from the Kulyk, Eagle, 

and Karin lakes continued to evolve in an open- to closed-system environment. 

Assimilation and/or fractional crystallization processes progressed during melt ascent, 

aiding in the exchange of U, Th, and REE accessory phases between continuous 
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multiple pegmatite injections through various conduits during the Trans-Hudson 

Orogeny near peak metamorphic conditions. The mineralizing phases are progressively 

enhanced into the last stage of pegmatite evolution, when fluid fractionation would 

occur via infiltration of a volatile phase through partially crystallized portions of the 

pegmatite ( and eventually the host rocks) that will enhance metasomatic transfer, i.e., 

assist in the diffusion and advection of U, Th, and HFSEs (REEs and Zr) from the melt. 

Furthermore, mineralogical, textural, geochemical, geochronological, and isotopic data 

was used to expand on the fractionation model for these particular ascending NYF -type 

enriched melts, providing evidence for an immiscible phosphatic liquid during the 

evolution of the monazite showing at Kulyk Lake. These particular residual melts 

evolved via protracted fractionation that at a critical point will evolve into an immiscible 

phosphatic melt enriched in Fe, Ti, Th, Y and REE. 
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Chapter 1 - Introduction 

1.1. Background 

Pegmatite-related uranium deposits are classified as a sub-(deposit) type of the 

"Intrusive U Deposits" that is acknowledged in the global and regional classification 

scheme for uranium deposits (Dalhkamp 2009). The Intrusive U Deposit class defined 

by Dalhkamp (2009) is characterized by disseminated primary uranium minerals in 

rocks of intrusive magmatic or anatectic origin. Five major sub-types are identified: 

alaskite, quartz-monzonite, carbonatite, peralkaline syenite, and pegmatite. Cerny and 

Ercit (2005) further redefined the classification, designating the 'NYF-type' pegmatites 

as having significant concentrations of Nb, Y, and F, in addition to Be, REE, Sc, Ti, Zr, 

Th, and U. The first four sub-types of Dalhkamp (2009) Intrusive U Deposit class are all 

of very low grade (20--400 ppm U), but could contain larger resources. Only pegmatite 

deposits averages up to 0.1 wt. % U, but resources are generally low (few tonnes to few 

hundred tonnes U). They are known worldwide in most of the major orogens and have 

been the subject of several studies that described the intrusive uranium deposits as 

characteristically related to partial melting processes that have produced extensive U 

mineralization in pegmatites, alaskitic pegmatites, or aplites (MacKevett 1963; Berning 

et al. 1976; Fehn et al. 1978; Rogers et al. 1978; Nex et al. 2001; Reynolds 2001; 

Kinnaird and Nex 2007). Uraniferous pegmatites can be associated with rare-earth 

metals, but may have historically been overlooked as potentially economic sources of 

these minerals (Mariano 1989); however due to the recent high demand for strategic 

metals, the study of rare-earth elements (REEs) in pegmatites has increased (Linnen et 

al. 2012). 
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1.1.1. Mineralogy of U-Th-REE pegmatites 

Uranium (U) minerals are common constituents in pegmatites, and are closely 

associated with thorium (Th) and rare-earth elements (REEs; La, Ce, Pr, Nd, Pm, Sm, 

Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu), but rarely occur in sufficient quantities to be 

economically important as a source of uranium and/or thorium and rare-earth metals. 

Uraninite (U02) is the best known and the most common reduced, uranium-rich 

mineral present in the majority of uranium deposits. Thorium-rich uraninite is the most 

common uranium-bearing mineral in granitic pegmatites. Uraninite has a structure very 

similar to that of fluorite, with the U4
+ cation coordinated by eight O atoms in a cubic 

array and with each O atom bonding to four U4
+ cations. Thorianite (Th02) has the same 

structure and forms complete solid solution with uraninite (Smith 1984). The primary U

Th minerals may be associated with complex oxides that are columbates-tantalates

titanates of sodium, calcium, rare-earths, thorium, and uranium, including samarskite 

((Y, Er, U, Fe +2)(Cb,Ta)20 5) and euxenite ((Y, Ce )i(Ti, Cb, Ta)05). In addition to the 

simple and complex oxides of uranium, there are several rare-earth phosphates, such as 

monazite ((Ce, La, Nd, Th, U)P04) and xenotime (YP04), and silicates such as allanite 

((Ce,Ca,Y,La)i(Al,Fe +3
) 3(Si04) 3(0H)) and zircon (ZrSi04), which are common in 

uraniferous pegmatite deposits. All of the above primary U -Th-REE minerals are partly 

or completely altered to secondary hydrated oxides, phosphates, and silicates that are 

associated with the late stages of pegmatite formation. A review of the radioactive 

minerals in pegmatites was first described in Page ( 1950), detailing the U-bearing 

minerals found in pegmatites in the United States and other parts of the world ( e.g., 

Madagascar). The comprehensive review by Page (1950) describes occurrences of U-
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Th±REE mineralization that can occur in any type of structural unit, but largely in 

pegmatite intermediate and core zones, and less common in fracture-filling or 

replacement zones. The mineralization is almost always associated with perthite-rich 

zones in mineralogically distinct assemblages of the pegmatites, such as border zone, 

intermediate zone, core-margin zone and large core of nearly pure, monomineralic 

quartz. Mineralogically and structurally simple pegmatites are most likely to contain U, 

Th, and REE minerals, if they have characteristics of zones with: quartz-plagioclase

perthite ± muscovite and/or biotite or perthite-quartz-plagioclase-amblygonite

spodumene; zones with these mineralogic assemblages are also most favourable for the 

occurrence of uranium in structurally complex, or multi-unit pegmatites. Heinrich 

(1958) and Simmons and Heinrich (1975) describe evidence of U-Th-REE zonation 

between structurally complex groups of pegmatites. Allanite (LREE-enriched) is 

restricted to bizonal, composite-core pegmatites, and samarskite (HREE-enriched) is 

found within polyzonal, quartz-core pegmatites. The U-Th-REE mineralization within 

the different pegmatite groups is described as replacement mineralization, and 

characterized by albite, fluorite, hematite, REE minerals, and sericite. The well

developed internal zonation of U-Th-REE minerals (and secondary alteration) forms 

asymmetrical toward the tops of the pegmatites, indicating incompatible element 

constituents ascended upward (volatile assisted?) during pegmatite crystallization 

(Simmons and Henrich 1980; Simmons et al. 1987). 

1.1.2. Classification of U-Th-REE pegmatites 

The first modern classification for characterizing granitic pegmatites is by 

Ginsburg et al. ( 1979), who distinguished four geological classes of pegmatite ( abyssal, 
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muscovite, rare-element and miarolitic) on the basis of their crustal environment (i.e., 

depth of their intrusion, and on their relationship to metamorphism and granitic plutons. 

Cerny (1990, 1991a) revised this classification using petrological, paragenetic and 

geochemical criteria; this is the most widely used compositional classification of 

pegmatites. Cerny's classification is based on classes that are mostly related to 

metamorphic conditions of pressure and temperature. The two pegmatite families 

correspond to the distinctive enrichment in elements produced by fractionation within 

chemically distinct pegmatites. They are lithium-cesium-tantalum (LCT) and niobium

yttrium-fluorine (NYF) pegmatites that are enriched in incompatible elements, such as 

U, Th, and REEs, many of which are considered strategic metals (Linnen et al. 2012); 

the latter will be discussed in this study. The classification of NYF -type pegmatites is 

not as well defined as the LCT -types, because the origin of the trace-element signature 

is comparatively obscure (London 2008). For example, it is unknown if the 

predominance of Nb over Ta reflects their relative abundance in the source rocks or if 

the magmatic chemistry of their parental granites fractionates these two elements 

(Linnen and Cuney 2005). Wise ( 1999) expanded on the Cerny ( 1991) classification of 

NYF-pegmatites. This expanded classification divides the NYF pegmatite group into 

three categories, based on aluminum saturation of the parent granite: peralkaline, 

metaluminous, and peraluminous, as each category is subdivided by mineralogical and 

geochemical characteristics. According to the Wise ( 1999) classification, NYF -type 

pegmatites are restricted to peralkaline (fayalite and amphibole types) and metaluminous 

( allanite-, euxenite-, and gadolinite-bearing), whereas mildly peraluminous A-type 

granites will generate pegmatites with LCT -type signatures, representing extremely 

4 



fractionated NYF-type pegmatites. Wise (1999) also related the geochemistry of those 

pegmatite bodies to post-tectonic to anorogenic plutons formed in continental or oceanic 

rift zones. Cerny and Ercit (2005) further redefined the classification of granitic 

pegmatites that have significant concentrations of Nb, Y, and F, in addition to Be, REE, 

Sc, Ti, Zr, Th, and U, employing the names from Ginsburg et al. (1979), but with added 

sub-class types. The NYF pegmatite family has sub-types that include abyssal- HR.EE or 

-LREE, rare-element-allanite-monazite, or -euxenite, or -gadolinite, muscovite, and 

miarolitic-REE. Pegmatites of the abyssal (HR.EE or LREE) class correspond to 

products of partial melting occurring within the P-T range of the granulite facies 

( extending to upper amphibolite conditions) as defined by Yardley ( 1989), but excluding 

the high extremes of pressure (Cerny and Ercit 2005). The generation of the NYF-type 

abyssal pegmatites does not necessarily happen at peak conditions of granulite-facies 

metamorphic conditions, but are more commonly related to relatively late processes 

connected with adiabatic melting during uplift and emplacement into polymetamorphic 

domains (Cerny and Ercit 2005). Similarly, the muscovite sub-type is formed by partial 

melting, but largely conformable to, and in part deformed with, host rocks of high

pressure amphibolite facies. Pegmatites of the rare-element class are generated by 

differentiation from granitic plutons, emplaced largely at intermediate to relatively 

shallow depth, and marked by a tendency to accumulate an economic concentration of 

lithophile rare-elements in the more fractionated pegmatite bodies (Cerny and Ercit 

2005). Lastly, the miarolitic-REE NYF-pegmatite sub-type consists of primary cavities 

within a parent pegmatite body that are elevated in REEs. These are shallow-seated ( <8 

km depth) pegmatites in which the gas-phase separation was triggered by a pressure 
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quench. The REE signatures of NYF-type pegmatites are inherited from the source of 

the melt, and will depend entirely on the specifics of the melting reactions and the extent 

of melting in their respective sources (London 2008). 

Typically, these pegmatites have moderately enriched crystal-melt systems 

containing accessory phases, such as zircon, allanite, chevkinite, euxenite, gadolinite, 

monazite, xenotime, and apatite that carry the bulk of the U, Th, and REE's. The 

abyssal, rare-element, and miarolitic NYF-type pegmatites have generally not been 

exploited for the suite of rare elements, although they have been mined for other 

industrial minerals ( e.g., feldspar and more rarely quartz). 

1.1.3 Petrology of U-Th-REE pegmatites 

Magmatic U-Th-REE deposits are associated with intrusive or anatectic rocks of 

various chemical composition and include pegmatites, alaskites and associated vein -type 

and metasomatic deposits. The petrology of these deposit types is defined by high 

temperature magmatic processes that generate uranium deposits ( e.g., Rogers et al. 

1978; Simmons et al. 1987; Plant et al. 1999; Cuney and Kyser 2008), including: 1) 

primary enrichment during differentiation of an evolved magma; 2) enrichment in 

residual melts that is associated with volatiles and/or fluids and; 3) in situ partial melting 

of uraniferous country rock. Partial melting ( anatexis) is a complex process that is 

affected by a number of variables, the most important being the nature of the mineral 

assemblage making up the protolith, as well as local pressure, temperature, and 

water/volatile content. Partial melts can be considerably enriched in certain elements, 

but depleted in others, relative to the source rock. Ore formation is directly related to the 

concentration of incompatible elements, such as Zr, Nb, Th, U, Y, and the REEs (La, 
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Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) in the early melt phase of a 

rock undergoing anatexis or residual magma during progressive crystallization. These 

elements have a low mineral-melt partition coefficient in most magmas due to their 

large ionic radii, which prevents their entry into most of the common minerals. As a 

result, they behave as incompatible elements, becoming concentrated in the remaining 

melt. When rocks undergo partial melting, compatible trace elements concentrate in the 

solid and incompatible trace elements concentrate in the melt. Similarly, during cooling 

compatible elements are mostly found in early formed crystals and incompatible 

elements are enriched in the residual melt ( e.g., Cox et al. 1979; Rollinson 1993; 

Albarede 1996). The behaviour of incompatible trace elements during partial melting 

can vary, and ultimately controls the amount of U, Th, and REEs in pegmatites, 

alaskites, and leucogranites. 

Pegmatite-related U-Th-REE deposits are associated with volatiles and/or fluids 

during late-stage, high temperature magmatic processes that assist in partitioning the 

elements (U, Th, REEs) out of the primary pegmatite zone and into the final residual 

fluids (Cerny et al. 1986; Stem et al. 1986; Walker et al. 1986; Simmons et al. 1987; 

Plant et al. 1999; Cuney and Kyser 2008). During the later stages of pegmatite formation 

the crystallization of liquidus minerals and active generation of a volatile phase from the 

coexisting melt can bring about important exchanges of materials between the volatile 

phase, the early formed crystals, and the wallrock. As a result of this metasomatic 

exchange, an increase the concentrations of U, Th, REE, Y, and Nb in pegmatites will 

take place. Metasomatic interaction between pegmatites has been the focus of many 

studies that describe the processes in which host rock interactions enrich the pegmatite 
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margins in U, Th, and REE accessory phases ( e.g., Rimsaite 1980; Simmons and 

Heinrich 1980; Rimsaite 1982, 1983, 1984, 1985, 1986; Shearer et al. 1986; Morgan VI 

and London 1987; Williams, 1987; Owen 1989; Kretz et al. 1989; London 1992b; Lentz 

1992b, 1996). These studies give examples of enriched granitic pegmatites that range 

from unzoned to strongly zoned, and can be compositionally simple or complex. 

Metasomatism of wallrocks through pegmatite-derived and/or other magmatic

hydrothermal fluids is often described as hybridization and/or skarnification reactions 

(e.g., Lentz 1996). 

In most pegmatite systems, the actual depositional mechanisms for U -, Th-, REE-, 

Zr-, Y -, and Nb-rich phases and the importance of understanding the processes 

responsible for saturating U, Th, and REEs, relative to the timing and mechanisms of 

pegmatite emplacement has been discussed (Ercit 2005; London 2005; Martin and De 

Vito 2005; Lentz 1996). These authors discuss observations that reflect a fundamental 

difference in how these plutons and associated pegmatites become enriched in U, Th, 

and REEs, and how they crystallize in a specific tectonic setting. 

1.1.4. Global U-Tb-REE pegmatite-related deposits 

Uranium-, Th-, and rare-earth element-enriched NYF pegmatites are found in 

numerous places in southern Norway, Sweden, Russia, Finland, Brazil, Western 

Australia, and Madagascar (Rogers et al. 1978). Globally, the U-Th-REE pegmatites 

occur in zones of crustal remobilization in moderate to high metamorphic terranes 

( amphibolite facies ). They are common in Paleoproterozoic-age terranes ( e.g., Trans

Hudson Orogen), Mesoproterozoic-age terranes ( e.g., Grenville Orogen, Bancroft 

deposits), and Neoproterozoic-age terranes (e.g., Damaran Orogen, Rossing deposit). 
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The tectonic regime m these terranes is similar; remobilized anatectic melts were 

generated in response to compressional deformation associated with high-grade 

metamorphism related to orogenic activity. The U-Th-REE pegmatite occurrences 

resulted from considerable fractionation, following extensive crustal reworking during a 

complex history in each of the orogenic belts in which several cycles of igneous 

crystallization, metamorphism, and anatexis would have occurred (Rogers et al. 1978). 

These pegmatite-granite uranium enrichment processes were not effective during the 

early history of the earth, since igneous uranium deposits are unknown in Archean 

rocks. 

Uranium deposits formed from late magmatic differentiates and associated fluids 

and vapors are subdivided into various genetic types (see Rogers et al. 1978). For the 

purpose of this study, we will describe the metasomatically altered pegmatitic dykes and 

veins, which are of particular interest in the Paleoproterozoic-, Mesoproterozoic-, and 

Neoproterozoic-related uraniferous pegmatites and granites. In these terranes, deposits 

in pegmatites, alaskitic pegmatites, or aplites seemingly crystallized after the main body 

, of magma from late-stage, volatile-rich differentiates. The contact zones of the 

pegmatite-aplite-alaskite bodies are areas that can concentrate volatiles, and therefore 

high concentrations of U, Th, and/or rare-earth elements are located along the 

pegmatite-wall rock contact (Rogers et al. 1978). Experimental studies by Tuttle and 

Bowen (1958), Luth and Tuttle (1968), Jahns and Burnham (1969), and Whitney (1975) 

subdivide granite crystallization into three general stages: (1) crystallization of liquidus 

crystals from the silicate melt (liquid+ crystals); (2) crystallization of liquidus minerals 

and active generation of an aqueous volatile phase (hereafter called the supercritical 
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fluid - SCF) from the coexisting melt (liquid+ crystals + SCF); and (3) subsolidus stage 

reactions, after completed crystallization of the silicate melt ( crystals + SCF). The main 

body of intrusive granite crystallizes during stage 1. Development of pegmatites and 

aplites can begin with either stage 1 or 2; however, Jahns and Burnham (1969) suggest 

that the processes involved in stage 2 are essential to the origin of pegmatites. Steps 2 

and 3 can bring about important exchanges of materials between the fluid phase, the 

early formed crystals, and the wall rock. These effects can include metasomatic 

alteration. Uraniferous pegmatites and aplites, such as the Rossing and Bancroft 

deposits, may have formed as a consequence of (stage 2) pegmatite-granite 

crystallization. 

The Rossing U deposit in Namibia is the most significant pegmatite (Intrusive U) 

deposit type, as it is one of the largest uranium deposits in the world. The uranium 

mineralization is associated with syntectonic alaskite (leucogranite) dykes that show 

wide textural variations ranging from aplitic, granitic, to pegmatitic and forming (sub) 

concordant to discordant bodies (dykes) in heavily folded gneisses. The ore consists of 

disseminated uraninite with associated secondary silicates and oxides; the Rossing U 

deposit is one of the lowest grade U deposits ever mined (Cuney 1980, 1982; Cuney and 

Kyser 2009). Rossing occurs in the central zone of the c. 500 Ma Damaran orogen and 

the leucogranites are thought to be a product of partial melting of older basement 

comprising granite and supracrustal (metasedimentary) sequences. Upper amphibolite to 

granulite metamorphic facies occurs regionally and melts are considered to have been 

derived from depths not significantly greater than the actual level of emplacement, as 

indicated by the abundance of leucogranitic dykes in the region. Although the deposit is 
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low grade, a concentration of 310 ppm uramum m the leucogranite nevertheless 

represents a significant enrichment factor relative to the average crustal abundance, or 

Clarke value (i.e., about 2.7 ppm for U; Robb 2005). This degree of enrichment is 

consistent with what might be expected for a magma formed by a low degree of partial 

melting of an already reasonably enriched protolith. In order to achieve concentrations 

of around 300 ppm U by batch melting, either the degree of melting would have to have 

been very low (i.e., <<5%), or the protolith would itself have to have been significantly 

enriched, and have contained substantially more than 10 ppm U ( e.g., Robb 2005). 

A similar example to the Rossing-type pegmatite-related uranium deposit is the U

Th-REE-Mo Grenville pegmatites, specifically those in the Bancroft District of Ontario, 

Canada. The Grenville orogen has a large number ofU-Th-REE-Mo occurrences related 

to anatectic pegmatites and related metasomatic rocks (see Lentz 1991, 1996, and 

references therein). The deposit located in Bancroft was home to four mines that 

produced a total of 5, 700 tonnes U at approximately 0.10 wt. % U308 between 1956 

and 1982 (Carter and Colvine 1985; Alexander 1986). The principle ore minerals in 

pegmatites are uraninite with up to 10% Th 0 2, uranothorite, and sporadic allanite, 

fergusonite, and betafite. Pegmatites in the Bancroft area are often associated with at 

least 50% mafic minerals at, or near the contact, predominantly pyroxene, with 

inclusions of uraninite, uranothorite, magnetite, and allanite, and locally in anhydrite or 

scapolite (Rimsaite 1986). The granitic pegmatites in the Grenville Province intruded 

between 1060 and 1010 Ma (Easton 1986); they are associated with partial melting at 

depth caused by adiabatic uplift at near-peak metamorphic conditions. The U-Th-REE 

mineralization in the Bancroft area is complex and likely occurred starting with dilatant 
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(pegmatite melt) injection, accompanied by assimilation and fractionation, followed by 

metasomatic replacement and a magmatic-hydrothermal vein stage (Lentz 1996). The 

uranium-rich, high-temperature calcite-fluorite-apatite veins (vein-dykes; Lentz 1998), 

specially near Bancroft (see Satterly 1956) are similar to quartz-fluorite veins associated 

with the Rossing U deposit. Both Rossing and Bancroft are also associated with 

deposits in skarns near the intrusive contact. 

1.1.5. Saskatchewan pegmatite-, granite-, and vein-related U-Th-REE occurrences 

There are more than 40 reported REE occurrences in northern Saskatchewan, but 

of these only a handful were explored primarily for their REE-Y-Nb potential (Harper 

1987). Many were discovered as a result of uranium exploration, because they are 

associated with low level radioactivity. Presently, the Saskatchewan Geological Survey 

(SGS) is undergoing a multi-year mapping project intended to address the 

tectonometamorphic setting and geological evolution of REE mineralization in northern 

Saskatchewan (see Normand et al. 2009; Normand 2010, 2011, 2012). The occurrences 

are subdivided into five types consisting of; 1) pegmatite-granite association; 2) 

metamorphosed detrital occurrences; 3) allanite veins; 4) detrital, heavy mineral sands in 

the Athabasca Group, and; 5) diagenetic-hydrothermal associated with unconformity 

uranium deposits (Fig. 1-1). A majority of the U-Th-REE occurrences, including the 

allanite vein association, are related to alkaline intrusions and granitic pegmatite-aplite 

dykes that contain predominately monazite, allanite, apatite, zircon, thorite, and 

xenotime. The pegmatites and associated mineralization in the Hearne Province are 

thought to have formed as anatectic melts of Archean granitic gneisses and 

Paleoproterozic sedimentary rocks, related to upper amphibolite facies metamorphism 
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associated with orogemc activity (Thomas 1983). The principal locations in 

Saskatchewan are in the Wollaston and Mudjatik domains, where the pegmatites are 

known to be related to Trans-Hudson Orogen peak ca.1.80 Ga metamorphism 

(Chiarenzelli 1989; Bickford et al. 1990, 2005; Chiarenzelli et al. 1998; Annesley et al. 

2005; Schneider et al. 2007; McKechnie et al. 2012a, b ). The uraniferous granitic 

pegmatites in the Hearne Province have U contents> 500 ppm, high U/Th ratios, and 

contain associated elements of Th, REE, Y, Nb, and occasionally Mo (Thomas 1983). 

The mineral occurrences related to the pegmatites are easily identified by elevated 

radioactivity, due to the presence of U and Th in monazite and allanite; thorium is 

typically more abundant than U in the pegmatite occurrences with significant REE

bearing minerals. Almost all of the REE granitic pegmatite and vein occurrences in 

northern Saskatchewan crosscut the regional gneissosity, and are closely related to 

large-scale regional structures (Fig. 1-1 ), associated with late to post-tectonic Trans

Hudson Orogen deformation and high-grade metamorphism. The U-Th-REE pegmatite 

occurrences in the Wollaston Domain between Kulyk Lake, Eagle Lake, and Karin Lake 

(Fig. 1-2) were visited as part of this regional pegmatite study and discussed in 

subsequent chapters. These occurrences are comparable to other monazite-rich 

pegmatite-granite occurrences in northern Saskatchewan. North of the Athabasca Basin, 

many of the U-Th-REE showings are dominated by allanite-apatite veins and monazite

biotite segregations in pegmatite and granite. The main showings are: Norwest Lake, 

Hoidas Lake, Nissikatch South, Bear Lake, Alces Lake, Archie Lake, and Hazelton 
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Fig. 1-1: Cratonic geology map of northern Saskatchewan showing the Hearne Province, 

and locations of the vanous U-Th+/-REE mmes and showings m northern 

Saskatchewan, including the location of Figure 2-2 (Kulyk, Eagle, and Karin lakes). 

TFZ = Tazin Fault Zone; BBFZ = Black Bay Fault Zone; NFSZ = Needle Falls Shear 

Zone; after Saskatchewan Geological Survey, Energy and Mines (2006). 
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Lake, and are located in close proximity to the northeast-trending Black Bay Shear Zone 

( see Fig 1-1 ). The most REE occurrences in the Zemlak domain are hosted within the 

Hoidas-Nissikatch Fault zone, located between the relatively low-strain region west of 

Hoidas and Nissikatch lakes, and a high-strain zone characterized by discrete mylonites 

that extend eastward to the Black Bay Shear Zone. Apatite-allanite (REE) veins are 

hosted in alkaline rocks (Hoidas Lake south) and in amphibolite (Nissikatch south). The 

principle mineralized zone is located along the northwest shore of Hoidas Lake, and 

idenitified as the JAK Zone with a, NI 43-101-compliant Resource Estimate of 

Measured, Indicated, and Inferred Resources is 2, 84 7, 431 t grading 2.402% TREO 

(www.gwmg.ca/projects/hoidas, November 2009 news release). Additional REE 

showings in the Zemlak and Beaverlodge domain consist of LREE-enriched occurrences 

at Norwest, Ena, Archie, and Alces lakes that correspond to monazite within biotite-rich 

zones in highly strained granitic rocks, and REE-Y occurrences consisting of allanite

apatite-titanite veins in mylonitized granite north of Bear Lake and south of the Tazin 

Lake Fault. The shear-hosted REE mineralized samples have up to 16 wt. % TREE, 

2660 ppm Zr, 1490 ppm Y, and 890 ppm Nb (Normand 2010). In the Beaverlodge 

domain, monazite-rich pockets occur with biotite that forms in local east-northeast

trending shears and up to 28.9 wt. % TREE concentrations. A new Th-REE discovery at 

Archie Lake (Normand 2011) consists of monazite- and ilmenite-rich bands in red 

grantoid rocks within a sinistral shear zone; this mineral occurrence is similar ( at a 

smaller scale) to the Kulyk Lake monazite showing. The remainder of the REE 

occurrences, in the Mudjatik, Peter Lake, and Glennie domains are largely unexplored. 

Historical assays of up to 1.2 wt. % TREE are recorded in the Jahala Lake area from a 
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sample of massive uraninite with allanite in fracture zones, and biotite schist 

surrounding pegmatites and 0.9 wt. % TREE at Nordbye Lake in pegmatites host to 

uraniferous monazite and allanite, with secondary minerals occur along fractures and 

faults. The monazite and allanite mineralization discussed above constitute important 

exploration targets for potentially economic concentrations of REEs in northern 

Saskatchewan. The U-Th-REE occurrences in northern Saskatchewan are hypothesized 

to have formed from magmatic and/or magmatic-hydrothermal processes (Yang and Le 

Bas 2004; Halpin 2009 and references therein). Magmatic-hydrothermal and/or 

metasomatic processes must also be considered for the U-Th-REE mineralization along 

pegmatite contacts. They are analogous to the U-Th-REE-bearing pegmatites, skams, 

and veins (vein-dykes) of the Grenville province formed from a combination of 

magmatic and hydrothermal processes ( as described above). The formation of 

pyroxene-bearing skarns in reactive wall rock and the apatite veins are believed to have 

formed from fluids related to SCF saturation of the pegmatites in the region. This results 

in complex mineralization ranging from magmatic in the pegmatites to metasomatic in 

the skarns to transitional hydrothermal ( or derivative immiscible melts) in the calcite

apatite-fluorite veins (dykes) (e.g., Lentz 1991). This is just one of many examples 

where the observed U-Th-REE enrichment is the result of metasomatic processes ( e.g., 

Wall and Mariano 1996; Salvi and Williams-Jones 2005; Samson and Wood 2005; Hou 

et al. 2006; Halpin 2009). 

1.2. Research objectives 

In May 2010 this study, supported by Eagle Plains Resources, was initiated by the 

candidate to determine the source of U-Th-REE ± Y-Nb mineralization associated with 
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pegmatites that intrude parts of the W ollaston Domain, northern Saskatchewan. The area 

is located approximately 45 km southeast of Key Lake U mine (Fig. 1 ), and has been the 

focus of substantial geological exploration and development since the mid-1950's 

(Mawdsley 1957), when a majority of the radioactive pegmatites were discovered. This 

particular area of interest within the Wollaston Domain is already known to have 

particularly high radiometric background, as indicated by a regional airborne 

radiometric survey flown by the Geological Survey of Canada and Saskatchewan 

Industry and Resources, over the area of interest (Elliot et al. 1975; Stolz 1980; Ford et 

al. 2006; Buckel et al. 2007). Eagle Plains Resources recognized the potentially 

economic U mineralization ( associated with pegmatites) in the W ollaston Domain and 

staked Kulyk Lake, Eagle Lake, and Karin Lake in 2006, based on the airborne 

radiometric anomalies and associated historical U-Th±REE occurrences. The staking 

was subsequently followed by extensive ground exploration programs that included 

prospecting, mapping, geophysical, and geochemical surveying up until, and including, 

the follow-up as part of this project in 2010. 

The primary objectives of this thesis are: 1) to determine spatial and temporal 

relationships between compositionally and texturally diverse pegmatites that are host to, 

or associated with, U-Th-REE-Y-Nb mineralization at selected showings within Eagle 

Plains Resources mineral tenure in the Wollaston Domain; 2) to geochemically 

characterize the pegmatites, with emphasis on the chemical zonation along pegmatite 

borders and the association with, and dispersion of, U-, Th-, REE-bearing accessory 

phases; 3) to establish age and thermal constraints on the pegmatites in order to 

determine their emplacement with respect to the regional tectonic framework in the 
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Paleoproterozoic Trans-Hudson Orogen; and 4) to refine a petrogenetic model for the 

origin and evolution of the Wollaston pegmatites and the source of U-Th-REE 

mineralization, with specific emphasis on unusual monazite-apatite-Fe-Ti-oxide 

mineralization hosted within a much larger pegmatite-aplite dyke in the Kulyk Lake 

(Middle Foster Lake) region. 

1.3. Methodology 

Regional-scale (1: 20 000) geological mapping was completed over radioactive 

anomalous "hot spots", identified by a combination of airborne (Ford et al. 2006) and 

follow-up ground radiometric surveying (with handheld Gamma-ray spectrometer). The 

presence of historical mineral showings with exposed outcrop of pegmatite was 

considered high priority for geological reconnaissance (Tab. 1 ). The regional-scale 

mapping provided information on pegmatite intrusion within the Wollaston stratigraphic 

sequence, structural control on pegmatite emplacement, and the various styles of U-Th

REE mineralization. Detailed geological mapping ( 1: 100) and photographic 

documentation was completed at trenched-out showings (Mc Keough and Lentz 2011) to 

further ascertain pegmatite and mineralization relationships, mineralogy, alteration, and 

structural control. Samples were collected for polished slabs in order to determine large

scale textures and identify them with features at a macroscopic scale, and polished thin 

sections were cut from samples for microscopic (petrographic) work. Compositional and 

textural relationships between minerals were examined using transmitted light, reflected 

light, and scanning electron microscopy (SEM), and electron probe microanalysis 

(EPMA). Whole-rock major-element oxide and trace-element concentrations were used 

to establish the geochemical evolution of the pegmatites, including chemical changes 
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between pegmatite groups. Microanalytical techniques performed on samples consisted 

of trace-elemental mapping and in situ U-Pb geochronology on monazite and zircon, 

using Laser Ablation Inductively Coupled Plasma-Mass Spectrometry (LA ICP-MS) at 

the University of New Brunswick (e.g., Mcfarlane and Luo 2012). Geochronology was 

used to constrain age relations of geological events in order to evaluate the petrogenetic 

model and geotectonic context. Precise in situ radiogenic Sm-Nd isotope analysis was 

completed on monazite crystals using multicollector LA ICP-MS (at Memorial 

University of Newfoundland) and stable oxygen isotopic analysis was carried out on 

monazite and apatite mineral separates, using a stable isotope-ratio mass spectrometer 

(IRMS) at Queens University. Oxygen isotope ratios were used as a thermometer in 

order to estimate the temperature of Ti-Th-REE-Y phosphatic melts containing 

coexisting monazite and apatite. Combining in situ U-Pb dating and Sm-Nd isotope 

characterization by LA (MC)-ICP-MS makes it possible to trace crustal differentiation 

events of rocks ( e.g., Mcfarlane and McCulloch 2008), in order to establish genetic 

links between pegmatites and their sources. The information determined from 

mineralogical, textural, and geochemical data sets in conjunction with geochronological 

and isotopic results were combined to construct a petrogenetic model for the evolution 

of the U-REE-Y-Nb-bearing pegmatites. It is important in this region of 

Paleoproterozoic Trans-Hudson Orogen deformation to outline these source constraints 

of the pegmatite systems to evaluate their significance of late-tectonic ( enriched) 

magmatic systems in the amphibolite facies, basal metasedimentary dominated 

supracrustal Wollaston Group sequence. The mapping strategy and sampling and 

analytical techniques, including preparation methods and standards used for quality 
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assurance and quality control (QA/QC) are described in greater detail in the following 

chapters. Sample locations and a full sample list are presented in Appendix A and B, 

respective I y. 

1.4. Thesis structure 

Two manuscripts have been published in the Saskatchewan Geological Survey 

(SGS) Summary of Investigations: McKeough et al. (2010) and McKeough and Lentz 

(2011 ), and serve as the introductory papers to the subsequent chapters of this thesis. 

The initial paper "Geology and Associated Pegmatite- and Vein-hosted Uranium 

Mineralization of the Kulyk, Eagle, Karin lakes Regions, Wollaston Domain, Northern 

Saskatchewan" (McKeough et al. 2010) presents the preliminary work completed for the 

study, highlighting the in situ gamma-ray spectrometry (radiometric) data from outcrop 

exposures. This first paper describes in detail all of the lithological units and 

mineralization styles encountered during regional mapping, and confirms that the 

radiometric data and mineralogical is evidence for spatial, temporal, and geochemical 

relationships among mineralogically simple and complex pegmatites in the region. The 

second paper (McKeough and Lentz 2011) entitled "Paleoproterozoic Late-tectonic 

Granitic Pegmatite-hosted U-Th±REE-Y-Nb Mineralization, Northern Saskatchewan: 

Products of Assimilation, Fractional Crystallization, and Hybridization Processes" uses 

the petrographic and whole-rock geochemical data of the mineralized pegmatites to 

further constrain the link between radiometrically elevated pegmatites, i.e., high U, Th, 

and/or REEs and mineralogically complex pegmatites. McKeough and Lentz (2011) 

described how the geochemical data and field relationships support the idea that the 

complexly altered pegmatites are "hybridized" due to their interaction with the 
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metasedimentary host rocks, and infer a certain degree of fractionation ± assimilation 

that lead to pegmatite melt enrichment processes. 

The following two chapters of this thesis build upon those two government 

publications (McKeough et al. 201 O; McKeough and Lentz 2011) that were also written 

as manuscripts intended for publication, and therefore each chapter should be considered 

as a stand-alone document, and accordingly has an introduction, methodology, results, 

discussion, conclusions, and references. The references for all chapters were integrated 

into a reference list at the end of the thesis to minimize repetition between chapters. The 

author was responsible for all of the fieldwork, data analysis, and manuscript 

preparation for this thesis, with a field visit by Dr. David Lentz in 2010 to visit the 

various U-REE-Y-Nb occurrences in the region. Dr. David Lentz and Dr. Chris 

McFarlane edited the manuscripts prior to submission. 

Chapter 2 "Geology and evolution of pegmatite-hosted U-Th±REE-Y-Nb 

Mineralization, Kulyk, Eagle, and Karin Lakes region, Wollaston Domain, northern 

Saskatchewan, Canada" discusses constraints on U-Th-REE mineralization in 

pegmatites and identifies a proposed model for the evolution of the mineralized 

pegmatites within the area of interest in the Wollaston Domain. The leucogranitic 

pegmatites are identified as moderately to highly evolved melts that are mineralogically 

simple to complex. The complex-type pegmatites are hybridized, as a result of 

bimetasomatic interaction with the host rocks and show evidence of (localized) chemical 

zonation. Saturation of U-Th±REE-Y-Nb occurs along the margins of the hybridized 

pegmatites, linking them genetically. These pegmatites were formed from partial melts 

that were generated at depth, and then coalesced as they intruded to higher structural 
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levels during exhumation of the THO. This agrees with U-Pb geochronology of the 

granitic pegmatites, which constrains them between peak and late metamorphic events 

of the THO. The age constraints, textures, and relatively high-T partial melting 

conditions confine the pegmatite's melt-forming conditions to an early THO

deformational event that was later affected by post-peak high-temperature retrograde 

metamorphism. Field relationships, textures, and geochemical variations between 

pegmatite groups provide strong evidence that U, Th, REE± Y - Nb phases in pegmatites 

from the Kulyk, Eagle, and Karin lakes region are progressively enhanced through the 

addition of volatile and fluxing components throughout multiple pegmatite injections 

and simultaneous fractionation, assimilation, and bimetasomatic reactions between 

pegmatite melt and wallrock, up to the final stages of pegmatite emplacement. The 

model for the Wollaston pegmatites is similar to the extreme fractionation model of syn

to late-tectonic granites, such as proposed for Rossing alaskites (Bowden et al. 1995; 

Kinnaird and Nex, 2007) and mineralized pegmatites from the Grenville (Fowler and 

Doig 1983; Cerny 1990; Lentz 1991, 1992, 1996). This paper is currently "in press" in 

the Journal of Geosciences special pegmatite issue dedicated to Milan Novak for his 

extensive work on pegmatites. 

Chapter 3 "The Kulyk Lake monazite-apatite-titanomagnetite occurrence, northern 

Saskatchewan: implications for accessory phase entrainment and petrogenesis of an 

immiscible P-Fe-Ti melt from a late-tectonic granitic pegmatite" describes the 

occurrence of unusual monazite-apatite-titanomagnetite mineralization that is emplaced 

within a highly evolved pegmatite-aplite intrusive. The Kulyk Lake showing was 

explored and mapped in considerable detail during geological reconnaissance for the 
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initial pegmatite study (Chapter 2). Geochemical, geochronological, and isotopic 

contraints suggest evolution from protracted fractionation of a REE-enriched magma 

that evolves an immiscible Fe-Ti-bearing phosphatic liquid, segregating a REE-rich P

Fe melt. The similarities of the mineralization at Kulyk Lake to other REE vein-like 

and/or dyke-like deposits, such as the Steenkampskraal deposit in South Africa, infer a 

similar petrogenetic model to that of an immiscible melt, where the concentration of U, 

Th, Nb, REEs, and Y in the P-, Th-, Fe-, REE-rich immiscible melt lead to the 

enrichment of these high-field strength elements. The model proposed for Kulyk Lake in 

Chapter 3 of this thesis expands on previous work by Watkinson and Mainwaring 

(1976); the authors briefly summarized geological, petrological, and geochemical data 

of the Kulyk Lake monazite showing. 

A short summary of the two papers are followed in Chapter 4. A number of 

appendices were also included at the end of the thesis after the reference list; these 

include a number of supplementary data tables for Chapters 2 and 3. 
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Chapter 2 - Geology and evolution ofpegmatite-hosted U-Th±REE-Y
Nb Mineralization, Kulyk, Eagle, and Karin Lakes region, Wollaston 

Domain, northern Saskatchewan, Canada 

2.1. Abstract 

In northern Saskatchewan, granitic pegmatites intrude Early Paleoproterozoic 

Wollaston Group metasedimentary rocks and interfolded granitoids that unconformably 

overlie Late Archean gneisses, all of which have been subjected to deformation during 

the protracted 1.86 to 1.77 Ga Trans-Hudson Orogeny. U-Th±REE-Y-Nb--pegmatite 

intrusions and fracture-controlled uranium mineralization characterizes the U-Th±REE-

Y-Nb occurrences at Kulyk Lake, Eagle Lake, and Karin Lake properties in the 

Wollaston Domain. The pegmatites are moderately to highly evolved, ranging from 

mineralogically simple- to complex-type pegmatites. The complex-type pegmatites are 

hybridized, due to bimetasomatic interaction with the host rocks and therefore are 

locally crudely zoned. Saturation of U-Th±REE-Y-Nb occurs at the margins 

(predominantly border and wall zones) of the hybridized pegmatites, linking them 

genetically. These are rare-earth element class, Nb-Y-F pegmatites (NYF), and are 

interpreted to have formed in a late syn- to post-collisional tectonic setting. Therefore, 

partial melts were generated at depth, and then coalesced as they intruded to higher 

structural levels during exhumation of this orogen; this agrees with U-Pb geochronology 

of these granitic pegmatites, which constrains them between peak and late metamorphic 

events of the Trans-Hudson Orogeny. The age constraints, textures and relatively high-T 

partial melting conditions ( - 7 50 to 800°C) confine the pegmatite' s melt-forming 

conditions to an early deformational event dated between 1835 and 1805 Ma, followed 
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by post-peak high-temperature retrograde metamorphism ca. 1770 Ma. Field 

relationships, textures, and geochemical variations between pegmatite groups provide 

strong evidence that U, Th, REE±Y- Nb phases in pegmatites from the Kulyk, Eagle, 

and Karin lakes region are progressively enhanced through the addition of volatile and 

fluxing components throughout multiple pegmatite injections and simultaneous extreme 

fractionation, assimilation and bimetasomatic reactions ( complex hybridization 

(contamination)) between pegmatite melt and wallrock, up to the final stages of 

pegmatite emplacement. 

2.2. Introduction 

In northern Saskatchewan, a majority of the rare-earth element (REE), uranium 

(U), thorium (Th), zirconium (Zr), and niobium (Nb) mineralized showings are hosted in 

late-tectonic to anorogenic granitoid and pegmatite intrusions ( e.g., Mawdsley 1952, 

1953, 1955; 1957; Parslow and Thomas 1982; Parslow et al. 1985; Annesley and 

Madore 1999; Annesley et al. 2000; Madore et al. 2000; McKechnie et al. 2012a, b; 

2013 ). These occurrences consist predominately of monazite, apatite, garnet, xenotime, 

zircon, allanite, uraninite-uranothorite, thoranite, and rutile. McKeough et al. (2010) 

have detailed field relationships and radiometric signatures of all rock types, 

emphasizing the U and Th contents of the late-tectonic pegmatites. In addition, 

McKeough and Lentz (2011) presented the spatial and temporal relationships between 

simple-type granitic pegmatites and metasomatized (hybridized) granitic pegmatites, 

touching on the fractionation, assimilation, and hybridization ( contamination) processes 

that lead to enrichment in the radioelement accessory phases. This paper presents the 

petrological, geochemical, and geochronological constraints on these mineralogically 
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simple- to complex-type pegmatites that are mineralized with U-, Th-, REE-, Y-, and 

Nb-bearing phases. The overall objective of this study was to refine the petrogenetic 

model for these late-tectonic leucogranitic pegmatites and their evolution with respect to 

the basal Wollaston sequence, northern Saskatchewan. The observations in this study 

reflect a fundamental difference in how the pegmatites become enriched, and eventually 

saturated in U, Th, and REEs throughout various stages beginning at partial melting and 

up until pegmatite emplacement. 

2.3. Geological setting 

2.3.1 Regional geology 

The Wollaston Domain forms along the southeastern margm of the Hearne 

Province, in the Churchill Craton, northern Saskatchewan, Canada (Bickford et al. 1990; 

Hoffman 1990; Lewry and Collerson 1990) basement to the eastern portion of the 

unconformably overlying Mesoproterozoic Athabasca Basin (Fig. 1-1 ). The Wollaston 

Domain is comprised of a northeast-trending, tightly folded, linear belt containing 

Archean granitoid rocks preserved in structural domes, unconformably overlain by 

Paleoproterozoic metasedimentary rocks, and interfolded anatectic granitoid rocks (Ray 

1977; Lewry and Sibbald 1980; Tran and Yeo 1997; Fig. 2-1). The metasedimentary 

succession overlies late Archean granitic gneiss, extending southwestwards from 

northern Manitoba, through Wollaston Lake, and beneath the Phanerozoic strata of the 

Western Canada Sedimentary Basin. To the west, the Wollaston Domain is transitional 
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into the adjacent Mudjatik Domain, which is dominated by felsic gneisses that range in 
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Fig. 2-1: Regional geology map of the the study area, central Wollaston Domain, 

showing uranium occurrences as defined by the Saskatchewan Mineral Deposit Index 

(SMDI). 
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age from Archean to Proterozoic (Yeo and Delaney 2007). To the southeast, the Needle 

Falls shear zone, a dextral late Paleoproterozoic structure, defines the boundary between 

the Wollaston Domain and the 1.865 Ga Wathaman Batholith (Yeo and Delaney 2007); 

these rocks were involved in the 1.86 to 1.78 Ga Trans-Hudson Orogeny (Tran and Yeo 

1997). Polyphase deformation was concurrent with upper amphibolite to granulite facies 

metamorphism in the region (Yeo and Delaney 2007). Four ductile deformation events 

are documented: D1 resulted in the development of isoclinal folds (F 1) and a regional 

axial planar foliation (S 1) defined by schistose and gneissic textures. Metamorphic 

minerals, such as muscovite, biotite, sillimanite, K-feldspar, cordierite, and amphibole, 

were partly formed and/or deformed during the development of S1, evidence that the D1 

deformation event was associated with high-grade metamorphism (Tran and Yeo 1997). 

D2 produced doubly plunging, northeast-trending upright folds (F2) with a weak, steeply 

dipping to sub-vertical axial planar cleavage or schistosity (S2). Where the F2 folds are 

very tight or isoclinal, the S2 foliation is more strongly developed. Late D2-associated 

reverse faulting explains abrupt changes in metamorphic grade in the eastern part of the 

region (Tran and Yeo 1997). D3 deformation produced tight to isoclinal, northeast

trending, doubly plunging F 3 folds and crenulations. This deformation locally produced 

complex fold interference patterns, but was relatively weak and had little effect on 

regional-scale structural trends. The D4 deformation generated open, northwest-trending 

folds and a local, steep S4 foliation. Late- D4 brittle-ductile faulting produced steeply 

dipping to sub-vertical, northwest-trending faults that appear to post-date all fold

forming events (Tran and Yeo 1997). Widespread late Trans-Hudson Orogeny (THO) 

pegmatite and granitoid intrusions, within the Wollaston Domain, commonly contain 
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elevated concentrations of U, Th, REEs, and Y ± Nb are associated with D2 deformation 

events. 

The supracrustal rocks, known formally as the Wollaston Group, are complexly 

deformed and have complicated lithotectonic relations that vary regionally ( e.g., 

Annesely et al. 2005). The Wollaston Group metasediments overlie Archean granites 

that range between 2650 Ma and 2500 Ma (U-Pb zircon thermal ionization mass 

spectrometry analyses; Ray and Wanless 1980; Krogh and Clark 1987; Hamilton and 

Delaney 2000; Rayner et al. 2005; Annesley et al. 2005). The cover is described as 

Paleoproterozoic syn-rift passive margin and foreland metasedimentary sequences 

(Ansdell et al. 2000; Tran et al. 2003; Tran et al. 2008), which are divided into Lower 

and Upper subgroups, separated by a regional unconformity (Tran 2001 ). The lower 

succession includes a basal, graphitic pelitic unit overlain by, and in part interleaved 

with, arkose, conglomerate, quartzite, and calcareous sedimentary rocks. The upper part 

of the succession includes: conglomerates, immature arkosic rocks, and calc-silicate 

rocks and is thought to represent subsequent infilling of a foreland basin. Neodymium 

(Nd) isotopic data of Tran et al. (2003) showed that the Wollaston Group detritus was 

likely derived from continental magmatic sources, and is supported by the presence of 

significant amounts of zircon ranging in age from 1920 to 1880 Ma (Tran et al. 2008). 

The provenance of these metasedimentary sequences falls into three main zircon 

populations, including: 1) Older than 2400 Ma grains that represent detritus shed from 

the neighbouring Hearne craton; 2) 2100 Ma components thought to represent 

reworking of syn-rift volcanic rocks, and 3) 1920-1880 Ma detritus shed from advancing 

volcanic arc terrains of the western Churchill Province (Ansdell et al. 2000; Hamilton 
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and Delaney 2000; Tran 2001; Yeo and Delaney 2007; Tran et al. 2008; Kremer et al. 

2011 ). Overall, the deposition of the Wollaston Group was an active continental margin 

basin setting (i.e., back-arc to foreland basin). Variably foliated granites, leucogranites, 

amphibolites, and granitic pegmatites intrude the Wollaston Group rocks and form as 

planar lenses concordant sills to the regional fabric, and as discordant to semi-

concordant dyke swarms. Previous geochronological studies on syn-tectonic 

orthoamphibolite dykes, and numerous foliated and cross-cutting 'Hudsonian' granite 

plutons that intrude the Wollaston group reveal a prolonged history of Trans-Hudson 

metamorphism, anatexis, pegmatite and aplite emplacement between - 1840 and - 1770 

Ma (Chiarenzelli 1989; Bickford et al. 1990; Chiarenzelli et al. 1998; Bickford et al. 

2005; Annesley et al. 2005; Schneider et al. 2007; Yeo and Delaney 2007). They are 

interpreted to have generated in the middle crust (Annesley et al. 2005). Evidence of this 

is observed by dilatant zones created during thrusting, strike-slip faulting, and/or 

extensional faulting at Eagle Point, Rabbit Lake, and Key Lake areas that have focused 

crustal melts and partitioned strain (Annesley et al. 2005). The tectonized contact 

between the Archean gneiss domes and the Lower Wollaston supracrustals rocks is the 

locus for magmatism, associated with deeper level anatexis during the main syn

metamorphic deformation events at peak thermal conditions of the THO (in this region). 

Although this Archean-Paleoproterozoic contact is an angular unconformity, it probably 

represents a parautochthonous to allochthonous contact zone that focused derivative 

late-tectonic leucogranites, and exhibits multiple episodes of reactivation. 
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2.4. Local geology and mineralization 

2.4.1. Kulyk Lake 

The Kulyk Lake area has been investigated for uranium by the government of 

Saskatchewan, as well as exploration and mining companies since the 1950's 

(Mawdsley 1957). The area is host to U-Th±REE showings, as described in the SMDI 

(Tab. 1 ), which include: the Eldorado, Fanta ( aka Kulyk Lake), and Tara showings. The 

area surrounding Kulyk Lake was mapped in detail (Fig. 2-2), because of good exposure 

and radioactively anomalous and mineralized pegmatites, in close proximity to each 

other. The property is underlain by variably magnetic psammitic to semi-pelitic, calc

silicate, and arkosic Wollaston Group metasedimentary rocks that have been intruded by 

radioactive and non-radioactive granitic pegmatites. The pegmatites intrude mostly 

discordant to the metasedimentary rocks, however some pegmatite do exhibit contacts 

controlled by the northeast-trending regional gneissosity. The strong planar fabric 

varies from azimuths 040 to 070 and dips moderately-steeply to the southeast. Analysis 

of the regional fabric with respect to the stratigraphy indicates that the entire grid

mapped area sits on the southeastern limb of a gently southwest-plunging antiform. The 

axis of this antiform is subparallel to Kulyk Lake, but crosses it diagonally near its 

termination at the south end of the lake (Fig. 2-2). Field evidence for this large fold 

structure is evident by the wrapping around westwards of the arkose and non-magnetic 

psammitic gneiss unit at the southwest edge of the map. Misalignment of mapped 

outcrops of distinct calc-silicate, arkosic and psammopelitic metasediments also mark 

the location of a magnetic discontinuity, which indicates the presence of a dextral fault 

with approximately 30 to 50 meters of offset (Fig. 2-2). This fault is confirmed with the 
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Tab. 2-1 Saskatchewan Mineral Deposit Index (SMDI) listed occurrences ( or showings) in the Kulyk, Eagle, and Karin lakes 
reg10n. 

Deposit 
.t11swnca1 vovernmem 

UTM UTM SMDI Name Commodity Location Property sampling NTS Assessment 
Type 

grades Re ort 
13E 13N 

Kulyk Lake- Outcrop 0.32% U30 8 
74Al 1-0027; 

0980 Eldorado Dyke u KulykLake 74-A-1 l 74Al2-0005;- 470082 6274795 east shore showing 
0006 

0.221% U30 8 

0985 
Fanta (aka Kulyk 

U-Th-REE 
Kulyk Lake-

KulykLake 
Outcrop and 

74-A-11 
74A12-0005;-

470510 6275070 Lake Occurrence) east shore showing 1.28% Th02 0006 

0993 Tara Occurrence u KaunLake 
Kulyk Lake 

Outcrop 0.369% U30s 
74-A-12 74A14-001 l 467730 6279358 area showing 

0.113% U30 8 
74A13-0012;-

KunkLake Kunk Lake- Outcrop and 
0013, 74A14-

vJ 1009 
Occurrence 

u 
east of 

Eagle Lake 
showing 0.03% Th02 

74-A-14 001 l ;-00 13;- 473145 6300408 
N 0015 

Upper Foster 
0.345% U30s 

74Al4-0005;-
1001 

Craig Bay 
Mo-U-Th Lake- shore of Karin Lake 

Outcrop and 
74-A-14 001 l;-0013;- 490410 6300638 Occurrence 

Craig Bay 
showing 0.213% MoS2 0015;-0025 

Yellow Lake 
Yellow Lake- 0.05% U30 s 

0999 
Occurrence ( aka 

U-Th east of Karin Karin Lake 
Outcrop and 

74-A-14 74Al4-001 l 492284 6305341 Karin Lake east 
Lake 

showing 2.70% Th02 
of) 

0.226% U30s, 
74Al 1-0012;-

0983 Rona Showing U-Mo 
Upper Foster 

Karin Lake 
Outcrop and 

74-A-11 0026; 74Al2- 481874 6289775 Lake area showing 0.67% MoS2 0005;-0006 

Pegmatite Lake 1.57% U30 s 
74Al4-0011;-Occurrence ( aka and 

1004 Rath and u Pegmatite 
Karin Lake 

Outcrop 
0.30% MoS2 74-A-14 

0013 ;-0015 ;-
490601 6308796 

Ballantyne 
Lake area showing 

and 
0023;-0031 ;-

pegmatites) 0.06% Th02 
0033 
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Fig. 2-2 a) Local geology map ofKulyk Lake U-Th+/-REE-Y-Nb showings; b) 
Eldorado pegmatite with associated hybridized pegmatites and U-rich veins. Geology of 
the Eldorado dyke modified after Mawdsley, 1957. 
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recognition of significant, steep NW-trending fracture sets. U-Th-REE mineralization is 

visible in radioactive pegmatite dykes, and forming veins that appear to be primarily 

fracture-controlled, within folded and faulted rocks of the metasediments, and locally 

along the contacts between the host rocks and pegmatites. The pegmatites are syn- to 

post-deformational and intrude as north-, east-, and east-northeast-trending dykes, sills, 

and lenses in the predominantly supracrustalrocks. It appears that the most common 

cross-cutting pegmatites are associated with steep north to north-northeast trending 

structures, located just south of Kulyk Lake (west of Eldorado showing), and jogs of 

wider pegmatites, to the east of the mapping limit. It is interesting to note that the two 

best mineralized trenches are proximal to, but not directly at, north-trending pegmatite 

infill structures. 

The Eldorado showing (SMDI 0980) is hosted in- or proximal to- pink pegmatites 

that intruded calc-silicate-bearing arkose. Non-mineralized pink granites outcrop within 

50-100 meters of the showing. To the north, the arkosic gneisses are in contact with 

psammopelitic gneiss, the contact of which is exploited by a significant west-trending 

pegmatite sill. The west-trending pegmatite sill (Fig. 2-2b) is located approximately 60 

m southeast of the southern tip of Kulyk Lake, and was first described by Mawdsley 

(1957). The Eldorado mineralized pegmatite sill is approximately 5 m wide and trends 

roughly coincident with the local gneissosity, described by Mawdsley (1957) as forming 

the western limb of an anticlinal structure. Mawdsley (1957) describes two pegmatites at 

the showing; however, mapping in 2010 confirmed the presence of one highly 

radioactive granitic pegmatite sill, with mineralization confined to cross-cutting 

fractures in the pegmatite, and a pegmatitic syenite dyke where mineralization is 
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concentrated in a vein that trends along the contact between the syenite intrusion and 

calc-silicate and semi-pelitic gneiss (McKeough et al. 2010). The higher grade uranium 

mineralization at the showing is generally associated with the contact of the west

trending sill with adjacent calc-silicate-bearing gneisses. North-northeast trending 

pegmatite dykes are also a common feature at the showing. Textural features at the 

contacts suggest that mineralization may be the result of skamification and/or 

hybridization reactions between the pegmatites and the surrounding host arkose and 

psammopelites. This is also evident at smaller showings just south of the Eldorado dyke 

that have undergone trenching, where actinolite megacrysts (<0.5m), and other medium

to coarse-grained calc-silicate minerals are within pegmatites that form as unzoned, 

massive, irregularly shaped lenses intruding calc-silicate paragneiss. The pegmatitic, 

endoskam-like body intrudes adjacent to major fractures that cross-cut the paragneiss, 

perpendicular to the local east-northeast foliation. 

The Fanta (Kulyk Lake; SMDI 0985) showing was first described by Watkinson 

and Mainwaring (1976), and briefly in McKeough et al. (2010). The mineralization 

occurs as discreet zones of ilmenite-monazite-apatite hosted in aplite and pink 

pegmatite, which is in tum hosted near the contact of pink granite and calcareous 

gneiss. There are two structures that dominantly control the distribution of the 

mineralization: 1) a discreet N-NE trending zone set up to 2 m wide that hosts the most 

impressive bands of ilmenite-monazite-apatite; and 2) a west- to northwest-trending 

cleavage ( axial plane?), which hosts smaller but more common mineralization. Locally, 

high grade pockets, less than 1 m in diameter, occur at the intersection of the two 

structures. Two newly discovered, similar to the above, radioactive pegmatite-hosted 
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showings exist between the Fanta and Eldorado showings, to the northwest of Kulyk 

Lake. The two showings are located 500 m apart and are remarkably similar in terms of 

mineralization-style, host rocks and distance apart, when compared to the Fanta

Eldorado couplet of showings on the opposite side of Kulyk Lake. The mineralization of 

the two newer showings are less intense; for example, only disseminated monazite was 

found hosted in leucocratic granitic pegmatite dykes to the northeast ( compared to thick 

bands at Fanta showing). Interestingly, the new showings are separated by a radioactive 

pegmatite dyke swarm with an anomalous strike length over 60 m. The pegmatite dyke 

swarm showed significant yellow staining on surface, and is therefore termed the 

"Yellow Brick Road" (Fig. 2-la). Another showing, located approximately 4.8 km to the 

north of Kulyk Lake leads, is the Tara occurrence, in which mineralization is associated 

with an exposed pegmatite dyke system. The Tara showing consists of a radioactive 400 

m zone (combined width) dominated by a pegmatite dyke swarm that extends 2 km 

along a northeast-trending (060°) strike. Mineralization is locally visible within the 

pegmatite, with appearances of metamict minerals, such as allanite and possibly 

uraninite, which is accompanied by moderate hematite and weak to moderate yellow 

staining on surface. 

2.4.2. Eagle Lake 

The Eagle Lake property spans a 20 km x 5 km area approximately 15 km to the 

north of Kulyk Lake. The area has been explored for uranium since the 1970's, which 

uncovered historical showings that are reported within the SMDI, e.g., SMDI 1009 and 

1012 (Tab. 1). The Red October showing, located 250 m northwest of Lucky Lake (Fig. 

2-3a), is found in the vicinity of these historical pegmatite-hosted U-Th occurrences. 
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Fig. 2-3 a) Local geology map of the Red October Showing, Eagle Lake Property, with 

2010 trench locations. Geology interpretation of the extent of the host diorite and 

pegmatite dyke swarm from McKeough and Lentz (2011); b) Interpreted ground 

magnetic anomaly with respect to the trench locations. 
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The Red October showing was discovered in 2008 during a geological reconnaissance 

traverse into an area with significantly elevated airborne radiometric signatures (not yet 

reported within the SMDI). Further prospecting, aided by ground radiometric surveying, 

and a trenching program in 2010 have revealed anomalous pegmatites, spanning a zone 

over 75 m wide, forming as dykes and sills in diorite (McKeough et al. 2010). Outcrop 

exposure on the property is relatively poor ( <5% ), and therefore detailed mapping was 

limited to the Red October showing, due to good exposure of outcrop and pegmatite

hosted mineralization. The Eagle Lake property is underlain by variably magnetic 

semipelitic, psammopelitic, arkosic, and calc-silicate-rich gneisses of the Wollaston 

Group that exhibit foliations ranging between 025° and 040° strikes and moderate to 

steep dips to the southeast. The metasedimentary gneisses are intruded by diorite and 

radioactive and non-radioactive leucogranitic pegmatites. The geometry of the 

pegmatites is primarily dyke-like, intruding along a northeast trend, but they can also 

appear as sills and discontinuous lenses that are locally interleaved with the Wollaston 

Group metasedimentary rocks. It can be challenging to distinguish localized anatectic or 

migmatitic phases from true igneous intrusions (particularly at the contacts between the 

diorite and granite and pegmatites ); this is a consequence of high metamorphic grades in 

the Upper Foster Lake region of northern Saskatchewan. The host rocks are generally 

magnetic, and associated with a northeast-trending series of discontinuous magnetic 

highs (Fig. 2-3b ), coincident and marginal to the known mineralized horizon. It can be 

interpreted that the magnetic highs of the mineralized trend are caused by 

outcropping/subcroppings of the magnetic diorite. It is interesting to note that some of 

the best mineralized areas coincide with a diminishing of the magnetic response. This 
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could be interpreted as a dilution effect caused by the increased volume of pegmatite 

intrusions in that area. At the Red October showing, the pegmatites are best developed 

( cross-cutting) in the diorite and to an extent, in the adjacent locally foliated granite, and 

are only hosted in the metasediments near the contact between the diorite and 

metasedimentary host rocks. The exposed strike length of the variably mineralized 

pegmatite dyke swarm exceeds 275 m and remains open in both northeast and southwest 

directions. U-Th ± REE mineralization is associated with exocontact zones along 

pegmatite-diorite contacts, with high concentrations of calc-silicate minerals, biotite and 

magnetite and ilmenite. Detailed geological trench mapping and radiometric contouring 

have illustrated that U-Th mineralization is progressively more elevated towards 

trenches R02010-01, -02, -03, and -11, where exposure of the diorite and pegmatite 

dykes is up to 30%, locally (Fig. 2-3; McKeough and Lentz 2011). Southwest of Trench 

2, outcrop exposure is rare (less than 5% ), however, smaller trenches (R02010-4, -5, -6) 

over weakly to moderately elevated radiometric anomalies did reveal locally 

migmatized calc-silicate-bearing paragneiss with larger undulating granitic pegmatite 

dykes and sills, but only trace amounts of U-Th mineralization were found. Migmatites 

are observed within close proximity ( ~250 m) of the diorite with intruding pegmatite 

dyke swarm. Overall, it appears as though the most mineralized pegmatites intrude, and 

are weakly to intensely hybridized with, the weakly foliated magnetic dioritic rocks. 

Fractures (N-S) that cross-cut the pegmatite and diorite are radioactive, giving an 

indication of localized U-Th remobilization. 
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2.4.3. Karin Lake 

The Karin Lake property is located approximately 10 km to the northeast of 

Kulyk Lake property and 5 km to the east of the Eagle Lake property (Fig. 2-1 ). The 

area partly lies within the Upper Foster Lake region, which was mapped by Tran and 

Yeo ( 1997) at 1 :20 000 scale. The mapped area lies within a 7 km radius, centered near 

the Craig Bay mineral showing (SMDI 1001), and covers all known mineral showings 

near the margin of the Karin Lake basement domal feature. The map by Tran and Yeo 

( 1997) identifies a significant amount of detail within the stratigraphy of the Wollaston 

Group rocks surrounding the central Archean gneissic dome. Of particular interest is the 

close spatial association between several of the previously identified SMDI uranium 

occurrences in the Karin Lake area and structural elements, including the edge of the 

basement domal feature and northwest-trending structures, such as the so-called Burd 

Lake - Karin Lake Fault (Fig. 1-2). The historical mapping at Pipe Lake, Vee Lake, and 

Yellow Lake coincides with the contact between the Karin Lake Formation granite 

inlier, which invariably overlies Archean basement rocks (Yeo and Delaney 2007). The 

contact is a non-conformity that is highly strained; hence the supracrustal rocks are para

autochthonous, at least locally (Tran and Yeo 1997, 1999; Tran et al. 1998; Yeo and 

Delaney 2007). From a mineralization perspective, the area has much promise 

considering the extensive exposure of unconformable contacts between Archean 

basement and lower and upper Wollaston Group rocks, as well as unconformable 

contacts between lower and upper Wollaston Group assemblages. The entire package 

was subsequently isoclinally folded (F 1) in a NNE orientation, and refolded by NE

trending, tight upright folds (F2). The Yellow Lake area has been subjected to intense 
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major NE-plunging (F2) folding, greatly increasing the potential for structural traps in 

hinge zones that affect several lithological and unconformable contacts. Wollaston 

Group rocks are primarily meta-arkosic at Pipe Lake and progressively increase in 

graphite content towards the east, suggesting a deeper preserved structural level of 

W ollaston Group assemblages. 

Detailed property-scale work in 2010 was completed in the vicinity of known 

showings that had not seen sufficient historical work, such as the Rona showing (SMDI 

0983), Marilyn Bay to Craig Bay (SMDI 1001), Yellow Lake (SMDI 0999), and 

Pegmatite Lake to Vee Lake (SMDI 1004). Property visits to Karin Lake were brief in 

2010, although no systematic detailed geology mapping was done in the Foster Lake 

area, general impressions can be drawn from regional mapping by Mawdsley ( 1957), 

Ray (1977), and Tran and Yeo (1997). Various Karin Lake assemblages were noted in 

the short geological traverses surrounding the showings: the Karin Lake basement 

complex, the W ollaston Group basal assemblage consisting of psammopelitic to pelitic 

rocks, a transitional assemblage of heterogeneous packages of psammitic, arkosic, and 

calc-silicate rocks (Tran and Yeo 1997), and the W ollaston Group upper assemblage, 

predominately of calc-silicate rocks. Nonradioactive neosomal pegmatites and granites 

are common, and occur primarily as sheets and irregular formed bodies in more pelitic 

rocks. Mineralized, radioactive pegmatites were found in the vicinity of historical U -Th 

occurrences (Tab. 1 ). The pegmatites typically occur as semi-concordant sheets and 

dykes ranging from 0.50 m to <10 m in length, crosscutting the Wollaston Group 

metasedimentary bedding S 1, and are deformed by S2• The pegmatites are host to U-Th 

mineralization, and commonly associated with Mo±REE mineralization. This is 
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especially evident at the Rona showing, where white pegmatite dykes at or near margins 

with host garnet- and biotite-bearing gneisses, migmatite, and/or granitized 

metasediments have visible yellow staining on surface and generally accompanied by 

finely disseminated molybdenite. Hand-held scintillometer readings indicate shallow 

exposure of anomalous radioactivity over a 150 m x 50 m area. Reconnaissance 

prospecting traverses up to 3.5 km NE of the showing encountered several areas 

containing similar white pegmatitic granite stocks and dykes. Most of the granitoids 

contain magnetite, and thus exhibit a strong magnetic response in the airborne magnetic 

data. Approximately 11 km to the northeast of the Rona showing, at the north end of 

Upper Foster Lake, two geological domains are of interest. These include areas 

immediately adjacent to a strong EM conductor, marking the Karin Lake Inlier 

unconformity with W ollaston metasediments and areas further to the west that overlie 

magnetic and radiometric anomalies. The Craig Bay area lies to the southeast of the 

inlier, and is coincident with an airborne-EM anomaly where mineralization coincides 

with graphite- or biotite-bearing pelitic gneiss, pegmatite, and fault breccia units located 

at the metasediment/granite contact. Several of the mineralized occurrences within the 

metasediments indicate an association with Co, Cu, and Zn ( according to drill program 

analytical results in 2008). Uranium mineralization hosted in pegmatite units tends to be 

associated with elevated molybdenite, thorium, and rare earth metals. The contact (and 

mineralized) zones are invariably fractured with localized breccia and overprinted by a 

moderate to strong hematite, chlorite, and clay alteration. The alteration occurs as 

fracture-fillings to pervasive in highly altered zones, especially zones that are graphite

rich or proximal to graphite-rich lithologies. The presence of graphitic and calc-silicate 
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bearing units that are often mineralized has been noted at several uranium deposits 

within the Athabasca Basin (Jefferson et al. 2008), and thus the apparent spatial 

association between several of the mineral occurrences in the Karin Lake area with the 

graphitic and calc-silicate bearing units mapped by Tran and Yeo ( 1997) is of particular 

interest. Traverses near the conductor, at Marilyn Bay encountered radioactive pink, 

granitic pegmatites and outcrops of grey granite near the eastern shore, and to the west, 

outcrops of variably graphitic semi-pelitic to pelitic gneisses. A radioactive pink, 

granitic pegmatite with a combined width of 5 m is exposed along the eastern shore, 

with visible allanite and monazite in biotitic segregations within the pegmatite. Mapping 

to the north of Karin Lake, around Pegmatite and Vee lakes, verified that the bulk of the 

area is underlain by grey and pink granites of the Karin Lake Inlier, with a thin marginal 

zone of metasedimentary rocks exposed near the west shore of Pegmatite Lake. 

Radioactive (mineralized) granitic pegmatites form as steeply dipping, cross-cutting 

dykes along the contact. The exposed mineralization is delinate by high scintillometer 

counts (< 500 cps) over 25 m along strike, projecting into the southeast of Pegmatite 

Lake, and associated visible molybdenite and pyrite. To the southwest of Karin Lake, 

the Yellow Lake showing consists of a granitic pegmatite dyke, approximately 3 m wide 

that intrudes as a sill along a 030° parallel foliation contact to magnetic semi-pelitic 

gneiss. The pegmatite sill is radioactive and contains visible monazite and apatite 

located in biotite-rich segregations. 
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2.5. Methodology 

2.5.1. Mapping strategy and sampling methods 

The entire study area encompasses a region approximately 30 km x 20 km. 

Local- and regional-scale outcrop mapping was completed in order to determine spatial 

and temporal relationships between each of the pegmatite groups. Detailed "grid line" 

style mapping between 50 m to 100 m line spacings was completed within -2.5 km x 

1.0 km areas (e.g., Eldorado, Fanta, and Red October showings), and enhanced locally 

with trenching and channel sampling at the mineralized zones. A report of the various 

rock types encountered, as well as their associated spectrometry data, is described in 

McKeough et al. (2010). A bias was given to rocks that were anomalously radioactive 

and/or had historical U, Th, and/or, REE showings, defined by the Saskatchewan 

Mineral Deposit Index (SMDI). Pegmatite samples were taken perpendicular to strike 

( channel sampled), across the metasomatized or "hybrid" border zones and into the 

pegmatite cores, in order to obtain a bulk representative composition. Of the thirty-nine 

pegmatites sampled from the region, twenty were pink, granitic (simple-type), seven 

were white granitic (simple-type), and twelve of the mineralogically complex 

pegmatites or "hybridized" were sampled only from Kulyk and Eagle lake areas. Seven 

weakly to moderately radioactive pink and white granites were also sampled, in attempts 

to make spatial and temporal associations between them and the pegmatites. 

Geological traversing and mapping and sampling of the various rock types were 

aided by ground radiometric surveying with a handheld RS-125 gamma-ray 

spectrometer (GRS). The RS-125 GRS was used to direct the sampling distribution with 

a lower threshold of 1000 counts/s used as a cut-off for sample designation. The unit is 
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equipped with a 2" x 2" sodium-iodide (Nal) detector, which provides high-sensitivity 

performance, with respect to its large crystal size. The energy response ranges from 

30 keV to 3000 keV. The abundances ofU and Th are expressed in equivalent units (eU 

ppm and eTh ppm). These abundances of U and Th are proportional to the abundances 

of the daughter elements when in a state of radiometric equilibrium (Killeen and 

Cameron 1977). Most often the U and Th decay series are not in equilibrium on surface 

exposures, so the freshest rock surfaces were analysed to minimize the effects of 

disequilibrium. By plotting ground GRS measurements ( e.g.,eU vs. eTh) on graphs, we 

can determine which sites may be relatively enriched or depleted in one of the 

radioelements, due to primary (magmatic) or secondary (magmatic or hydrothermal) 

alteration and mineralization (Charbonneau et al. 1976; Killeen and Cameron 1977). 

2.5.2. Analytical techniques 

In situ bulk pegmatite samples (> 2kg) were initially crushed and split at the ACME 

Analytical Laboratory. Vancouver, BC. The lab crushes samples (>2 kg) are up to 80% 

passing - 10 mesh, split the sample to 1 kg, then pulverize it up to > 90% passing -200 

mesh, in order to achieve the best representative sample of the pegmatite. Major-oxide 

and rare-earth and refractory elements were determined using a lithium metaborate 

fusion and nitric acid digestion of a >0.5 g sample prior to ICP-emission spectrometry. 

A separate >0.5 g sample was split and digested in an Aqua Regia HC1-HN03 solution, 

and analysed by ICP-MS in order to identify other precious and base metals. Major

element and rare-earth element analysis was completed by fusing the sample pulp with a 

lithium metaborate at 1000°C, then dissolving it in a dilute of nitric acid and producing a 

100 mL sample for ICP-OES. The analytical method had upper detection limits on U 
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and Th were 10,000 ppm, LREEs of 50,000 ppm, and HREEs of 10,000 ppm. 

Unfortunately, as expected, a few samples did go over the detection limit, including one 

of the analytical standards used (see Appendix F), thus resulting in a low accuracy. 

ACME analytical labs did complete their own (in-house) standards, blanks, and 

replicants, in which measurements showed> 90% accuracy. 

Polished thin sections were made at the University of New Brunswick (UNB). 

Trace minerals, especially U- and Th-bearing minerals, were identified using a JEOL 

JSM6400 Digital Scanning Electron Microscope (SEM)-Energy Dispersive 

Spectroscopy (EDS) and images were acquired using SEM-backscattered electron 

(BSE) imaging at the UNB Microanalysis and Microanalytical Facility. The operating 

conditions of the SEM-EDS were 15 kV for the accelerating voltage, 1.5 nA for the 

probe current, and 60 s for the spectra collection time. An EDAX (genesis) Energy 

Dispersive X-ray Analyzer was used to collect oxide weight percent of the mineral 

analyses of co-existing phases of primary host magnetite, ilmenite, and titanite from 

pegmatites at Kulyk and Eagle lakes. 

Eleven biotite grains from samples ELR12, ELRlO, KJR29, KJR32, and KLRl 7 

were analyzed with a JEOL-733 Electron Probe Microanalyser, equipped with four, 2-

crystal wavelength-dispersive spectrometers at the University of New Brunswick. All of 

the major elements, and Zn, Rb, Sr, Cs, Ba, P, Fl, and Cl were obtained by EPMA from 

biotite rim and biotite core points. 

In situ U-Pb geochronology on monazite crystals were carried out using a 

Resonetics M50-LR 193 nm Excimer laser ablation system coupled to an Agilent 7700x 
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quadrupole ICP-MS at the University of New Brunswick (Mcfarlane and Luo 2012). 

For U-Pb dating, Trebilcock was used as a primary U-Pb standard (Tomascak et al. 

1998) and 44069 was used as a consistency standard to verify accuracy (Aleinikoff et al. 

2006). N1ST610 was used as a compositional standard to calculate ppm of U, Th, Pb. 

Raw data were corrected for gas background, laser induced elemental fractionation, 

instrumental mass discrimination, and, if necessary, common lead using Io lite software 

version 2.13. Data reduction was additionally performed using VizualAge software, 

following the procedure described in Petrus and Kamber (2012). Isoplot software 

version 3. 71 (Ludwig 2003) was used for the graphical presentation of all U-Pb isotope 

data and for age calculations. 

2.5.3. Description of the pegmatites 

Granitic pegmatites and aplites intrude all of the Wollaston Group units within 

the region, but appear to be more common in the basal Wollaston metasediments. 

Limited granite outcrops are seen in close proximity to any pegmatite group, specifically 

the hybridized pegmatites. Simple-type granitic pegmatites, defined by London (2008), 

can be pink (red) or white, and are variably radioactive and mineralized. These 

pegmatites are post- to syn-deformational and form as zoned to unzoned steeply dipping 

sills, dykes, and irregularly shaped bodies. The steep pegmatites intrude near primary 

fold structures and major faults and fractures that intersect the metasediments, 

sometimes exploiting foliation-parallel trends that are nearly coincident with the local 

east-, east-northeast-, and northeast-striking gneissosity; however, the mineralized 

pegmatites at Kulyk and Eagle lakes are discordant to the local gneissosity. The 

pegmatites are between O .1 m and 10 m wide, and vary in grain size from coarse grained 
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to megacrystic. It is common to see fine-grained dykes ( aplite) cross-cutting megacrystic 

dykes (pegmatite) at Kulyk and Karin lakes. The pegmatites are weakly foliated; 

however, some of the pink pegmatites at Kulyk Lake exhibit more of a moderate 

foliation. Compositional variations range from K-feldspar-quartz-biotite-rich, pink 

simple-type granitic pegmatites to Na-feldspar-quartz-muscovite-garnet-rich, white 

granitic pegmatites. At Kulyk and Eagle lakes the white pegmatites are associated with 

aplitic stock and intrude concordant (along strike with) diorite, calc-silicate paragneiss, 

and non-magnetic psammopelitic gneiss. At Karin Lake, the white pegmatites occur as 

dykes and lenses primarily within a grey granite suite, as well as in basal graphitic 

pelitic, semi-pelitic, and psammopelitic gneisses. Pegmatites with complex mineralogy, 

due to interaction with the adjacent host rocks, are termed as "hybridized" pegmatites 

(Rimsaite 1985; Lentz 1996). Hybridized pegmatites form as both zoned and unzoned 

types, with a typically - 5-10 cm contact hybrid zone, between the pegmatite and 

wallrock. The contact between the hybridized pegmatites and the host rock is typically 

gradational and consists of a suite of complex minerals. These minerals are mostly 

ferromagnesian phases similar to those found in the adjacent host rock, indicating 

evidence of hybridization through interaction with the semi-pelitic, calc-silicate, and 

dioritic host rock types. Moderate to strong bimetasomatic wallrock alteration, with 

weak to strong hematization, is often localized around the contacts of the simple granitic 

and hybridized pegmatites within all three properties. 

2.5.4. Mineralogy of the granitic pegmatites 

The most common of the mineralogically simple-type granitic pegmatite is pink 

to pinkish grey and ranges from coarse grained to megacrystic (Fig. 2-4a). They are 
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Fig. 2-4 a) Pink to pinkish-grey simple-type K-feldspar-quartz+/- biotite pegmatite 

located at Karin Lake; this pegmatite group is also common at Kulyk and Eagle lakes; b) 

Graphic K-feldspar-quartz intergrowths in a non-radioactive pegmatite sill at Kulyk 

Lake; c) Miarolitic-like pegmatite cavity showing classic internal zonations of: graphic 

K-feldspar-quartz +/- biotite, followed inward by blocky megacrystic K-feldspar (no 

quartz), and centered by radioactive smoky quartz core; d) Visible U-Th mineral 

(allanite?) showing metamictization-induced radial fractures propagating into a 

mineralized pegmatite at Marilyn Bay, Karin Lake property; e) Whitish-grey 

mineralized pegmatite dyke at the Rona showing, Karin Lake property, showing visible 

yellow stain (uranophane?) on surface; f) White pegmatite sills, intruding concordant to 

graphitic semi-pelitic gneiss at Craig Bay (drill core photos courtesy of Eagle Plains 

Resources), Karin Lake property; the pegmatites are plagioclase-quartz rich (no K

feldspar) and are enriched in aluminous minerals such as: biotite, muscovite, garnet, 

silliminite, and sometimes cordierite (not displayed in photo). 
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inequigranular, variably magnetic, and composed of 50-60% K-feldspar, 10-20% albite, 

10-20% quartz, and 0-10% biotite. Accessory minerals may include: ilmenite, 

magnetite, zircon, titanite, pyrite, molybdenite, monazite, xenotime, apatite, allanite, 

thorite and other uranium-thorium silicate minerals. The leucogranitic intrusions display 

typical pegmatite granophyric and graphic textures in quartz and feldspars. Quartz is 

subrounded, ranging from 1 mm to 20 mm; grains appear to be slightly strained and 

often extend along the main foliation. Plagioclase and K-feldspars are anhedral to 

subhedral and vary between 5 mm and 60 mm. Graphic texture is primarily exhibited by 

"graphic" quartz in K-feldspar (Fig. 2-4b). To a lesser extent, myrmekitic texture (quartz 

and plagioclase intergrowth) is visible at a microscopic level, adjacent to pegmatite

wallrock contact zones. Orthoclase is identified as the main potassic feldspar, with much 

lesser microcline. Plagioclase feldspars are identified as albite, and generally form 

perthitic intergrowths with orthoclase as very fine ( <2 mm) exsolution lamellae. Perthite 

textures are best developed in coarser, blocky K-feldspar crystals. Miarolitic-like 

pegmatites are common at Eagle Lake (Red October showing), and are approximately 

0.50 m wide (Fig. 2-4c ), occurring in the axial region of the diorite. Internal zoning and 

textures of the miarolitic cavities are well developed; an outer zone is composed of 

coarse-grained, graphic K-feldspar-quartz intergrowths, lesser albite, biotite, and trace 

amounts of amphibole and magnetite. An intermediate zone consists of megacrystic 

blocky K-feldspar and trace amounts of quartz, followed inward by a very coarse

grained smoky quartz core. The red (pink) granitic pegmatites locally include up to 5% 

fine-grained, earthy hematite (secondary) alteration of feldspars. Plagioclase feldspars 

have moderately sericitized cores and unaltered rims and K-feldspar crystals are weakly 
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seriticized. Biotite is interstitial between quartz, K-feldspar, and plagioclase and forms 

aggregates. F erromagnesian minerals, especially biotite, are often localized along 

pegmatite contacts, described as metasomatic reaction zones. Weak to moderate chlorite 

and hematite is locally noted in biotite grains. Coexisting iron-titanium oxides of 

ilmenite, magnetite, and titanite are commonly associated with biotite, closer to the 

pegmatite-wallrock contact, and lesser in pegmatite cores. Iron-titanium oxides range 

from 1 mm to 20 mm in size. Magnetite is often titaniferous (between 2 to 18 wt. % 

Ti02), and very fine exsolution of ilmenite (<2 mm) on most grains. The U-Th-REE 

accessory phases are predominately microscopic (<2 mm) thorite, monazite, apatite, and 

zircon, with rare allanite and xenotime. The accessory phases are commonly associated 

with biotite, but are also noted as inclusions in quartz-rich zones. Unusual uranium

thorium silicate minerals may also occur in association with other U-Th-REE accessory 

phases at Kulyk and Eagle lakes. Karin Lake pink pegmatites do not include any major 

U-bearing phases ( e.g., uraninite or allanite ). The radioelement accessory phases are 

easily identifiable in the field and in thin section due to the presence of metamictization 

induced radial fractures propagating from the U-Th-REE-bearing minerals, into the 

feldspar and/or quartz host (Fig. 2-4d). 

The second variety of simple-type granitic pegmatites is white to whitish-grey, 

and composed of 70% plagioclase, 10% glassy quartz, 5-10% biotite, 5% muscovite, 

and 0-5% garnet phenocrysts (Fig. 2-4e ). Accessory minerals may include monazite, 

xenotime, apatite, zircon, molybdenite, and pyrite. Plagioclase feldspar is almost always 

albite, however oligoclase is found in two white pegmatite samples from Karin Lake. K

feldspar is rare, but when present is identified as microcline, and forms locally 
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interstitial to quartz. Both myrmekite and less common granophyre texture are present in 

the white pegmatite. Biotite forms as medium- to coarse-grained radiating booklets, with 

finer grained quartz and feldspar between the layers, but is not always present in the 

white pegmatites. Muscovite is fine-grained and forms interstitial to K-feldspar. Both 

micas are associated with hematite, chlorite, and epidote alteration. At Kulyk and Eagle 

lakes, the white granitic pegmatites are sparse and rarely contain garnets, but at Karin 

Lake, the white pegmatites have a higher abundance of aluminous minerals, such as 

muscovite, garnet, cordierite and sillimanite, ( e.g., Rona, Craig Bay, Pegmatite and Vee 

Lake; Fig. 2-4t). Uranium-thorium- REE accessory phases are predominately monazite 

and xenotime, with lesser apatite and zircon. Co-existing microscopic monazite and 

xenotime are associated with biotite- and/or garnet-rich segregations and/or as 

inclusions in feldspars. Molybdenite is blebby, and almost always accompanied by fine

grained, disseminated pyrite. Pyrite is also locally associated with biotite or fills 

fractures and other voids in sericitized plagioclase. 

2.5.5. Mineralogy of the hybridized pegmatites 

At the Kulyk and Eagle lakes properties, the radioactive granitic pegmatites are 

often complexly altered, or "hybridized" and metasomatized with the adjacent 

Wollaston metasedimentary rocks. Mineralogically complex pegmatites in the Grenville 

Province are interpreted as products of hybridization (Rimsaite 1985; Lentz 1996), 

based on field observations of the pegmatites and their host rocks. A comparison 

between selected simple-type granitic and hybridized pegmatites is shown in Tab. 2. The 

hybridized and metasomatized pegmatites can contain up to 15% biotite and variable 

amounts of clinoamphibole, clinopyroxene, magnetite, and other Fe-Ti-oxides. These 
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Fig. 2-5a Red October Trench 1 (R02010-01) showing a mineralogically complex 

(hybridized with host rock) pegmatite dyke intruding magnetic diorite; rock hammer 

handle points towards north. Strong metasomatic and hybrid border zones are visible on 

surface; b) Sample ELR09 radioactive hybrid border zone consisting of biotite, 

magnetite, ilmenite, Ca-pyroxene, and Ca-amphibole; the pencil points towards north; c) 

Photomicrograph (plane polarized light) of sample ELR09 (b ), showing microscopic 

hematite-altered feldspar, Ca-amphibole and Ca-pyroxene; d) Photomicrograph 

(reflective light) of sample ELR09 (b ), showing microscopic zircon, xenotime, and 

monazite e-f) Photomicrograph ofELR09 (e) and ELRlO (f) in plane polarized light, 

showing uraninite crystals. 
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Simple peamatltes Pe1roloeical Hybrid bed peamatites Comments Location 
Ccmunmts 
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minerals minerals minertis mnerals 
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Eldorado N (simple) 20 %quanz tr.monazite <10%Biotite 
Tr. Uaninite Eldorado s (hybridize) <5 %allite 

tr.apate throughout pegmaile. <10 % Diop!ide Tr. Zircm zone. 
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<5 % Diop side Tr. Zircm 

SO % K-feldspar 
Albile partially altered to 20 %quanz <5%pmlt se:ricite; acc:esscry phases 15 %allite 0.1 %molybdmi1e - - - associated with seleaive Craig Bay s %bioa1e 0.1 %monazile hematite and c:hlorae along 5 %muscovite tr.p}!ite 
lracnres. ... !ilimaoite 
There are two different zones 01 

60 % K-feldsp.- witlin the sample; the ho• ~ 5 %imaite 
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of cumulate-textured ap ai11e 2 %calcite 
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55 %allite 0.5 %molybdmi11e 
Accssory phases .-e s .. oogly 20 %quanz tr. uraainite - - - associated witlin bioate Rona Showing 15 %bic:nte tr. monazite segreprims. <10 %muscovite tr.zircm 

55 % K-feldsp.- <5 %ilmenite 
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pepatite. <10 % biotite tr.zircm 

~ 
('I) ~ 
3 ~ 2.. ~ N ~ ~ I Cl'.l 
Cl'.l N ..... -· 0 N ""'d ::1 -· ('I) =:s a (JQ ::t 

0 0 ~ 

0 3 -· a:s o.s. ~ 
('I) s· 1-1 (j ('I) e. =:s 
(j 

§ ('I) 
Cl'.l 

~ cr" 
3 ('I) ..... s· ~ 

('I) ('I) 
('I) ; ::1 

0 Cl'.l 

§" o.s. 
n "O e. (D 
~ 

~ ('I) 
Cl'.l 
(j 

('I) .-; ..... 
"O "O ..... ('I) o· ~ ::1 

Cl'.l 

~- ~ ..... 
Cl'.l ('I) 

Cl'.l (t) 

< (D 
:'1 n ..... 
::r" (t) 

~ a- e .-; ..... I 
~ 

~ ..... 
N 

I ('I) 

G; ~ 
"O 

('I) tr:! 

~ (I) 

::r" 
0 ~- 3 . ..... 

('I) ::1 Cl'.l 
(JQ -· Cl'.l =:s 
< g. §: ('I) ..... 
(t) 

p. 



complexly altered pegmatites are almost always associated with calc-silicate alteration 

minerals and/or skam-type assemblages. An example of a mineralogically complex and 

strongly altered hybrid pegmatite is shown in Fig. 2-5a. The exposed hybridized 

pegmatite at the Red October Trench 1 (TRI) has a very coarse- to coarse-grained inner 

zone, or core, but can range from fine to coarse grained along the contact, or border 

zone of the pegmatite. It is in sharp contact with the host diorite, and strongly hematized 

at the northern part of the trench. The inner, central zone is pinkish-white to pinkish

grey and consists mainly of subhedral to anhedral K-feldspar and quartz, with lesser 

amounts of biotite and amphibole. An intermediate zone is observed within some of the 

zoned hybridized pegmatites, it is texturally heterogeneous, consisting of plagioclase >> 

K-feldspar, with variable amounts of biotite, amphibole, magnetite and/or ilmenite. The 

border zone, or hybrid contact ( outer region), is comprised of clinopyroxene, 

clinoamphibole, biotite, magnetite, ilmenite, titanite, and U-Th-REE-Y-Nb bearing 

phases, with much lesser feldspar and quartz (Fig. 2-5b-f). There is generally an increase 

of K-feldspar in the central zones of the hybridized pegmatites, but plagioclase 

dominates within the border zones. The plagioclase is identified as albite, it ranges from 

medium- to fine-grained and is the dominate feldspar in the K-feldspar is medium- to 

very coarse-grained and identified as orthoclase; it occurs with quartz in the central zone 

of the hybrid pegmatites. Clinoamphibole is mostly ferro-actinolite to actinolite, with 

lesser tremolite. They are blades of green amphiboles that have radiating laths that may 

appear massive. Diopside is locally present in the hybridized pegmatites at Eagle Lake 

(Red October showing) only, possibly due to the interaction with the diorite, which is 

not present at Kulyk Lake. Diopside and actinolite are most common in the hybrid 
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Fig. 2-6a-f) Scanning electron microscopy (SEM) backscattered electron (BSE) images 
of accessory phases; a) Sample ELRI O (Red October Trench 1) hybrid to intermediate 

zones with co-existing Fe-Ti-oxide phases: magnetite (Mt), titanite (Ttn), and ilmenite 

(Ilm), hosted in clinopyroxene (Cpx) and K-feldspar (Kfs); b) Sample ELRIO hybrid 

zone with magnetite (Mt), titanite (Ttn), and zircon (Zr), hosted in clinopyroxene (Cpx) 

and al bite (Alb); c) Sample ELRI 2 hybrid pegmatite with coexisting monazite (Mnz) 
and xenotime (Xen), and zircon inclusions, hosted with clinopyroxene (Cpx); d) Sample 

ELR60 hybrid pegmatite with coexisting monazite (Mnz) and xenotime (Xen), and 

zircon (Zr), thorium silicate-phosphate (ThSiP04) with biotite (Bt); e) Sample ELRIO 

hybrid zone with magnetite (Mt), zircon (Zr), and xenotime (Xen) hosted with apatite 

(Ap ); f) Sample KIRI 8 hybrid pegmatite with rutile (Ru), apatite (Ap ), thorium silicate

phosphate (ThSiP04), and xenotime (Xen) with biotite (Bt). 
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border phase, but are also found within some of the intermediate zones. Wide veins of 

scapolite are present, and associated with feldspars, mica and tremolite-actinolite 

minerals. The accessory phases are predominantly fixated within the hybrid border 

and/or metasomatic reaction zones along the pegmatite and wall-rock contacts. 

Comparatively, the simple-type granitic pegmatites generally contain trace amounts of 

very fine-grained to microscopic accessory phases, but the hybridized pegmatites 

include coarser grained accessories, up to 5% concentrated along the hybrid border. The 

hybrid border is also locally accompanied by moderate to strong hematite, chlorite, 

sericite, and other clays. Very fine to medium grained, magnetite to titanomagnetite, 

ilmenite, titanite, and rutile are abundant in the hybrid zones, and often associated with 

biotite; magnetite, ilmenite, and titanite are found coexisting with each other in the 

exocontact zones of hybrid pegmatites (Fig. 2-6a-b). The Fe-Ti-oxide minerals range 

from 5 mm to 55 mm (coarser than the simple-type granitic pegmatites). Very fine 

exsolution lamellae ( <1 mm) sets of ilmenite occur in host magnetite crystals and 

hematite exsolution occurs (<2 mm) in ilmenite. Uranium-thorium-REE-bearing mineral 

assemblages consist of monazite, xenotime, apatite, allanite, uraninite, thorite, and 

zircon. The accessory phases in present at higher concentrations in the border or contact 

hybrid zone, subordinate in the intermediate zone, and are rare in the central part of the 

hybridized pegmatites (Fig. 2-6c-f). Monazite ranges from 1-2 mm and is associated 

with inclusions of subhedral zircon; both monazite and zircon are zoned. Monazite 

commonly coexists with 1-2 mm apatite and <1 mm xenotime crystals. U-bearing 

phases are not easily identified due to extreme alteration within the hybrid border zones; 

various (unidentified) uranium ± thorium silicate phosphate minerals are present, in 
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addition to trace occurrences of allanite, uraninite, and thorite. Uranium-thorium-bearing 

mineral phases are almost always fractured, with radiation induced fractures propagating 

from the crystals (Fig. 2-6e, f). 

2.6. Radiometries 

Over 300 gamma-ray spectrometry (GRS) ground measurements were collected within 

the Kulyk, Eagle, and Karin lakes property boundaries (Fig. 2-1 ). The in situ GRS data 

was grouped by host rock types at the various properties into simple granitic pegmatites, 

"hybridized" pegmatites, granite, diorite, and the various metasedimentary host rocks, 

and were predominately focused in trenched out, mineralized zones. Field observations 

and associated GRS results are presented in McKeough et al. (2010). The authors detail 

the observations from the GRS surveys and show that elevated radioactivity was 

strongly associated with cross-cutting fractures and within biotite metasomatic reaction 

zones that were formed along the margins of the simple-type granitic and the hybrid 

border of mineralogically complex pegmatites. At Eagle Lake, some massive smoky 

quartz cores of pink pegmatites showed anomalous GRS measurements, indicating 

enrichment in the central zone of the pegmatite. The most differentiated rocks 

(pegmatites) contain the highest eU and eTh values (Fig. 2-7). The plot of eU/eTh shows 

that the hybridized pegmatites from Eagle and Kulyk Lake properties are the most 

enriched in radioelements, ranging between 6.6 to 10,000 ppm eU and 2 to 2786 ppm 

eTh (n=61) compared to the normal, granitic pegmatites at 2.7 to 3420 ppm eU and Oto 

1672 ppm eTh (n=106). Correlations between eU and eTh at Eagle Lake show a similar 

eU/eTh ratio between a group of normal granitic and hybridized pegmatites, however 

the hybridized pegmatites at Eagle Lake clearly evolve into more U-enriched dyke 

58 



systems. The pink and white pegmatites at Karin Lake, which are enriched in aluminous 

minerals, such as muscovite, garnet, cordierite and sillimanite, are anomalously elevated 

in eTh, compared to Eagle Lake and Kulyk Lake granitic pegmatites. The pegmatites 

and granites at Kulyk Lake do not show any correlation, they are variably enriched in 

eU and eTh. 

2.6.1. Geochemistry of the pegmatites 

The bulk whole-rock major oxide and trace-element compositions for pegmatite groups 

are found in Tab. E-1 (Appendix E). The simple-type pink granitic pegmatites contain 

average (n=20) bulk whole-rock chemical compositions of Si02 (73.14 wt. %), Ah03 

(13.46 wt.%), Fe01 (1.51 wt.%), MgO (0.35 wt.%), CaO (1.07 wt.%), K20 (4.92 wt. 

%), Na20 (3.40 wt. %), and Ti02 (0.13 wt. %). In comparison, the simple-type white, 

granitic pegmatites have a slightly higher percentage of orthoclase and albite, in addition 

to containing minor amounts of aluminous minerals. The average bulk whole-rock 

compositions (n=7) for the white pegmatites are: Si02 (71.17 wt. % ), Ah03 ( 15 .18 wt. 

%), Fe01, (1.69 wt. %), MgO (0.78 wt.%), CaO (3.89 wt. %), K20 (4.92 wt. %), Na20 

(3.89 wt. %), and Ti02 (0.16 wt. %). The white pegmatites have slightly higher 

K20/Na20 ratios of 0. 70 and Alumina Saturation Index (ASI), or, 

Ah03/CaO+Na20+K20 = 1.45, compared to the pink pegmatites values of K20/Na20 = 

0.68 and ASI = 1.40. Both sets of pegmatites vary from weakly metaluminous to 

peraluminous. The complexly altered hybridized pegmatites can vary from 

metaluminous to peraluminous (ASI = 1.20). The average major oxide compositions 

(n=12) for the hybridized pegmatites are: Si02 (62.86 wt.%), Ah03 (15.61 wt.%), Fe01 

(6.69 wt.%), MgO (3.19 wt.%), CaO (3.81 wt.%), K20 (3.24 wt.%), Na20 (5.35 wt.%), 

59 



10000 

-E 1000 
a. 
a. -.s:::. 
I- 100 Q) 

1 10 100 1000 10000 

eU (ppm) 

Fig. 2-7 Plot of eU vs eTh of all pegmatites and Wollaston host rocks at Eagle, Kulyk, 
and Karin lakes region (modified after McKeough et al. 2010). 
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and Ti02 (0.71 wt.%). All sets of pegmatites in the region vary from magnesian to 

ferroan (FeO/[FeO+MgO] ratio vs. Si02; Frost 2001; Frost and Frost 2008). This is 

attributed to the inconsistent amounts of biotite, tremolite, actinolite, cordierite vs. 

ilmenite and magnetite with various degrees or hematization. The simple-type granitic 

pink and white pegmatite varieties fall within the calc-alkalic to alkalic series 

(Na20+K20-Ca0 vs. Si02; Frost, 2001); mostly all of pink pegmatites at Eagle Lake are 

within the calc-alkalic series. The hybridized pegmatites from Kulyk and Eagle lakes 

range from the alkali-calcic to alkalic series. Discrimination diagrams (Fig. 2-8) clearly 

illustrate the variations between the complex hybridized pegmatites and the simple-type 

(pink and white) granitic pegmatite chemical compositions at Kulyk, Eagle and Karin 

lakes. There are obvious compositional variations specifically within the hybridized 

pegmatite group, as explained earlier, due to their bimetasomatic interaction with host 

rocks, and lesser variation between white and pink pegmatites, in any region. There is a 

positive correlation between Si02 and Na20 + K20, which most likely reflects the 

relative abundance of quartz, albite, orthoclase, and K-feldspar in simple, granitic 

pegmatites and the inner (core) zones of the hybridized pegmatites. This is generally an 

inverse relationship between Si02 vs. CaO, FeO, MgO, and Ti02, specifically at Kulyk 

and Eagle lakes. The inverse relationship can be explained by the lower proportion of 

quartz in the hybridized and metasomatized pegmatites, which are more enriched in 

biotite, diopside, tremolite-actinolite, magnetite, titanite, and ilmenite. McKeough and 

Lentz (2011) discuss the bulk whole-rock relationships between mineralogically simple 

and complex at Kulyk and Eagle lakes, and attribute the extreme chemical 

compositional variations between the two types to chemical zonation within individual 
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hybridized pegmatites in both regions. The simple (pink and white) granitic and 

hybridized pegmatites from Kulyk, Eagle, and Karin lakes contain chemically 

compound oxides, phosphates, and silicates that carry Nb>Ta, Y, REEs, U, Th, and Zr, 

and as a result are classified as NYF pegmatites. The NYF rare-element pegmatite group 

is defined by Cerny ( 1991 ). The average compositions as determined for the combined 

mineralized and non-mineralized granitic pegmatites (n=27) include: 7 ppm Nb, 31 ppm 

Y, 133 ppm U, 30 ppm Th, 124 ppm Zr, and 189 ppm total rare-earth elements 

(TREEs); the hybridized pegmatites (n=12) contain: 29 ppm Nb, 172 ppm Y, 667 ppm 

U, 276 ppm Th, 406 ppm Zr, and 1311 ppm TREEs (Tab. 2-3). There is a moderate 

correlation between U and Th in each of the pegmatite groups (Fig. 2-9a). Simple-type 

granitic pegmatites at Kulyk Lake average Th/U = 2.1 and Eagle Lake Th/U = 0.3; as 

confirmed by the radiometric data, Karin Lake pegmatites are substantially higher in Th

bearing phases with an average of Th/U = 6.3. Interestingly, the simple-type granitic 

pegmatites strongly decrease in Th/U with increasing Si02, the hybridized pegmatites 

overall have low Si02 and ratios Th/U = 1.6 (Fig. 2-9b ). Positive correlations between 

U+ Th and rREEs were presented in McKeough and Lentz (2011 ), specifically in the 

hybridized pegmatites. Figure 2-9c-d shows correlations between U vs. REEs and Th vs. 

REEs for all three areas (Kulyk, Eagle, and Karin lakes). The hybridized pegmatites 

show a stronger correlation between U (over Th) vs rREEs; the Karin Lake pegmatites 

show a stronger correlation of Th vs. REEs. The rest of the granitic pegmatites at Kulyk 

and Eagle Lake show a stronger correlation in Th and rREEs. The correlations between 

Th and REEs are stronger most likely because of the higher concentrations of monazite 

(Th-REE phosphate) compared to other U-Th-REE bearing phases in the pegmatites. 
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The chondrite-normalized REE distribution diagram (Fig. 2-9e) illustrates both the 

simple granitic and hybridized pegmatites as having similar but distinct REE profiles 

with moderate LaN/LuN and averaging Eu/Eu*= 0.65 and Eu/Eu*= 0.41, respectively. 

All pegmatite groups are LREE-enriched, the average ratios for each property are: 

Kulyk Lake LREE/HREE = 9 .1, Eagle Lake LREEIHREE = 4.4, and Karin Lake 

LREE/HREE = 6.9. The Wollaston pegmatite REE profiles are consistent with 

previously studied LREE-enriched NYF pegmatites, in having weakly to moderately 

negative Eu anomalies. The evolution of these REE patterns, with increasingly negative 

Eu anomalies, suggests moderate plagioclase fractionation in the pegmatites, possibly 

modified by feldspathization of calcic plagioclase under oxidizing conditions (Fowler 

and Doig 1983a). Simmons et al. (1987) attributes these overall characteristics as a 

complex interrelationship between melt fractionation and multiple injections of magma. 

Interpretations of geotectonic discrimination diagrams ( e.g., Pearce et al. 1984 ), and 

other trace-element (Rb-Y -Nb) discrimination diagrams may be problematic, because 

the enriched pegmatitic magma was obviously affected by complex metasomatic and 

( or) assimilation (hybridization) processes during ascent and at the site of pegmatite 

emplacement (McKeough and Lentz 2011). The low P205 content (< 0.02 wt. %) of 

alkali feldspars observed in the granitic pegmatites (Kulyk Lake) is also characteristic of 

A-type origin (London et al. 1990). Anorogenic-type granites are characterized by high 

Si02, Na20+K20, Fe/Mg, F, Zr, Nb, Ga, Sm, Y, and REE (e.g., Loiselle and Wones 

1979; Collins et al. 1982; White and Chappell 1983). These graintes are sourced from 

combinations of rocks of lower continental crust with varying amounts of added mantle 

components (King et al. 1997; Christiansen et al. 2007); these magmas are believed to 
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Fig. 2-10 Y-Nb-Ce ternary diagram (Eby 1992) for Wollaston pegmatites in the Kulyk, 
Eagle, and Karin lakes region, discriminating between mantle-derived (A1) and 
crustally-derived (A2) A-type granites. 
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be poor in H20, and varying in fluorine (Skjerlie and Johnston 1993). Crustally derived 

A-type granite signatures are also characteristic of REE-enriched NYF-pegmatites (Eby 

1990; Cerny and Ercit 2005; Martin and Devito 2005; Martin 2006). McKeough and 

Lentz (2011) discriminate between mantle-derived sources (A1) from those that are 

crustally derived (A2) on Eby's (1992) Y-Nb-Ce ternary diagram for the pegmatites at 

Kulyk, Eagle, and Karin lakes (Fig. 2-10). The hybridized pegmatites completely fall 

within the fractionated, crustally derived A2 granites, defined by Y /Nb > 1.2 (Tab. 2-3). 

The simple-type, granitic pegmatites almost completely fall within the A2 granite field; 

six samples lie along the A2-A1 boundary line, and therefore have not assimilated as 

much continental crust with Y /Nb ratios greater than 2 (Taylor and McLennan 1985). 

Processes such as assimilation, crystal fractionation, hybridization (before and during 

volatile saturation), and autometasomatic reaction attribute to all the pegmatites trace

element signatures, and need to be considered in the evolution of pegmatite systems in 

the Wollaston Domain. 

2.6.2. Biotite Geochemistry 

The major and trace-element concentrations of the biotite grains analyzed by EPMA are 

uniform throughout the grain, i.e. from core to rim. There is increasing Ti02, BaO, and 

SrO with increasing Fe/Fe+Mg. CsO is mostly below detection limit, or less than 

1 OOppm. P205 is also below detection limit, or less than 200ppm. The Mg# ( = 100 

moles x Mg+ Fe+ Mn; Icenhower and London, 1997) ranges between 29 to 53 (n= 24) 

and averages 40. The average fluorine and chlorine concentrations are 0.88 wt% and 

0.35 wt%, respectively. Fluorine ranges between 0.47 to 1.43 wt%; the higher F contents 
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(>1 wt%) are from an Eagle Lake U-REE hybrid pegmatite (ELRlO) and a Kulyk Lake 

pegmatite (KJR29) that is host to monazite-apatite-Fe-Ti-oxide layers (SMDI 0985). 

2.6.3. Hybridization and fractionation indicators 

There is very strong geochemical evidence for hybridization reactions, resulting 

in extreme geochemical differences between the Wollaston pegmatites (McKeough and 

Lentz 2011). A 'hybridization index' of CaO+MgO+Fe01 (see Lentz 1996) is useful in 

quantifying deviations from leucogranitic melt compositions expected; therefore, the 

hybridication index is used to describe comparisons between U, Th, Y, TREE, Nb, and 

Zr content in all of the pegmatites. A statistically strong correlation between the 

hybridization effects with U, Th, Y, TREE, Nb, and Zr concentrations in the pegmatites 

at Kulyk and Eagle lakes was observed (Fig. 2-11 ). Uranium, Th, and REEs all have a 

slightly stronger correlation to the hybridization components, confirming the relation 

between elevated radioactivity and the margins of the hybridized pegmatites as noted 

previously. Yytrium increases to a lesser degree than those mentioned above, and is 

most likely incorporated with other mineralizing elements enriched with magmatic

hydrothermal ( orthomagmatic) fluids. 

The variably mineralized and altered granitic pegmatites at Kulyk, Eagle, and 

Karin lakes region contain lower amounts of rare alkali elements, such as Li, Rb, and 

Cs, and are enriched in alkaline earths such as Ba, Sr, Ca, and Mg. The pegmatites are 

described as weakly to moderately chemically evolved, and attributed differing Rb-Ba

Sr trends to vary between signatures of a normal granitic pegmatite to a moderately 

fractionated pegmatite to a highly fractionated pegmatite (Fig. 2-12a-b). The hybridized 

pegmatites have Rb/Sr = 0.60 and Rb/Ba = 0.15 and the simple-type granitic pegmatites 
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Fig. 2-11 A 'hybridization index' of CaO + MgO + FeOt is used to show comparisons 
between U, Th, Y, LREE, Nb, and Zr content in the Wollaston pegmatites. Spearman's 
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moderate to strong relationship between hybridization effects and enrichment of the 
mineralizing phases. 
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have Rb/Sr= 1.9 and Rb/Ba = 0.30 (Tab. 2-3). The granites are plotted for comparison, 

and to further emphasize the differentiation of hybridized pegmatite and "normal" 

granitic signatures. The majority of the simple-type granitic pegmatites have stronger 

correlation to the normal granite compositional trend-line. Varying degrees of 

fractionation using ratios of K/Rb vs. Cs ( cf. Cerny et al. 1985), evaluate the K-Rb and 

K-Cs substitution in potassium feldspar and micas within the bulk samples (Fig. 2-12c

d). The granites sampled in close proximity to pegmatites are also plotted for 

comparison on the fractionation diagram, and differ from the granitic pegmatites by 

having significantly lower Rb content, but comparable Cs content. The hybridized 

pegmatites have identical fractionation pathway (arrows) on the K20/Rb vs. Rb and K20 

vs. Cs fractionation plots. The trends are very steep, decreasing sharply in Rb and Cs, on 

separate fractionation trajectories than the simple-type pegmatites and granites. The 

granites and simple-type pegmatites clearly lie on a shallower K20/Rb vs. Rb path, but 

are parallel to the hybrid pegmatite K20 vs. Cs path. The hybridized pegmatites and 

simple-type granitic pegmatites and granites are grouped separately illustrated on K/Cs 

vs. U+Th and K/Cs vs. REEs (Fig. 2-13). The figures show that low K/Cs ratios (K/Cs 

<1) are attributed to hybridized pegmatites, which are consistent with higher U+Th and 

LREEs, although there is some overlap between the mineralized simple-type granitic 

pegmatites. The arrows (Fig. 2-13a, b) indicate the direction of progressive 

fractionation, leading to enrichment in U+Th (ppm) and REEs (ppm); further evidence 

linking pegmatite fractionation-hybridization and the enrichment of U-Th-REE. 

Variations in Nb/Ta and Zr/Hf ratios also infer a moderate degree of fractionation in the 

pegmatite 
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Fig. 2-12 a) Rb vs. Sr and b) Rb vs. Ba plots showing variable degrees of fractionation 
in the granitic and hybridized pegmatites and granites from Kulyk, Eagle, and Karin 
lakes; the trend for normal granites (El Bouseily and El Sokkary 1975) is plotted for 
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melts (Fig. 2-14). The Nb/Ta ratios for Kulyk, Eagle and Karin Lake pegmatites range 

between 1 and 28.5. The average Nb/Ta = 9.8 for hybridized pegmatites (Kulyk and 

Eagle lakes), and the simple, granitic pegmatites average Nb/Ta= 11.1. The Nb/Ta vs. 

Ta and vs. K/Rb ratios of the pegmatites shows distinct fractionation trends, as a result 

of hybridization reactions (Fig. 2-14). There appears to be a sharp decrease in Nb/Ta, 

specifically within the hybridized pegmatites, while the simple granitic pegmatites still 

show a negative correlation between K/Rb and Ta, it is a much shallower trend. The 

Zr/Hf ratios for the pegmatites at the Kulyk, Eagle, and Karin lakes region range 

between 16.4 to 39.6. There is not a significant difference in Zr/Hf ratios between the 

hybridized (complex-type) and normal, granitic (simple-type) pegmatites in the region, 

averaging 29.1 and 29.4, respectively. The pegmatites at Karin Lake differ from all of 

the pegmatite groups in the study region; there is an increase in Hf, with relatively 

consistent Zr/Hf (Fig. 2-14), and increasing Hf and Zr with increasing Th/U (see Fig. 2-

14). 

2. 7. Constraints on the Origin of the Pegmatites and Source of 
Mineralization 

2. 7.1. Timing and temperature of the melt 

The Wollaston Domain has been the subject for numerous studies that have constrained 

the geochronology and thermotectonics of rocks in the Wollaston Domain (Tran 2001; 

Tran et al. 2003, 2008; Annesely et al. 2005; Bickford et al. 2005; Yeo and Delaney 

2008). Laser ablation inductively coupled plasma-mass spectrometry (LA ICP-MS) U

Pb geochronological analysis at the University of New Brunswick (UNB) Laser 

Ablation Facility was completed on monazite crystals from a foliation-parallel pegmatite 
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at Kulyk Lake, yielding an age of 1830 Ma ±5 Ma (Mcfarlane and McKeough 2013). 

Monazite crystals from the pegmatite-hosted monazite-apatite-titanomagnetite zone at 

Kulyk Lake (SMDI 0985; Tab. 1), has yielded ages ca. 1830 Ma and 1770 Ma 

(Mcfarlane and McKeough 2013). This constrains the emplacement of this pegmatite 

and mineralization to the well-documented magmatism ( or hydrothermal-magmatic 

events) in the latter stages of Trans-Hudson Orogeny (THO) deformation, which agrees 

well 

with previously published ca. 1850-1760 Ma U-Pb ages of zircons and hydrothermal

magmatic events) in the latter stages of Trans-Hudson Orogeny (THO) deformation, 

which agrees well with previously published ca. 1850-1760 Ma U-Pb ages of zircons 

and monazites from undeformed pegmatites in the Wollaston fold belt (Chiarenzelli, 

1989; Bickford et al. 1990; Chiarenzelli et al. 1998; Annesley et al. 2005; Bickford et al. 

2005; McKechnie et al. 2012ab; Schneider et al. 2007). U-Pb geochronology was also 

completed on monazite crystals from the pegmatite at Yell ow Lake yielding a 

concordant age of 1774 ± 3 Ma. One point on a monazite core gave a concordant age of 

1815 Ma, aside from this anomaly the average (n = 8) is 1770 ± 8 Ma with 95% 

confidence and probability = 0.97. This ca. 1770 Ma date represents a retrograde 

metamorphic (maybe a second melting) event followed by exhumation rapid cooling at 

the terminal stages in this orogeny (Schneider et al. 2007). 

Temperature estimations were made using ILMAT magnetite-ilmenite 

geobarometer and geothermometer program by LePage (2003), based on oxide data 

from EDAX analyses of coexisting magnetite and ilmenite, as reported in Tab. 2-3. The 
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Tab. 2-3 Average temperature and oxygen fugacity of pegmatites from the Kulyk and 
Eagle lakes region, northern Saskatchewan. 

Methods Average T °C Range T °C Average .f{ 02) Range .f{ 02) 

Powell and Powell ( 1977) 683 605 to 728 -16 -13 to-20 

Spencer and Lindsley ( 1981) 709 644 to 770 -14.2 -12.3 to -16.8 

Anderson and Lindsley ( 1986) 728 664 to 775 -14.2 -12.7 to -16.2 

Nasir (1994) 745 662 to 789 -13.2 -11.5 to -15.8 

All Methods 716 605 to 789 -14.4 -11.5 to -20 
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program calculates temperature and oxygen fugacity, expressed as log /{ 02), usmg 

empirical methods from Powell and Powell (1977), Spencer and Lindsley (1981 ), and 

Anderson and Lindsley ( 1986). The temperature for ilmenite-magnetite pairs from a 

weakly hybrid pegmatite at Eagle Lake (MMELROIO) and a radioactive simple-type 

granitic pegmatite from Kulyk Lake (MMKJR008) range between 605°C and 789°C. 

The oxygen fugacity calculated for both pegmatites ranges between -11.5 to -20 (log 

/{02)) (Tab. 3). The large range in temperature estimates, specifically the lower 

(underestimated) temperature range, is due to a lower Ti-in-magnetite composition used 

in this study compared to the higher Ti-in-magnetite used for the calibration of the 

magnetite-ilmenite geothermometer. The temperature estimates of pegmatites from 

Eagle and Kulyk lakes overlap temperature estimates of titaniferous magnetite and 

ilmenite from NYF-pegmatites at Fraser Lakes, Wollaston Domain (20 km northeast of 

the study area),which average 750 °C (McKechnie et al. 2012ab). 

The melting temperature of the pegmatite can also be estimated using saturation 

models of monazite (Montel 1993) and zircon (Watson and Harrison 1983). The 

monazite saturation model utilizes the major element composition of the whole-rock 

geochemical analyses, along with LREE contents, while the zircon saturation model 

utilizes major element composition, and Zr contents. These models assume that the 

accessory phases grew from the melt and were not inherited, because high Zr and LREE 

(La, Ce, Pr, Nd) contents specifically were able to achieve saturation in the melt. The 

decrease in Th/U (and LREEs) with increasing Si02 (Fig. 2-6b) represents the 

fractionation of monazite (LREEs and Th) and potentially zircon, in the melt, implying 

that not all of the accessory phases are inherited. The calculated monazite saturation 
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temperatures range from 625 to 894°C, with an average of 750°C. Calculated zircon 

saturation temperatures are in close agreement with the monazite saturation 

temperatures, ranging from 609 to 948°C, with an average of 732°C. The higher 

temperatures (if not associated with the mineralized zones) could reflect temperatures 

during uplift in the THO; the lower temperatures may be recording the lowest pressure 

(shallowest depth) emplacement of these highly evolved pegmatitic magmas (see 

below). Calculated temperatures on the basis of possibly inherited zircon and monazite 

contents represent maximum temperatures, however kinetics also played a role in the 

survival of zircon and monazite cores during dissolution, thus slightly higher 

temperatures cannot be ruled out. 

The P-T conditions of pegmatite formation are necessary in order to model 

petrogenetic evolution. The age constraints, textures, and relatively high-T partial 

melting conditions (--750°C) confine the melt-forming conditions of the pegmatite

generating melts to syn- to post-deformational events of the Trans-Hudson Orogeny (see 

Annesley et al. 2005). Furthermore, petrographic relationships indicate the following 

reactions: quartz + plagioclase +biotite +-+ melt + orthopyroxene + ilmenite and quartz + 

plagioclase + biotite + aluminosilicate +-+ melt + K-feldspar + garnet; and Karin Lake 

specific reactions of biotite + sillimanite + quartz +-+ garnet+ cordierite + K-feldspar + 

melt and biotite + sillimanite + quartz + plagioclase +-+ garnet ±cordierite ± K-feldspar 

+ melt. These reactions reflect partial melting, and the generation of magmas, to occur 

under fluid absent conditions involving biotite breakdown at moderate to high 

temperatures ( e.g., Christiansen et al. 1983; Clemens et al. 1986; Clemens 2006; Brown 

and Korhonen 2009; Brown 2010). 
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The P-T conditions of the Hudsonian melts in the Wollaston Domain are 

represented by a melting curve curve derived from metamorphic equilibria of 

migmatites and leucosomes from pelitic gneisses in the same region of the Wollaston 

Domain as this study (Annesley et al. 2005). The appearance of garnet ± cordierite in 

the Wollaston pegmatites confirms fluid absent conditions involving biotite breakdown 

at high temperatures, between 700° and 800°C, and decreasing pressure under 

isothermal conditions in the middle crust. Evidence of subsolidus cooling is noted by 

feldspar exsolution and ilmenite lamallae in magnetite; minerals such as chlorite 

overprinting biotite and sericite replacing plagioclase also confirm retrograde 

metamorphism. The P-T path (Fig. 2-15) illustrates a partial melting zone at depth and 

an emplacement path that is consistent with prograde near-peak pressure and 

temperature conditions of 6-9 kbar and 750 to 825°C. The retrograde P-T curve follows 

an adiabatic uplift path that will experience isothermic decompression up to 3 kbar 

during early exhumation. Fluid-absent melting during adiabatic decompression in the 

domain will have steep P-Tpaths and ascend at faster rates during exhumation (Clemens 

and Mawer 1992); therefore, the later pegmatites can intrude and crystallize at higher 

structural levels in the crust compared to earlier melts. The anatectic front, shown by the 

pegmatite solidus, is progressively extended into shallower parts of the Trans-Hudson 

orogenic system due to advection of material during extensional and transpressional 

crustal deformation and the sequential ascent of granite melts ( e.g., Brown and Solar 

1999; Brown 2010). Continuous episodic melt extraction occurs along this front 

throughout decompression, allowing magmas segregate and coalesce. 
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Fig. 2-15 A schematic P-T diagram showing the main melting zone of leucogranite in 
the Wollaston Domain ca. 1830-1805 Ma; muscovite solidus and biotite solidus after 

Strong (1981). 
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The path of the segregated partial melt forming in rocks undergoing adiabatic 

decompression is indeed steep, and would bring about the subsolidus dehydration of the 

biotite to form metamorphic orthopyroxene. The initial segregation of the fluid-absent 

melt would have occurred because the magma inevitably retains a certain H20-content 

at its pressure of formation ( e.g., Clemens and Droop 1998). The generation of melts 

with H20 activities less than total pressure is the key to their mobility and 

differentiation. Consequently, during adiabatic decompression the pegmatite (granitic) 

melts intruded and crystallized into higher structural levels in the W ollaston Domain. 

2. 7.2. Structural controls on pegmatite emplacement 

After anatexis within the thickened crust during the early deformation stages of the 

Trans-Hudson Orogeny, crustal melts most likely migrated upwards along major 

transcurrent shear zones. The Kulyk and Eagle lakes simple and hybridized pegmatites 

formed in steep structures discordant to the S2 foliation of the host rocks. The overall 

features of the pegmatites at Kulyk and Eagle lakes indicate that they were injected into 

dilatant regions in and around shear zones in the host rocks, propagating through 1 ow

stress domains. The steep pegmatite bodies were injected E-W adjacent to NE-SW

trending dextral faults, representing lateral expansion sub-orthogonal to the principle 

compression direction (e.g., Lopez-Moro et al. 2012). On the other hand, at Karin Lake 

a majority of the pegmatites are concordant to the metasedimentary gneisses. The host 

rocks to the pegmatites are characterized by tensile-strength anisotropies, such as pre

existing fractures, cleavage, schistosity, and layering. These planes of weakness will 

play an important part in controlling the orientation of the pegmatites, however 

variations in the tensile strength combined with lithostatic and directed stresses must 

81 



also be considered when evaluating pegmatite intrusion (Brisbin 1986). The pegmatites 

would have intruded at sites where pegmatite fluid pressures overcame the lowest 

combined effects of normal and tensile strengths ( e.g., Brisbin 1986). Steep structures 

were vital for the accumulation and segregation of these melts, as well as channeling 

fluids that facilitated hybridization. The upward migration of the melts proceeded at 

faster rates during exhumation; therefore the later (most fractionated) pegmatites 

intruded at higher crustal levels compared to earlier melts in the Wollaston Domain. 

2. 7.3. Textural and mineralogical considerations 

In the Kulyk and Karin lakes regions, it is common to see aplites cross-cutting 

pegmatitic dykes that are otherwise compositionally similar. The cross-cutting 

relationships of the texturally different aplitic/pegmatitic dykes in the same area indicate 

multiple felsic melt injections in the domain. Textural evidence also suggests that the 

Kulyk Lake and Eagle Lake pegmatites were intruded into low-strain domains. At Karin 

Lake, the quartz in pegmatites is strained, and accompanied by fine-grained, oriented 

mica and/or albite. These textures support the fact that the Karin Lake pegmatites were 

emplaced into a shear zone that was locally reactivated prior to complete crystallization. 

There are distinct mineralogical differences between the K-feldspar-quartz-rich 

pegmatites and plagioclase-quartz-rich pegmatites, as well as the simple-type granitic 

pegmatites and hybridized pegmatites. The plagioclase-quartz-rich pegmatites at Karin 

Lake exhibit an S-type affinity, while the K-feldspar-quartz-rich pegmatites are 

dominantly A-type. The plagioclase-quartz-rich pegmatites do not show any 

characteristics of hybridizing with adjacent metasedimentary rocks. It is the K-feldspar

rich pegmatites, specifically at Eagle and Karin lakes, that show evidence of 
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hybridization and/or metasomatic reactions along pegmatite-wallrock contacts and 

locally into more internal zones of the pegmatite. The compositional differences 

between the individual pegmatite groups are likely due to the distinct sources, genesis 

and timing within the Trans-Hudson Orogeny. For example, the presence of magnetite 

and K-feldspar ± biotite in the simple to complex (hybridized) pegmatite indicates that 

more oxidizing conditions prevailed at crystallization. Without age constraints it is 

difficult to distinguish between the different pegmatite groups, or to assign them to 

specific generations of pegmatite formation. We can only conclude from cross-cutting 

relationships that the K-feldspar-rich are younger than the plagioclase-rich pegmatites in 

the region. 

The gradational transition between mineralogical zones (hybrid border to the 

central zone) in the pegmatites, and between the hybridized pegmatites and their host 

rocks, indicates that there may have been further "mixing" during and after 

emplacement of the melt (e.g., Novak et al. 1999; Dini et al. 2004; Novak 2007). 

Infiltration of a volatile phase, such as H20 or F and the separation of a supercritical 

fluid (SCF) from the crystallizing pegmatite may have been responsible for the 

formation of the "pegmatitic" textural zones, as well as the net transfer of exsolving, 

metalliferous SCF out from the crystallizing pegmatite ( e.g., Lentz and Suzuki 2001 ). 

The textural and mineralogical differences between the simple-type and hybridized 

pegmatites imply that an active chemical potential gradient existed between the 

hybridizing contact zone and the internal portion of the injecting pegmatite melt. This 

chemical gradient would have enhanced the diffusion of U, Th, REE, Y, Nb, and other 

HFSE to the outer reaction interface (hybrid border zone). It is these reactions that 
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account for the intrapegmatite compositional differences, and the variations between 

mineralized hybrid pegmatites and barren non-hybridized pegmatites in the Wollaston 

Domain. 

2.7.4. Geochemical aspects of the pegmatites 

In addition to McKeough and Lentz (2011 ), we have elaborated on the geochemical 

evidence for hybridization reactions, which have resulted in extreme geochemical 

differences between the Wollaston pegmatites. The presence of metasomatic reaction 

zones and "hybrid" ( exocontact) border zones, as well as geochemical variations in 

these NYF-type granitic pegmatites indicate the operation of assimilation and fractional 

crystallization (AFC) processes. Processes such as assimilation, crystal fractionation, 

hybridization (before and during volatile saturation), and autometasomatic reaction all 

contributed to the pegmatites' trace-element signatures. This interaction has been the 

focus of many studies that described the processes in which host rock interactions 

enriched the pegmatite margins in U, Th, and REE accessory phases (e.g., Simmons and 

Heinrich 1980; Rimsaite 1985; Morgan VI and London 1987; Williams, 1987; Kretz et 

al. 1989; Owen 1989; Shearer et al. 1992; Lentz 1996). These studies gave examples of 

enriched granitic pegmatites that range from unzoned to strongly zoned, and can be 

compositionally simple or complex. Good examples of these are the mineralogically 

complex pegmatites in the Grenville Province, which are interpreted as products of 

hybridization, based on field observations (Rimsaite 1985; Lentz 1996). Similar to the 

Grenville pegmatites, the whole-rock relationships between simple- and complex-type 

Wollaston pegmatites reflect variations between the two types of pegmatite groups. The 

inverse relationship between whole-rock Si02 and CaO, FeO, and MgO (Fig. 3) can be 
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explained by the lower proportion of quartz (Si02) in the hybridized pegmatites, which 

are more enriched in biotite, diopside, actinolite, magnetite, titanite, and ilmenite. 

The AFC processes were responsible for the varying ratios between Rb-Ba-Sr 

(Fig. 2-1 Oa,b) and contrasting Cs vs. K/Rb (Fig. 2-9c,d) for distinctive textural and 

compositional evolution paths ( e.g., Shearer et al. 1992). The K/Cs vs. U + Th and K/Cs 

vs. LREE diagrams illustrate similar degrees of increasing fractionation (Fig. 2-10). 

Therefore, we can assume that with increasing degrees of fractionation, the abundance 

of U-Th-REE increased in the pegmatites. The hybridized pegmatites are more evolved, 

exhibiting greater enrichment of U-Th-REE; their fractionation path was ultimately 

affected by the increase of volatiles to the melt. The REE profiles of all of the Wollaston 

NYF-type granitic pegmatites in this study are characteristic of a complex 

interrelationship between melt fractionation and multiple injections of magma ( e.g., 

Simmons et al. 1987). The Wollaston pegmatite REE profiles are consistent with 

previously studied LREE-enriched NYF pegmatites, in having weakly to moderately 

negative Eu anomalies. The evolution of these REE patterns, with increasingly negative 

Eu anomalies, suggests moderate plagioclase fractionation in the pegmatites, possibly 

modified by feldspathization of calcic plagioclase under oxidizing conditions (Fowler 

and Doig 1983a). 

This study showed there is geochemical evidence of internally derived 

mineralizing fluids, i.e., fluid fractionation, which has modified ratios, such as Nb/Ta, 

K/Rb and Zr/Hf (Fig. 2-11 ). These have been used to explain fractionation of other rare 

metal granitic pegmatites (Pan 1997; Linnen 1998; Dostal and Chatterjee 2000; Linnen 

and Keppler 2002), whereby all three ratios will decrease with crystal fractionation and 
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with the introduction of fluids. Primitive-mantle melts have rather constant Nb/Ta ratios 

of 17.5 ± 2 (Hofmann 1986; Green 1995), a value comparable to that of chondrites (Sun 

and McDonough 1989). However, there is controversy on whether a typical continental 

crust value is within the range of the mantle-derived melts (Hofmann et al. 1986; 

Jochum et al. 1986) or is significantly lower ( -11; Taylor and McLennan 1985; Green 

1995), implying that these two elements were fractionated from each other in the 

continental crust (e.g., Linnen and Keppler 2002). The Wollaston pegmatites show 

distinct fractionation trends when comparing the Nb/Ta vs. Ta and vs. K/Rb ratios, as a 

result of hybridization reactions (Fig. 2-11 a,b ). There is a sharp decrease in Nb/Ta, 

specifically within the hybridized pegmatites. The simple granitic pegmatites still show 

a negative correlation between K/Rb and Ta, albeit as as a much shallower trend. 

Decreasing Nb/Ta is typical of these granitic pegmatites, and may indicate a high 

activity of F, promoting the fractionation of Nb and Ta (Cerny et al. 1986; Cerny 1991). 

The crystallization of accessory phases such as rutile and ilmenite, which preferentially 

incorporate Nb over Ta, may be responsible for the decrease of Nb/Ta ratios in residual 

peraluminous granitic melts ( e.g., Linnen and Keppler 1997). We conclude that the 

lower Nb/Ta ratios in the more evolved (hybridized) pegmatites could have resulted 

from the crystal/liquid fractionation of Ti-rich minerals. The observed constant Zr with 

decreasing Nb/Ta was probably related to the abundance of restitic zircon buffering the 

whole-rock Zr contents. The Zr/Hf ratios for the Wollaston pegmatites remain relatively 

constant, except for the strongly peraluminous pegmatites at Karin Lake (Fig. 12d). 

They contain abundant garnet (up to 5 vol. %), which prefers Zr over Hf, therefore 

producing a decrease in Zr/Hf with fractional crystallization (Linnen and Keppler 2002). 
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The Zr/Hf vs. Hf plot for the Karin Lake pegmatites is quite typical of moderately 

fractionated peraluminous granites ( e.g., Linnen and Keppler 2002); otherwise the Zr/Hf 

ratio is less than chondritic value. Hafnium and Zr concentrations should remain 

constant in unfractionated igneous rocks, having chondritic values between 33 and 40 

(Jochum et al. 1986). Fluid metasomatism has been proposed to account for non

chondritic Zr/Hf values in granitic rocks ( e.g., Bau 1996), but it is suggested that this 

ratio can reflect crystal fractionation involving accessory phases in the pegmatite as well 

( e.g., Pan 1997; Linnen 1998; Linnen and Keppler 2002). The decrease in Zr/Hf of the 

studied pegmatites is comparable to the moderately to highly fractionated granites 

associated with F-rich melts (Linnen and Keppler 2002). 

The above geochemical data interpretations additionally support hybridization 

reactions between hypersolidus-subsolidus pegmatite and host rock, likely aided by 

volatiles that effectively enhanced pegmatite crystallization. Network-forming cations 

(Al and Si) and U, Th, REE and other HFSE would diffuse during viscous stress 

relaxation in melts, which typically occurs with the addition of volatiles (e.g., 

Bagdassarov et al. 1993; Mungall 2002). Experimental studies of volatile-rich pegmatite 

melts (Bartels et al. 2011, 2012) have also shown the effectiveness of the of U, Th, and 

REE diffusion related to the changes in residual melt composition, either as a result of 

fractionation or volatiles loss. We have proposed that the separation of a SCF and 

infiltration of a volatile phase through crystallized portions of the pegmatite ( and 

eventually the host rocks) would facilitate metasomatic transfer, i.e., assist in the 

diffusion and advection of elements such as rare alkalis and HFSE from the melt. The 

SCF phase would enhance the autometasomatic reactions along the chemical potential 
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gradient between the host-rock major elements ( e.g., Ca, Fe, Mg and Ti) and the 

pegmatites (e.g., Si, Al, K, Na, U, Th, REE, Nb, Zr, F, and Cl). Fluid-melt partitioning 

would enrich the SCF in HFSE (U, Th, REE, Zr, and Nb) during diffusive exchange 

and/or infiltration (interaction) with the outer portions of the pegmatite undergoing 

hybridization. This may explain why the simple granitic pegmatites, as well as the 

central zones of the hybridized pegmatites, are depleted in U, Th, REE, Y, and Nb 

accessory phases. 

2. 7.4. U, Th, REE, Y, and Nb enrichment processes 

Analogous to the study of Lentz ( 1991) in the southwestern Grenville provmce 

pegmatites, in situ gamma-ray spectrometry proved that the hybrid and metasomatized 

contact (border) zones correspond to the greatest enrichment in U and Th (see 

McKeough et al. 2010). Detailed mapping of mineralized pegmatites and petrographic 

analysis of the hybridized pegmatites have provided further evidence that allanite, 

monazite, apatite, garnet, xenotime, uraninite, and other U-, Th-, and REE-bearing 

minerals are concentrated within the metasomatized and hybridized contact-zone albite

and biotite-rich assemblages (Tab. 2), similar to other fractionated NYF-type pegmatites 

( e.g., Shearer et al. 1992). 

Most fertile crustal lithologies contain sufficient amounts of REE, Y, Zr, and P 

to supply an anatectic melt in these components and allow early precipitation of 

accessory phases (Watt and Harley 1993). However, the evolved NYF pegmatitic melts 

in the Wollaston Domain were undersaturated in REE, therefore, the primary deposition 

of U, Th, and REE occurred later, at lower temperatures. Early crystallization of apatite, 

allanite, and/or titanite was favored in the metaluminous melts at Kulyk and Eagle lakes, 
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and the crystallization of monazite and/or xenotime in peraluminous melts at Karin 

Lake. Previous studies on mineralized pegmatites showed coexisting U-Th-REE-Y 

accessory phases in an intermediate field of a slightly peraluminous hybrid pegmatite, 

with moderate CaO content(< 2.5 wt.% - e.g., Dini et al. 2004). Stability of accessory 

phases, such as monazite, allanite, and apatite are mainly controlled by the activity of Ca 

and degree of peraluminosity of the melt (Dini et al. 2004). We have shown (in this 

study, and McKeough and Lentz 2011) that there is a distinct correlation between the 

CaO + MgO + FeOt (hybridization index) and U, Th, LREE, Y, and Nb contents of the 

pegmatites, confirming that the saturation of relevant minerals in the hybrid border and 

wall zones was directly related to the introduction of Ca, Mg and Fe, caused by hybrid 

reactions. The hybridized pegmatites have higher bulk concentrations of P20 5 (compared 

to other pegmatites in the region), providing available phosphorus to form xenotime, 

monazite and apatite. Therefore we can assume that chemical potential gradients 

between the melt and/or fluid from core (P205) and hybrid border (CaO) of the 

pegmatite favoured saturation of U-Th-REE in the hybridized zone. The higher 

contents of allanite, uraninite, thorite, monazite, xenotime, and apatite in the hybrid 

border compared to pegmatite intermediate and core zones indicates high diffusi vi ties 

within and between pegmatite and host rock for LREE, U, and Th. 

2. 7.5. The effect of Duxes on melt enrichment 

Research by London (1987), London (2008), Simmons and Webber (2008), Nabelek et 

al. (2010), Van Lichtervelde et al. (2010), and Linnen (2012) have shown that U-, Th-, 

Nb-, Y- and REE-minerals are closely linked to highly fluxed silicate melts. Fluxes, 

including F and P, are important for the transport and deposition of these metals, 
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depending on the melt composition. However, the role of fluorine in NYF-type 

pegmatites is still poorly understood (Linnen 2012). There is relatively high F-content 

(> 1 wt. %) in metasomatic biotites from pegmatites sampled at Kulyk Lake and Eagle 

Lake. Fractionation in the Wollaston pegmatites was likely enhanced by F ( and P), in 

addition to providing a possible mechanism for saturation of the U-, Th-, and REE

bearing phases. Even at low concentrations, fluorine may influence fractionation of REE 

and the transition elements (e.g., Mahood and Hildreth 1983). At high concentrations, 

the two elements reduce liquidus and solidus temperatures, decrease viscosity, and 

increase the solubility of H20 in the melt (London et al. 1993, London 1997; 2009; 

Dingwell et al. 1996). The incorporation and increase of fluorine in these particular 

NYF-type melts could have led to the formation of F-REE complexes, lowering the 

activity of the REE, and therefore reducing REE crystal-melt partition coefficients ( e.g., 

Ponander and Brown 1989). 

Both P and F were mobile in the SCF phase, due to the occurrence of apatite and 

metasomatic biotite in the hybrid border zone. It has geochemically been shown that 

Nb/Ta with decreasing K/Rb ratios, which is indicative of the high activity of fluorine in 

the melt (Cerny et al. 1986; Cerny 1991), and the Zr/Hf ratios are comparable to the 

high-fluorine peraluminous melts described in Linnen and Keppler (2002). Micas 

contribute F by melting and by re-equilibration of residual micas with the melt 

(Icenhower and London, 1995). This will occur at high temperatures and low .f(H20), the 

conditions for lower crustal granulites ( e.g., Collins et al. 1982; Clemens et al. 1986). 

Experiements by Icenhower and London (1997) found that DFBtlmelt varies principally as 

a function of Mg-number (Mg#), shown by: 
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Dlt/melt = 0.1008 (Mg-number)-1.08 

Furthermore, London (1997) shows that biotite with intermediate Mg-number, ranging 

between 30 and 50, will impart a substantial fraction of fluorine into the melt. This 

behaviour conforms well to the Fe-F avoidance that has been documented and predicted 

in biotite solid solutions (Munoz 1984; Mason 1992). The Kulyk, Eagle, and Karin lakes 

biotites from mineralized pegmatites have Mg-number's exactly within the intermediate 

range, between 29 to 53, providing further evidence that fluorine has been incorporated 

into these melts, to some extent. These results correspond to high-T melting of A-type 

characteristic rocks containing F-enriched biotites (Collins et al. 1982; Clemens et al. 

1986; Whalen et al. 1987). Fluorine abundance in the melt will affect trace-metal fluid

melt partitioning, which may saturate the mineralizing trace-elements during diffusive 

bimetasomatism with the border and wall zones of the pegmatite as it undergoes 

hybridization (Lentz 1996). The diffusivity of the U, Th, and REE metals will largely 

depend on melt viscosity ( e.g., Dingwell 1990; Dingwell and Webb 1990). Phosphorus 

is also assumed to be mobile in the SCF phase, due to the low abundance of apatite and 

monazite in the simple-type pegmatites and higher concentration in metasomatic 

aureoles and hybrid pegmatites. The addition of Ca to the system sharply reduces the 

solubility of phosphorus to < 1 wt. % P20 5 in melt (London et al. 1995). The 

crystallization of phosphorus-bearing minerals ( such as monazite and apatite) or the 

partitioning of them into a fluid phase will not affect the viscosity of the melt, but 

changes in the F-content will affect the viscosity (Bartels et al. 2011 ). Fractionation in 

pegmatites is enhanced by added P and F, in addition to providing a possible mechanism 

for saturation of the U-, Th-, and REE-bearing phases. The high field strength elements 
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(U, Th, REEs, and Zr) are inferred to diffuse via the same mechanisms similar to those 

responsible for viscous stress relaxation during increased F and/or P content (Mungall, 

2002). Work by London (1987), London (2008), Simmons and Webber (2008), Nabelek 

et al. (2010), Van Lichtervelde et al. (2010), Linnen et al. (2012) have shown that U-, 

Th-, and REE strategic metals are closely linked to highly fluxed silicate melts. Fluxes, 

including F and P, are important for the transport and deposition of these metals, 

depending on the bulk-melt composition; however the mineralization and the role of F 

in NYF-type pegmatites is still poorly understood (Linnen et al. 2012). 

2.8. A proposed model for the origin of the W ollaston pegmatites 

A petrogenetic model for the Wollaston pegmatites must include key observations, such 

as high U, Th, Nb, Y, and REE, evidence for hybridization, crustal contamination, and 

absence of compositionally similar, granitic plutons is the area. We have established that 

the age constraints, textures and relatively high-T partial melting conditions (-750°C) 

confine the pegmatite melt-forming conditions to late deformational events (c. 1830-

1805 Ma) followed by retrograde metamorphism (c. 1770 Ma). Two models are 

proposed for their origin: ( 1) extreme fractionation of syn- to late-tectonic granites ( e.g., 

Cerny 1990; Lentz 1991, 1992, 1996; Bowden et al. 1995; Kinnaird and Nex 2007), or 

(2) in situ partial melting of U-rich metasedimentary rocks (e.g., Cuney 1980, 1982; 

Annesley et al. 2005). 

The geological, geochemical, and geochronological evidence provided for the 

pegmatites implies anhydrous partial melting of a refractory crust coupled with extreme 

fractionation. In addition, these pegmatites are texturally and compositionally similar to 

numerous U-Th-REE-Mo occurrences in pegmatites of anatectic originand related 
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metasomatic rocks of the Grenville Orogen (Fowler and Doig 1983b; Lentz 1991, 1996 

and references therein). The Grenville pegmatites are often associated with a magmatic 

facies containing at least 50 % mafic minerals at, or near the contact, predominantly 

pyroxene, with inclusions of uraninite, uranothorite, magnetite and allanite (Rimsaite 

1985). The Bancroft district (Grenville Orogen) U-Th-REE deposits are complex and 

suggested to have formed through pegmatite melt injection, accompanied by AFC 

processes, followed by metasomatic replacement and a magmatic-hydrothermal vein 

stage (Lentz 1996). Analogous to the Grenville pegmatites, the proposed fractionation 

model for the Wollaston pegmatites involves adiabatic decompressional partial melting 

of chemically favourable crustal rocks. The geochemical evidence presented in this 

paper confirms that the partial melts of Wollaston granulite-facies crustal rocks show 

characteristics of both A-type and S-type (hybrid), H20-undersaturated granites. The 

observed enrichment in U and other incompatible elements in the Wollaston pegmatites 

can be explained by the low degree of partial melting. Robb (2005) showed that in order 

to achieve concentrations of around 300 ppm U in the leucogranitic partial melts, the 

degree of partial melting would have to be very low (i.e. <5 % ), or the protolith had to 

be significantly enriched(>> 10 ppm U). The Wollaston pegmatites average 133 ppm U 

(simple-type) and 667 ppm U (hybrid pegmatites). They represent generations of 

leucogranites derived from a fertile protolith, whereby enrichment of the trace elements: 

Rb, U, Th, REE, Zr, Y and Nb was formed by small degrees of partial melting ( e.g., 

Rossing leucogranites - Nex et al. 2001 ). Further enrichment of these elements 

proceeded during fractional crystallization (±assimilation) and increased exponentially 

as crystallization proceeded, i.e., the fraction of melt decreased (Robb 2005). After an 
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advanced degree of solidification, the U, Th, REE, Zr, Y and Nb content of the residual 

magma was sufficiently enriched and promoted thorite, allanite, xenotime, monazite, 

apatite, rutile, garnet, and zircon crystallization. If the pegmatites were generated from a 

suite of uranium-bearing metapelites, then it is anticipated that U, Th, REEs, and 

volatiles would be depleted during the early stages of partial melting ( e.g., Kinnaird and 

Nex 2007), however there are uraniferous pegmatites dated over long time intervals 

(multiple pegmatite injections), throughout the Trans-Hudson Orogeny. 

A proposed multistage genetic model for the studied pegmatites is presented in 

Fig. 2-16. Stage (1) represents a basal heating event at pressures >12 kbar (lower crust) 

to 6-9 kbar (middle crust) during (D2?) thrusting and folding (1830-1825 Ma), 

immediately followed by decompression to --3 kbar (1820-1810 Ma), at near-peak 

temperatures of --750 °C (Annesley et al. 2005). Stage (2) involved a high P-T partial 

melting event between the metamorphic peak and pegmatite emplacement. Adiabatic 

decompression, accompanied with shearing and faulting, led to melt generation and its 

relatively rapid emplacement. At this stage, the main melting zone would progress with 

strain-induced melt segregation and the pegmatites intruded at sites where fluid 

pressures overcame the effects of normal and tensile strengths. Increased basal heating 

with the associated deformation and the introduction of volatiles, assisted the intrusion 

of fluid rich, highly mobile NYF-type melts. The third stage (3) approached peak 

thermal conditions in the Wollaston Domain, whereby the partial melting front migrated 

to shallower levels in the crust. Consequently the melt was transferred through conduits 

reaching shallow crustal levels before solidification. Melt coalescence and magma 

ascent was accompanied by fractional 

94 



Emplacement 
(Pegmatite-walf ~ock reactions) 

4 

3 
Fractional , , 

crystallization ,' ,' 
+/- assimilation, , 

/ 
/ 

,. - ..... -
'2 Partial 

Melting 
Zone 

I I 

T 

' .... 
' Source' 

rocks \ 
I 

1 Increasing basal 
heat flow 

0 

Fig. 2-16 A five stage model for the evolution of pegmatites at Kulyk, Eagle, and Karin 

lakes region of the Wollaston Domain, northern Saskatchewan. 
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crystallization during this stage, therefore the youngest late-tectonic pegmatites at the 

present exposure level should be the most fractionated. The pegmatite evolved in part in 

an open-system environment in which AFC processes (during ascent) resulted in an 

exchange of accessory phases between continuous multiple pegmatite injections and the 

wallrock. Stage (4) was emplacement of the pegmatite, as it reached the point of 

crystallization. Undoubtedly the chemical reactions at stages (3) and ( 4) overlapped; 

field relationships, mineralogical, and textural evidence suggest that the hybridization 

and/or metasomatic reactions occurred both during ascent and emplacement. These 

processes took place while the pegmatite was still partially molten, but also volatile 

saturated, because of exocontact metasomatism is also evident. The pegmatite continued 

to evolve into the last stage ( 5), through sub-solidus alteration, i.e. infiltration of a 

volatile phase through crystallized portions of the pegmatite ( and eventually the host 

rocks). It would facilitate the metasomatic transfer, i.e. assisted in the diffusion and 

advection of elements, such as rare alkalis and HFSE from the melt. Progressive 

changes in the residual melt compositions, either due to fractionation or loss of SCF to 

the walk rock, would additionally influence the melt viscosity (i.e., degree of melt 

polymerization) and affect the diffusivities ofU, Th, and REE (Bartels et al. 2011). High 

concentrations of F and/or P in the hydrous melt or the pegmatite-derived SCF would 

result in formation of complexes with HFSE and thus aid their progressive enrichment. 

2.9 Conclusions 
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1. The Wollaston pegmatites association to local (steep) structures is consistent 

with deformation-induced rapid melting in the Trans-Hudson Orogeny (c. 1830-

1805 Ma). 

2. The pegmatites have originated from within the centers of crustally-derived A-or 

S-type (hybrid) magmas at depth. The heat loss from the plutons facilitated 

migration of the melt along fractures away from the main body, and thus 

compositionally similar granites are not present at the current exposure level. 

These distal, i.e., the most chemically evolved, pegmatites were injected into 

rocks hundreds of degrees below temperatures of the pegmatite-forming melt. 

3. There are two types of pegmatites in the Wollaston region. The simple-type 

pegmatites are K-feldspar-quartz-rich and plagioclase-quartz-rich, with minor 

ferromagnesian phases present. The complex-type pegmatites are composed of a 

more diverse suite of minerals, including abundant ferromagnesian phases, and 

this complex mineralogy is interpreted by interaction with the host rocks 

("hybridized" pegmatites ). 

4. Temperature estimations reveal high-T partial melting conditions ( - 750 °C), 

confining the origin of the pegmatite-generating melts to syn- to post

deformational events of the Trans-Hudson Orogeny. Pegmatite mineralogy 

additionally supports partial melting that occurred under fluid-absent conditions 

involving biotite breakdown at moderate to high temperatures. Furthermore, 

petrographic studies indicate a hypersolvus composition, also supporting a high

T environment during pegmatite emplacement. 
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5. Textural relationships, such as the presence of crosscutting aplitic and pegmatitic 

dykes, and the zonation observed in hybridized pegmatites vs. simple-type 

pegmatites (of the same region) combined with the occurrence of pegmatite 

intrusions over a long time interval indicates multiple melt injections in the 

Wollaston Domain. 

6. There are anomalous abundances of U, Th, l:REE ± Y-Nb in the simple-type 

pegmatites, and, even more so, in the hybridized types. Similar to Grenville 

hybridized pegmatites, there is a distinct correlation of these elements with CaO 

+ MgO + FeOt (hybridization index). This confirms that the saturation of 

minerals hosting these elements in the pegmatite hybrid border and wall zones 

was directly related to the mafic cations introduced by open-system reactions. 

7. The contact, or border zones, of the studied pegmatites represented a dynamic 

environment in which hybridization processes evolved at the site of pegmatite 

emplacement, potentially aiding in the exchange of U, Th, l:REE, Y, and Nb 

accessory phases along an evolving chemical potential gradient between 

pegmatite hybrid border and wall rock. 

8. Field, mineralogical, and textural evidence support the infiltration by a volatile 

phase and the separation of a supercritical fluid from the NYF-type Wollaston 

pegmatites, which resulted in the partial loss of U, Th, REE, and other HFSE to 

the wallrock. The postulated volatile loss effectively increased the diffusivities 

of the U, Th, and REE, allowing the corresponding accessories to precipitate in 

the hybrid border and exocontact of these pegmatites. Indeed, the simple-type 

granitic pegmatites, as well as the central zones of the hybridized pegmatites, are 
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depleted in U, Th, REE ± Y - Nb accessory phases due to the same diffusion 

processes. 

9. The geochemical data support a fractionation model of the W ollaston NYF -type 

pegmatites that was inevitably enhanced by added fluxes such as F ( and may be 

P). Fluorine would form F-REE complexes, lowering the activity of the REE, 

and reducing REE crystal-melt partition coefficients, therefore driving U-Th

REE fractionation in the Wollaston pegmatites. 
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Chapter 3 - The Kulyk Lake monazite-apatite-titanomagnetite 
occurrence, northern Saskatchewan: implications for accessory phase 

entrainment and petrogenesis of an immiscible P-Fe-Ti melt from a 
late-tectonic pegmatite 

3.1. Abstract 

In northern Saskatchewan, numerous rare-earth element (REE) occurrences are 

characterized by REE-enriched granitic pegmatite intrusions and fracture-controlled U

Th mineralization. Rare-element leucogranitic pegmatites occur in the Wollaston 

Domain, intruded Early Paleoproterozoic metasedimentary rocks and interfolded 

granitoids that unconformably overlie Late Archean gneisses, all of which have been 

subjected to deformation during the protracted 1.86 to 1. 78 Ga Trans-Hudson Orogen 

(THO). The Kulyk Lake showing lies within the Wollaston fold belt, where monazite

apatite-titanomagnetite mineralization is hosted within a late-tectonic, unzoned 

leucogranitic pegmatite and syenitic aplite dyke and localized near the N - to ENE -

trending Wollaston Group-Archean contacts. 

The Kulyk Lake Th-REE showing is characterized by bands (layers) of monazite, 

apatite, and titanomagnetite mineralization that was em placed along fractures (intrudes) 

along the central part of the granitic pegmatite-aplite dyke. The mineralization locally 

extends disconcordantly into the NNE-gneissosity of the adjacent metasedimentary 

(host) rocks and formed sharp parallel contacts to an undeformed, late-tectonic NYF

type pegmatite and aplite. Bulk rock REE, individual mineral analyses, and isotope 

results from the Kulyk Lake showing, as well as the observed spatial and temporal 

relation to the late-tectonic granitic pegmatite and syenitic aplite, suggest evolution from 
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protracted fractionation of a REE-enriched magma, which upon ascent to higher 

structural levels, evolves an immiscible Fe-Ti-bearing phosphatic liquid, segregating a 

REE-rich P-Fe melt. We propose that partially zoned monazite-apatite-titanomagnetite 

mineralization at Kulyk Lake formed by injection and crystallization from this enriched 

melt that was immiscible with the final crystallization stages of the pegmatite. The 

similarities of the Kulyk Lake monazite-apatite-titanomagnetite mineralization to other 

REE vein-like and/or dyke-like deposits, such as the Steenkampskraal deposit in South 

Africa, infer a similar petrogenic model to that of an immiscible phosphatic melt; the 

differential partitioning of U, Th, Nb, REEs, and Y in the P-, Th-, Fe-, REE-rich 

immiscible melt that evolved from a metalloginically similar crystallizing granitic 

magma lead to the enrichment of these high-field strength elements. 

3.2. Introduction 

There are currently more than 40 rare-earth element (REE)-bearing mineral 

occurrences known in northern Saskatchewan (Harper 1987) and described within the 

Saskatchewan Mineral Database Index (SMDI) by the Saskatchewan Geological Survey 

(SGS). These occurrences consist predominantly of monazite, allanite, and lesser 

xenotime, with variable concentrations of uranium (U), thorium (Th), zircon (Zr), 

niobium (Nb), yttrium (Y), and locally molybdenum (Mo). The Kulyk Lake monazite 

showing was first mapped by Mawdsley (1957) as part of regional uranium 

investigations, led by the government of Saskatchewan. Renewed interest in REE metals 

as a strategic economic resource since the mid-1980's has stimulated further work aimed 

at characterizing new deposit types and/or re-visiting the classification of historic 

deposits. As part of this endeavour, we provide new data for the Kulyk Lake monazite-
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apatite-titanomagnetite showing, located in the Middle Foster Lake region, northern 

Saskatchewan, 470785 mE 6275810 mN, UTM 13N NAD83, approximately 180 km 

north of La Ronge (Fig. 1-1). At Kulyk Lake, the highest grade REE showing is from 

two grab samples obtained from historical trenches yielding 55.9% and 30.6% total rare

earth oxides (TREO). The REE-enriched mineralization zone also contains elevated 

concentrations of Y, Nb, U, and Zr. The mineralization in the region occurs along 

Wollaston Group-Archean contacts, fault intersections, and shear zones, particularly in 

the presence of pegmatites. At the Kulyk Lake showing, monazite-apatite

titanomagnetite mineralization occurs within a shear and hosted in aplite to pegmatite 

dykes emplaced during the Trans-Hudson Orogeny (THO). The Kulyk Lake monazite 

showing was first described by Watkinson and Mainwaring (1976); these authors infer 

the possibility of Fe-Ti-oxide-monazite-apatite precipitating from an aqueous phase that 

was generated during the crystallization of an H20-rich granitic liquid during anatexis of 

the metasedimentary rocks. 

Knowledge of similar REE sources ( or deposits) is an essential component in 

attempting to understand the origin and distribution (worldwide) of these vein-like 

and/or dyke-like deposits. The source of REE mineralization in igneous affiliated 

occurrences, such as pegmatites and/or magmatic-hydrothermal to hydrothermal veins is 

often overlooked (Mariano 1989); however there are previous studies that have 

described REE mineralization in rare-element pegmatites, especially in pegmatites 

associated with calc-alkalic granitic magmatism, in peralkaine intrusions, and 

carbonatites ( e.g., Rogers et al. 1978). In northern Saskatchewan, over 20 REE showings 

are associated with the Hoidas-Nisikkatch fault system. The Hoidas Lake property lies 
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within the Rae Province, but specifically within the Ena Domain, where the rocks are 

Archean to Paleoproterozoic in age and range from upper amphibolite to granulite 

metamorphic grade. The Hoidas Lake REE deposit is described as an anastomosing vein 

system hosted by intrusive rocks of granitic to tonalitic composition. The REE are 

hosted predominantly in apatite-allanite veins, although there are minor amounts of 

chevkinite, bastnaesite, and monazite, and therefore are enriched in light rare earth 

elements, specifically La, Ce, and Nd, and are also enriched in Ba, Sr, and Y (Halpin 

2009). The strong LREE enrichment, as well as Ba and Sr, and HFSE suggest the 

relation to either an alkalic or carbonatitic source. Although there are no known 

carbonatites in the area there are lamprophyres and an unusual hyalophane-bearing 

peralkaline pegmatite (Halpin 2009). The veins appear to be magmatic-hydrothermal in 

origin, as opposed to magmatic or metamorphic (proposed by previous investigations), 

with the structures acting as fluid conduits (Halpin 2009). The veins are clearly 

structurally controlled and the multiple breccia generations that suggest that the Hoidas

Nisikkatch fault remained active throughout the development of the REE deposit. 

Located in Ontario, Canada, within the Grenville Orogen, there are fluorite

apatite-calcite "vein-dykes" that have variable amounts of U and Mo. The term vein

dyke was first used by Ellsworth (1932), and has appeared occasionally throughout 

literature (see Hogarth 1989). It is used to capture the uncertainty of origin (magmatic or 

hydrothermal) of certain bodies ( e.g., Lentz 1998). The Mesoproterozoic, or late

Grenvillian, fluorite-apatite-calcite vein-dykes have similarities to peralkaline magmas 

that are associated with carbonatites, and can be linked to igneous carbonatite formation, 

metamorphic-hydrothermal veins, or magmatic (pegmatite) - hydrothermal veins. 
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Texturally, the fluorite-apatite-calcite vein-dykes are coarse grained, and spatially 

associated with late-tectonic pegmatites and skarns in the Grenville Orogen. The U, Th, 

REE, and Mo content ( and associated minerals) in the vein-dykes were also found in the 

associated pegmatites and skarns. Lentz ( 1998) ultimately presents the evidence for a 

pegmatite-related origin for the skarns. Lentz ( 1998) described how a chemically 

modified fluid was involved in the skarn formation and responsible for silicate-skarn to 

fenite-like skarn alteration that mantles the fluorite-apatite-calcite vein-dykes in the 

silicate host rocks. The interaction of the pegmatite-derived hydrothermal fluids with the 

host rocks produced a spectrum of types and styles of alteration, which include ( i) 

hybridization and ( or) endoskarnification along pegmatite margins; ( ii) clinopyroxenite

hosted exoskarn; and (iii) fluorite-apatite-calcite veins (Lentz 1991; 1992; 1996; 1998); 

similar to the alteration styles between pegmatites and host rocks described in Chapter 2 

of this thesis. 

Outside of Canada, the REE mineralization of the Jurassic-aged Bokan Mountain 

complex is considered for further comparison to the REE mineralization in 

Saskatchewan. The Bokan complex is a small peralkaline granitic intrusion located near 

the southern tip of Prince of Wales Island (the southernmost island of Alaska), that 

contains mineralized vein-dyke systems associated with shear-fault zones. The vein

dykes are genetically related to the Jurassic Bokan complex, enriched in U, Th, REE, Y, 

Zr, Hf, Ta, and Nb and thought to be magmatic-hydrothermal origin (Philpotts et al. 

1998). Considering a strictly magmatic model, the enrichment would be mainly due to 

extensive fractionaly crystallization. Protracted differentiation is related to magma 

composition, particularly the high volatile and alkali content. However, the 
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mineralization is associated with extremely altered portions of the peralkaline intrusion, 

indicating hydrothermal activity. A model where both magmatic and hydrothermal 

processes have contributed to the mineral deposit formation can be applied to the Bokan 

complex and associated vein-dykes, where the mineralization is associated with altered 

zones and much of it is composed of secondary minerals, some of which 

pseudomorphically replaces primary minerals (Dostal et al. 2011 ). The key factors in the 

formation of the Bokan vein-dykes must include: (i) melting of a metasomatically 

enriched lithospheric source; (ii) the formation of a highly fractionated magma with 

commensurate build up of volatiles; (iii) an initial stage of late-magmatic mineralization 

with coincident release of metal-enriched fluids; and (iv) focusing of the fluids into 

structurally prepared zones where the bulk of the mineralization occurs (Dostal et al. 

2011). 

Lastly, we consider the characteristics of the Steenkampskraal monazite-apatite

Fe-Ti-oxide vein-like deposit in the Middle Proterozoic Namaqualand Metamorphic 

Complex, South Africa. The complex is host to a number of vein-type monazite-apatite

chalcopyrite-magnetite deposits which cluster a 30 km2 area approximately 60 km south 

of the Okiep copper district. The largest of these veins, Steenkampskraal, has been 

mined intermittently since the late 1950s for Th (Andreoli et al. 1994). Field 

relationships have shown the monazite-apatite vein of Steenkampskraal is parallel to a 

sheared, cuspate anticline strikingly similar to the well-known steep structures of the 

Okiep copper district (Andreoli et al. 1994). The contacts of the vein with the host rocks 

is either tectonized-sheared, or of intrusive-replacement nature. More complex contacts 

indicating an early intrusive contact (within a shear) that was later deformed by renewed 
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shearing have also been observed (Andreoli et al. 1994). The unusally high REE content 

of the vein is due to the phosphates, monazite, and apatite, which comprise over 80% of 

the lm wide vein at Steenkampskraal; pyrite and chalcopyrite (sulfides), are present in 

variable amounts. 

This paper will present data that indicates the possibility of a P-, Th-, Fe-, REE

rich melt that immiscibly separated (liquation) during the final stages of crystallization 

of a fractionated leucrogranitic melt, analogous to the formation of the Steenkampskraal 

monazite-apatite-Fe-(Ti)-oxide vein-like deposit. 

3.3. Regional Tectonic Framework 

Kulyk Lake sits within the Wollaston Domain, one of several tectonostratigraphic 

domains that make up the Hearne Province of the Churchill Craton in Saskatchewan. It 

comprises a northeast-trending, tightly folded, linear belt containing Archean granitoid 

rocks preserved in structural domes, unconformably overlying Paleoproterozoic 

metasedimentary rocks, and interfolded anatectic granitoid rocks derived from the 

metasediments during Trans-Hudson metamorphism (Ray 1977; Lewry and Sibbald 

1980; Tran and Yeo 1997). Previous studies of the Trans-Hudson Orogen have used 

geochemical, isotopic, and geochronological data to characterize the evolution of the 

Paleoproterozoic sedimentary and magmatic assemblages, including the Wollaston 

Group and underlying basement rocks (Ray and Wanless 1980; Bickford et al. 1990; 

Annesley et al. 1992; 2005; Ansdell et al. 2000; Rayner et al. 2005; Tran et al. 2008). 

The studies showed that the Paleoproterozoic mafic and granitoid intrusive rocks record 

variable degrees of contamination by Archean and older Paleoproterozoic crust, 

underlining the complex evolutionary history of crust along the western margin of the 
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Trans-Hudson Orogen. The Wollaston Group metasediments overlie Archean granites 

that range between 2650 Ma and 2500 Ma (U-Pb zircon TIMS ages; Ray and Wanless 

1980; Krogh and Clark 1987; Annesley et al. 1992, 2005, Hamilton and Delaney 2000; 

Rayner et al. 2005). The cover sequence was described as Paleoproterozoic syn-rift 

passive margin and foreland metasedimentary basin (Ansdell et al. 2000; Tran et al. 

2003; 2008) that is divided into Lower and Upper subgroups, separated by a regional 

unconformity (Tran 2001 ). The lower succession includes a basal, graphitic pelitic unit 

overlain by, and in part interleaved with, arkose, conglomerate, quartzite, and calcareous 

sedimentary rocks. The upper part of the succession includes conglomerates, immature 

arkosic rocks, and calc-silicate rocks and is thought to represent subsequent infilling of a 

foreland basin. Neodymium isotopic data of Tran et al. (2003) showed that the 

Wollaston Group detritus was likely derived from active continental margin magmatic 

sources, as supported by the presence of significant proportion of 1920-1880 Ma old 

zircons (Tran et al. 2008). There are three main zircon populations, including: 1) older 

than 2400 Ma grains that represent detritus shed from the neighboring Hearne Craton; 2) 

- 2100 Ma components thought to represent reworking of syn-rift volcanic rocks, and 3) 

1920-1880 Ma detritus derived from advancing volcanic arc terrains of the western 

Churchill Province (Ansdell et al. 2000; Hamilton and Delaney 2000; Tran 2001; Yeo 

and Delaney 2007; Tran et al. 2008). Widespread pegmatite and granitoid intrusions, 

some of which contain elevated concentrations of uranium (U), thorium (Th), rare-earth 

elements (REE' s ), and yttrium (Y) ± niobium (Nb), are constrained to the latter stages of 

THO deformation, ca. 1.80-1. 76 Ga (Chiarenzelli 1989; Chiarenzelli et al. 1998; 

Bickford et al. 1990; 2005; Annesley et al. 2005). 
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All of these rocks have been metamorphosed to upper amphibolite to granulite 

facies, so a "meta" prefix is assumed in each rock type described, but omitted for the 

brevity of this paper. Four ductile deformation events took place during the Trans

Hudson Orogen producing upper amphibolite to granulate facies metamorphism in this 

region (Annesely et al. 2005; Yeo and Delaney 2007). Early collisional stage, D1 at 

1860-1835 Ma (Annesely et al. 2005), involved burial of the Wollaston Group 

metasediments from surface depths equivalent to 3-5 kbar (300 to 500 MPa) by thrust

pile stacking or imbrication tectonics (Annelsey et al. 2005). The development of 

isoclinal folds (F 1) and a regional axial planar foliation (S 1) is defined by schistose and 

gneissic textures (Tran and Yeo 1997). Metamorphic minerals, such as muscovite, 

biotite, sillimanite, K-feldspar, cordierite, and garnet, were partly formed and/or 

deformed during the development of S1, evidence that the D1 deformation event was 

associated with prograde metamorphism (Annseley et al. 2005; Tran and Yeo 1997). 

Collisional stage, D2 at 1820-1805 Ma (Annesley et al. 2005), involved continued burial 

of the Wollaston Group metasediments along a prograde P-T-t (pressure-temperature

time) that reached pressures of 6-9 kbar and approaching peak temperatures between 

750-825°C (Annesley et al. 1992, 2005). Doubly plunging, northeast-trending upright 

folds (F2) and associated steeply dipping to sub-vertical northeast-trending axial planar 

cleavage or schistosity (S2) formed during this event; F2 folds are very tight or isoclinal 

and the S2 foliation is strongly developed. A late D2-associated oblique collisional stage 

at 1820-1805 Ma, involved strong transpressional tectonics with NE-SW shearing and 

NW-SE shortening; reverse faulting, kilometre-scale fold development, initiation of 

exhumation, attainment of peak temperatures (750-825°C), isothermal decompression, 
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and intrusion of the leucogranites and granitic pegmatites defines the late-D2 event of 

this region (Tran and Yeo 1997; Annesley et al. 2005). Late oblique collision, D3 at 

1805-1775 Ma, caused development of amphibolite-facies dextral strike-slip shear zones 

and retrograde movement of older shear zones (Annesley et al. 2005; Tran et al. 2007). 

D3 produced tight to isoclinal, northeast-trending, doubly plunging F3 folds and 

crenulations, but was relatively weak and had little effect on regional-scale structural 

trends (Tran and Yeo 1997). Post-collisional D4 at 1775-1760 Ma, involved localized 

adjustments along an isobaric cooling path (Annesley et al. 2005); deformation 

generated open, northwest-trending folds and a local, steep S4 foliation. Late post

collisional brittle-ductile D4 faulting produced steeply dipping to sub-vertical northwest

trending faults (Fig. 1-2) that appear to postdate all fold-forming events (Tran and Yeo 

1997). 

The tectonized contact between the Archean gneiss domes and the Lower 

W ollaston supracrustals rocks is the locus for pegmatitic magmatism associated with 

deeper level anatexis during the main syn-metamorphic deformation events at peak 

thermal conditions of the THO (in this region). Although this Archean-Paleoproterozoic 

contact is an unconformity, it probably represents a parautochthonous to allochthonous 

contact zone that focused derivative late-tectonic leucogranites, and exhibits multiple 

episodes of reactivation before and after pegmatite emplacement. 

3.4. Kulyk Lake Geology and Mineralization 

The Kulyk Lake area has been investigated for uranium by the government of 

Saskatchewan and exploration and mining companies since the 1950's (Mawdsley 

1957). The area is host to U-Th-REE showings, as reported in the Saskatchewan 
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Mineral Deposit Index (SMDI): the Eldorado (SMDI 0980), and the Fanta (aka Kulyk 

Lake, SMDI 0985). The property is underlain by variably magnetic psammitic to semi

pelitic, calc-silicate, and arkosic Wollaston Group metasedimentary rocks that have been 

intruded by radioactive and non-radioactive granitic pegmatites (Fig. 2-2). The strong 

planar fabric of the metasedimentary gneisses varies from azimuths 40° to 70° and dips 

moderately to steeply to the southeast. Analysis of the regional fabric with respect to 

the stratigraphy indicates that the entire grid-mapped area sits on the southeastern limb 

of a gently southwest-plunging antiform (McKeough and Lentz 2011). The axis of this 

antiform is subparallel to Kulyk Lake, but crosses it diagonally near its termination at 

the southwest end of the lake. The pegmatites intrude mostly discordant to the 

metasedimentary rocks, however some pegmatites do exhibit contacts controlled by the 

northeast-trending regional fabric. Overall, the pegmatites in the Kulyk Lake area are 

syn- to post-deformational and can intrude as north-, west-, and northwest-trending 

dykes, sills, and lenses in the predominantly supracrustal rocks. A dextral fault is located 

west of the Kulyk Lake showing, with a 30 to 50 m offset; it is accompanied a steep 

NW- to W-trending fracture set that is associated with U-Th-REE mineralization. The 

mineralization is visible in radioactive infill pegmatite dykes, and forms veins that are 

primarily fracture-controlled, within folded and faulted rocks of the metasediments, and 

locally along the contacts between the host rocks and pegmatites. Visible mineralization 

in the radioactive pegmatites consists of monazite, apatite, and uranini te, and associated 

titanomagnetite, magnetite, ilmenite, rutile, and garnet accessory phases. The 

mineralized pegmatites (Eldorado and Kulyk Lake showings) are associated with steep 

north- to north-northeast-trending structures/shears, and coelescence of thicker 
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pegmatite bodies in connecting jogs. It is important to note that the two U-Th-REE 

showings are proximal to north-trending dextral shearing. The Eldorado showing (SMDI 

0980) is hosted in- or proximal to- pink pegmatites that intruded calc-silicate-bearing 

gneiss (McKeough and Lentz 2011). The west-trending U-REE Eldorado pegmatite sill 

is located approximately 60 m southeast of the southern tip of Kulyk Lake, and was first 

described by Mawdsley (1957). The Fanta (Kulyk Lake; SMDI 0985) Th-REE is located 

approximately 400 m west of the Eldorado dyke. The mineralization at the Fanta 

showing occurs as discreet zones of monazite-apatite-titanomagnetite hosted in aplite 

and pink pegmatite, which is in tum hosted near the contact of pink granite and 

calcareous gneiss. Textural features from the contacts of radioactive pegmatites in the 

Kulyk Lake region suggest that mineralization in the area may also be the result of 

metasomatism and/or hybridization reactions between the pegmatites and the 

surrounding host metasediments (see Chapter 2). 

3.4.1. Field description of the Kulyk Lake 

The monazite-apatite-Fe-Ti-oxide zone of mineralization (SMDI 0985) is located 

approximately 65 m south of the south end of Kulyk Lake (Fig. 3-1 ). The showing is 

characterized by poor exposure, the area being largely covered by Wollaston calc

silicate metasedimentary gneisses. Mapping of the Fanta showing was enhanced 

(locally) by trenching and channel sampling to further ascertain mineralogical, 

alteration, and structural relationships between the mineralization and aplitic to 

pegmatitic dyke. Radiometric contouring was completed with an RS-125 gamma-ray 

spectrometer (GRS) and used to map the Fanta Showing (Fig. 3-lb) and assist with 

111 



74 
-...J..... 

250 500 m 

b' 
I 
I 
I 
I 
I 
I 

l 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I ,' 

\ I / 

~ -- ' ,' 
\ •• !I.,_: ,' 

\ Lithological U~its 

~ D e.:--.~ 
' ~ ~10grrilc,14!ua>Crri:dyle 

', ,,' . Apilicsyeniticdykl 
\ "\ \ I - MonazilMpetitH1lnomagnltM rnrwafizabon 

0 ''5 ;o'm --zcno 
.__ __ __,_, _' '_, ..c..;:' -=--' ,_'_,I ....... R.,..i F-

Fig. 3-1 a) Local geology map ofKulyk Lake U-Th+/-REE-Y-Nb showing at 470510 
mE, 6275070 mN; b) Kulyk Lake (Fanta) monazite-apatite-titanomagnetite 
mineralization, showing sample locations and radiometric contour; box in upper right 
shows the structural controls on aplite-pegmatite and mineralization; c) Polished slabs of 
samples taken at the Kulyk Lake showing. 
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sampling across the mineralization. The mineralization zone is nearly vertical dipping 

between 65° to 85°, and approximately 15 m long, extending locally discordant to the 

northeast strike of the regional fabric in the adjacent calc-silicate paragneiss. There are 

two structures that control the distribution of the mineralization: 1) a discreet NNW -

trending zone up to 2 m wide that hosts bands of monazite-apatite-titanomagnetite in 

syenitic aplite; and 2) a west-trending structure (later shear?), which hosts thicker bands 

of mineralization (Fig. 3-2). Locally, high grade pockets, less than 1 m in diameter, 

occur at the intersection of the two structures. The monazite-apatite-titanomagnetite was 

likely emplaced along the north-trending steep fractures (or intrudes) along the central 

part of the host aplite dyke, and forms concordant contacts to the intrusive unit (Fig. 3-

2b ). The mineralization is present as bands, or interleaved layers of monazite-apatite

titanomagnetite that are irregular in width, ranging between 0.2 and 0.5 m. There are 

smaller (>0.25m) locally west-trending mineralization offshoots the main zone that are 

accompanied by a series of parallel fracture sets (Fig. 3-1 b ). The formation of monazite

apatite-titanomagnetite mineralization within a steep, north- to northeast-trending (D2-

related?) structure is similar to the steep north-trending non-mineralized pegmatite 

associated with dextral shearing east of the Eldorado dyke (Fig. 3-2a). The west

trending offshoots of mineralization at the Fanta showing are likely evidence of later 

shearing (D3-related?), which is analogous to the structure (and emplacement) of the 

west-trending Eldorado sill. Further evidence supporting structurally controlled 

mineralization at Kulyk Lake is that the contact between the mineralization and the 

granitoid dykes is described as very complex and irregular, a characteristic of early 

emplacement within a shear, which was subsequently reactivated. 
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Fig. 3-2 a) Trenched out zone at the Kulyk Lake showing, looking south at the 
mineralization and conformable and cross-cutting shears; b) Monazite-apatite
titanomagnetite (Mnz-Ap-Tmt) mineralization in sharp contact with aplitic to pegmatite 
host; c) Thick monazite-titanomagnetite outer zone with granular apatite inner zone 
(lobe); d) West-trending offshoot at south end of dyke (MMKJG037) with thick 
titanomagnetite-monazite-apatite mineralization. 
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Fig. 3-3 Polished slabs of samples taken at the Kulyk Lake showing (see Fig. 3-1 for 

sample locations). MMKJR005 samples the the adjacent calc-silicate metasedimentary 

host rock, it is weakly to moderately foliated and composed of quartz, feldspar, biotite, 

Ca-amphibole +/- Ca-pyroxene. MMKJR004 is a sample taken > 30cm from the 

mineralized zone, it is a graphic textured leucocratic dyke composed of K-feldspar, 

quartz, albite, and trace amounts of biotite (Bt), Ca-amphibole, monazite (Mnz) and 

apatite (Ap ). MMKJR029 samples the contact at north end of the showing where a 

biotite (phologopite) fenite-like metasomatic zone that is strongly hematite-chlorite 

altered and partially haloes the mineralized zone. DFKJR006 samples the aplitic zone 

that surrounds ( and is in direct contact with) the mineralization. The aplite is mainly 

composed of K-feldspar, therefore syenitic in composition, and contains <1 % monazite, 

apatite and zircon; the aplite is strongly altered to hematite > 15 cm outward from the 

contact with the mineralization. MMKJG037 is the best representative sample showing 

the texture and composition of the mineralized zone; the sample is composed of almost 

equal amounts of 40% apatite and 40% monazite, with approximately 15-20% 

titanomagnetite and trace amounts of zircon. 
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The entire mineralization package is considered partially zoned, consisting of an 

outward oxide component of medium- to coarse-grained, non-magnetic titanomagnetite, 

followed inward by a 2-5cm thick zone of reddish brown, fine- to medium-grained 

granular monazite (Fig. 3-2c,d). Titanomagnetite may be finely disseminated in the 

monazite bands. Pinkish to beige granular apatite is typically central to the 

mineralization bands, but also disseminated within monazite-rich (outer) zone. The 

polished slabs of samples taken at the Kulyk Lake showing, for this study are shown in 

Fig. 3-3. Where the main north-trending mineralization meets the west-trending 

offshoots, the monazite-apatite-titanomagnetite layers are thicker, forming as sub

horizontal lobes in which higher modal abundances of granular apatite are contained 

within the core of these lobes (sample MMKJG037). The mineralization is accompanied 

by a reddish earthy hematite alteration of the aplitic, pegmatitic, and granitic wall rocks 

over a distance of up to lm from the contact, into the leucogranitic dyke. Biotite 

segregations, with noticeable Ca-amphibole, titanomagnetite, and chlorite and hematite 

are located at the north end of the trench, surrounding the outer monazite

titanomagnetite zone (sample MMKJR029). This biotitic segregation at the north end of 

the dyke may represent a (later) metasomatic reaction event, possibly due to fluids 

evolved from the crystallizing granitic dyke. The leucocratic pink granitic dyke is 

medium to coarse grained and locally forms K-feldspar-quartz graphic texture (sample 

MMKJR004 ), and resembles other pink, simple-type granitic dykes in the Kulyk Lake 

area (McKeough and Lentz 2011 ). The intrusive rock is compositionally syenitic and 

texturally aplitic surrounding the mineralization, up to 15 cm away from the contact; 

further outward the dyke is granitic (sample MMKJR004). The syenitic aplite (sample 
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Fig. 3-4 Reflective light (RL) images of sample MMKJG037: a) Cumulate-textured 

monazite in titanomagnetite; b) Interlocking monazite and apatite "bands" (left side of 

image) and cumulate-textured monazite within massive interstitial titanomagnetite; c) 

Very large concentration of zircon inclusions within apatite and monazite and entrained 

(in titanomagnetite) monazite (right side of image); d) Interstitial titanomagnetite 

exemplifying a Fe-Ti-oxide liquid that has invaded entrained and newly crystallized 

monazite and zircon. Abbreviations follow those of Whitney and Evans (2010). 
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DFKJR006) is fine grained, quartz-absent and composed mainly of K-feldspar that is 

bright to deep red in colour, attributed to the earthy hematite alteration of the feldspar. 

3.5. Analytical Methods 

In situ channel samples were taken across the monazite-apatite-titanomagnetite 

mineralization (n = 9) and the granitic dyke (n = 13). The samples were sent to 

Saskatchewan Research Council (SRC) Geoanlaytical Laboratories and underwent the 

Rare-earth Element Trace Analysis (REE 1) package, designed for the analysis of 

refractory REE ores. The analysis was completed using a lithium metaborate fusion and 

HN03 digestion, and finished by inductively coupled plasma-optical em1ss1on 

spectrometry (ICP-OES). The method analyzed for all of the rare-earth elements 

including yttrium, uranium, and thorium to a 0.002 % detection limit. Four of the vein 

samples, and the pegmatite samples (n = 13) were analyzed for major oxides and trace 

elements (including the REEs, U, and Th) via total digestion ICP-OES. The sample is 

prepped and pulped and digested to dryness in a Teflon tube within a hot block digestion 

system using a mixture of concentrated HF: HN03:HCI04• The residue is then dissolved 

in dilute HN03 and finished with ICP-OES. 

Polished thin sections were made from samples MMKJR006, MMKJG037, 

MMKJR029, DFKJR006, and MMKJR004 at the University of New Brunswick (UNB). 

Trace minerals, especially U- and Th-bearing minerals, were identified using a JEOL 

JSM6400 Digital Scanning Electron Microscope (SEM)-Energy Dispersive 

Spectroscopy (EDS) and images were acquired using SEM-backscattered electron 

(BSE) imaging at the UNB Microanalysis and Microanalytical Facility. The operating 
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conditions of the SEM-EDS were 15 kV for the accelerating voltage, 1.5 nA for the 

probe current, and 60 s for the spectra collection time. An EDAX (genesis) Energy 

Dispersive X-ray Analyzer was used to collect oxide weight percent of the initial 

mineral analyses of monazite, apatite, and titanomagnetite. 

Minerals from the monazite-apatite-ilmenite dyke (MMKJR006) were analyzed 

using the scanning electron microscope (SEM) Energy Dispersive Spectrometry (EDS) 

and Electron Microprobe Analysis (EPMA) at the University of New Brunswick; SEM

back-scattered electron imaging (on all sections), high-resolution EPMA compositional 

mapping of monazite (MMKJR006), and quantitative chemical analyses of P, Ca, Al, 

Pb, U, Th, REEs, and Yon monazite and U, Th, REEs, Y, and Sr on apatite, and Si, Al, 

Ti, Fe, V, Cr, Mn, Mg, Ca, Zn, Ni, Nb on titanomagnetite were attained. 

Mineral separates, including 2 samples of each monazite, apatite, and 

titanomagnetite were collected for 8180 analysis, at the Queen's Facility for Isotope 

Research (QFIR), Kingston, Ontario using a Delta-Plus XP Stable Isotope Ratio Mass 

Spectrometer. Results of 8180 values are reported relative to Vienna Standard Mean 

Ocean Water (VSMOW; Longinelli and Craig 1967). 

Monazite and apatite grains from sample MMKJR006 (mineralization) and apatite 

grains from sample MMKJR004 (granitic dyke) were mounted in epoxy along with 

LREE-glass standards described by Fisher et al. (2011) to correct for Sm/Nd 

fractionation. Measurements were carried out at the Memorial University of 

Newfoundland CREAiT facility on a GeoLas 193nm laser ablation system connected to 

a Thermo Neptune MC-ICP-MS. Corrections for instrumental mass-bias followed the 
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methodology outlined in Fisher et al. (2011). Initial ENd(t) values were calculated at an 

age of 1830 Ma, the proposed timing of granulite-facies metamorphism at depth. 

3.6. Results 

3.6.1 Petrographic description of the samples 

The overall texture of the mineralization is uniform and equigranular, consisting 

of an interlocking-aggregate framework of euhedral to subhedral monazite, apatite, and 

zircon with interstitial Fe-Ti-oxides (Figs. 3-4a,b,c; 3-5a,b). Monazite grain patterns in 

MMKJG037 appear aligned within interstitial titanomagnetite (Fig. 3-4a,b,c); this 

apparent alignment of grains could represent syn-deformation ( shearing) during time of 

mineralization emplacement. The phosphate minerals, monazite, and apatite, compose 

approximately 80% of the mineralization, followed by 15-20% Fe-Ti-oxide (mostly 

titanomagnetite) and traces of ilmenite and rutile, and <0.5% metamict zircons (Fig. 3-

5a,b ). Monazite grains are euhedral to subhedral, ranging in size from 100 µm to over 

500 µm, and have trace amounts of smaller (<50um) inclusions zircon. SEM-BSE 

observations of monazite shows they are mostly zoned, consisting of a darker core, 

surrounded by dark and light oscillatory zonations and at least three compositional 

domains have been defined: 1) rare bright cores surrounded by 2) darker-BSE 

oscillatory-zoned domains, and 3) uniform medium overgrowths that form the 

interlocking texture (Fig. 3-5c,d; Mcfarlane and McKeough 2013). The equant 

monazite cores and external morphology and oscillatory zoning patterns suggest these 

grains are detrital, and grew episodically during THO-metamorphism. Apatite grains 

are unzoned and mostly euhedral, ranging in size from 50 to 400 µm. Grain boundaries 

between monazite and apatite are straight and show well defined triple-junctions 
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Fig. 3-5 SEM-BSE images of: a) Aggregate textured monazite-apatite-titanomagnetite 

sample MMKJR006; b) Banded texture of monazite-apatite-titanomagnetite sample 

MMKJG037; c-d) zoned monazite (sample MMKJR006) showing inherited core, 

oscillatory zonations, and overgrowth (rim); e-f) Recrystallized zircon (sample 

MMKJR006) showing xenocrystic core and metamorphic (?) overgrowth. Abbreviations 

follow those of Whitney and Evans (2010). 
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between them. Very fine-grained monazite (secondary?) is included in apatite; however 

it is rare to see apatite included in monazite. Titanomagnetite grains vary over a large 

range of size, forming interstitially to monazite and apatite. Thicker titanomagnetite 

bands/layers (sample MMKJG037) contain grains with a weak ( emplacement-related) 

foliation, forming as elongated grains > 1cm (e.g., Figs. 3-4b; 3-5b). The 

titanomagnetite grains contain very fine sets of perpendicular rutile exsolution lamellae; 

anhedral (blebby) rutile is also present along titanomagnetite grain boundaries. Zircons 

are euhedral to anhedral, range from 10 to 80 µm, and display a variety of textures. A 

majority of the zircons are complexly zoned, having convoluted and blurred primary 

oscillatory patterns, and sector zonation, at times with a xenocrystic core in the centre 

(Fig. 3-5ef). These zircons are most likely affected by late metamorphic events, as 

partially preserved growth zones (primary oscillatory zoning patterns) are penetrated by 

transgressive zones of recrystallization, and often show local development of convoluted 

zoning. Smaller, rounded "soccer-ball" type zircons are also noted, showing more 

bulbous zoning with transgressive recrystallization; the mineral sequence over time (Fig. 

3-6) is evidence of more than one metamorphic event that is observed by the zonations 

in monazite and zircon and rutile. Petrographic analysis of the monazite-apatite

titanomagnetite sample MMKJG037 interestingly showed a very high concentration of 

10-50 µm; sub-rounded, recrystallized zircons along the boundary between monazite

rich and apatite-rich interleaving layers (see Fig. 3-5c). Sample MMKJR029 represents 

a portion of the banded monazite-apatite mineralization with a thick outer band of 

titanomagnetite, in contact with the aplitic dyke and fenite-like metasomatic biotite 

segregations. Petrographic analysis has revealed the fenite-like metasomatic zone 
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consists of biotite to phlogopite, Na-Ca-amphibole, titanomagnetite, ilmenite, with 

hematite and chlorite alteration. It is important to note that the samples from the 

monazite-apatite-titanomagnetite zone is quartz-absent, including up to 15cm from the 

monazite-apatite-titanomagnetite contact, primarily within the aplitic zone of the 

leucogranitic dyke, e.g., sample DFKJR006 consists predominantely of fine-grained K

feldspar with <10% albite and very trace amounts of quartz. In the aplitic zone of the 

dyke, K-feldspar grains are partially to completely altered to hematite. The aplitic zone 

(sample DFKJR006) contains finer grained (50-100 micron) monazite and apatite, 

xenotime, thorium-silicate phosphate minerals, and titanomagnetite, rutile, and ilmenite 

accessory phases. Overall, the U-Th-REE-bearing phases in the aplite compose less than 

5% of the rock. Sample MMKJR004, taken less than 1 metre from the monazite dyke 

contact is medium to coarse grained, and composed of graphic textured K-feldspar, 

plagioclase, quartz, and trace amounts of biotite and Fe-Ti-oxide. The leucogranitic 

intrusion display typical pegmatite granophyric and graphic textures in quartz and 

feldspars seen elsewhere on the property. Quartz is subrounded, ranging from 1 mm to 

20 mm; grains appear to be slightly strained and often extend along a weak foliation. 

Albite and K-feldspars are anhedral to subhedral and vary between 5 mm and 60 mm. 

The feldspars, specifically the aplite (sample DFKJR006) show evidence of undulose 

extinction, indicating subsolidus deformation. 

3.6.2. Geochemistry of the monazite-apatite-titanomagnetite mineralization 

Four out of the nine monazite-apatite-titanomagnetite bulk-rock samples were analyzed 

for the major oxides. They average (n = 4): Si02 (2.05 wt. %), Ah03 (0.49 wt. %), 

Fe203 (26.27 wt.%), MgO (0.18 wt.%), CaO (8.45 wt.%), K20 (0.08 wt.%), Na20 (0.06 
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Fig. 3-6 The mineral growth sequence of primary minerals of the Kulyk Lake showing 

(SDMI 0985). 
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wt.%), P20 5 (17.11 wt.%), and Ti02 (6.07 wt.%). All of the whole-rock monazite

apatite-titanomagnetite samples (n = 9) average 113,000 ppm (11.3 wt.%) REEs, 1446 

ppm Y, 874 ppm Zr, 9030 ppm Th, 73 ppm U, and have an average Th/U = 125. 

Fractionation trends are observed by plotting whole-rock Si02 vs. Zr and Th ( e.g., Watt 

and Harley 1993; Fig. 3-7a,b). Evaluating the Zr-Si02 and Th-Si02 plots shows that the 

leucogranitic dyke and bulk-rock monazite-apatite-titanomagnetite samples may 

represent distinct end-members of this system (Fig. 3-7a,b ); the mineralization whole

rock samples are consistent with extremely high Th and Zr contents and extremely low 

Si02, compared to the bulk-rock pegmatite samples, which have lower Zr and Th and 

high Si02. The arrows toward higher Zr and Th (saturation) represent significant 

mineral accumulation from a variably fractionated melt. There is a very strong positive 

correlation between Th and LREEs and Th and Y, for both the mineralization and the 

granitic dyke (Fig. 3-7c,d). This trend indicates that both Th-REE-Y were being 

incorporated into liquidus minerals, crystallizing from a highly enriched leucogranitic 

melt. The whole-rock monazite-apatite-titanomagnetite samples have extremely high 

LREEIHREE ratios, ranging between 32 and 49. Chondrite-normalized REE distribution 

diagram patterns are similar between the mineralization and the granitic dyke (Fig 3-8). 

With mineralization REE patterns plotting at higher abundances, both lithologies have 

moderately steep profiles with a slightly weak Eu anomaly, averaging Eu/Eu* = 0.56. 

Discontinuities in the REE chondritic pattern at Ho/Er may be a result of the "tetrad" 

effects (McLennan 1994; Bau 1996; Monecke et al. 2002), or data quality. Yttrium and 

Ho have similar partition coefficients, due to their close ionic radii, and therefore 

disruptions in the patterns may be observed (Shannon 1976). Overall, the HREEs are 
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Tab. 3-1 Bulk whole-rock and trace-element geochemical data for the NYF-type granitic 

dyke and monazite-apatite-titanomagnetite mineralization. 

Sample MMKJR004 KJR018 KJR021 KJR020 KJR014 KJR010 KJR024 KJR015 KJR027 KJROOS KJR004 KJR012 

Type 
granitic granitic granitic granitic granitic granitic granitic granitic granitic granitic granitic granitic 

dyke dyke dyke dyke dyke dyke dyke dyke dyke dyke dyke dyke 

Si02 65.3 65.56 65.30 65.50 64.66 63.56 64.22 64.62 64.21 64.80 63.39 62.98 

Al203 19.76 18 17.28 17.1 17.3 17.9 17.4 16.3 17.3 16.3 15.1 18.1 

Fe203 1.91 1.13 3.02 3.48 3.13 3.64 3.22 3.14 3.83 3.9 3.03 3.27 

MgO 0.25 1.02 0.1 1.18 4.7 4.06 0.25 2.53 1.58 1.57 1.08 1.48 

Cao 1.65 1.13 1.41 1.66 1.12 0.99 2.43 1.45 1.16 1.17 1.58 1.09 

KzO 3.05 3.84 1.6 1.52 2.6 2.24 3.18 2.97 4.45 3.36 2.02 4.68 

Na20 8.08 7.04 8.52 8.06 5.97 6.12 7.5 6.4 6.35 6.3 6.2 6.79 

P20s 0.46 1.19 1.28 0.34 0.16 0.17 1.13 0.22 0.18 0.21 0.27 0.34 

Ti02 0.07 0.21 0.57 0.57 0.59 0.64 0.94 0.56 0.57 0.63 0.47 0.62 

Total 100.53 99.12 99.08 99.41 100.23 99.32 100.27 98.19 99.63 98.24 93.14 99.35 

Zr 88 62 198 175 186 242 125 219 258 236 141 379 

La 73.2 81 115 73 157 173 227 198 180 241 831 870 

Ce 152.3 130 211 134 275 306 399 350 316 414 1420 1470 

Pr 17.68 15 23 13 28 32 44 36 33 43 154 167 

Nd 63.3 65 101 69 108 125 192 138 130 162 530 559 

Sm 8.61 9 14 11 13 16 27 17 17 19 60 65 

Eu 2.08 2.1 2 1.8 1.8 3 4.1 2.2 2.6 2.4 6.1 7.2 

Gd 5.88 6 10 8 8 9 20 10 10 11 27 30 

Tb 0.69 1 1 1 1 1 1 1 3 3 

Dy 4.00 2.6 5.1 4.4 3.8 3.3 9.8 4.4 4 4.2 8.6 9.6 

Ho 0.74 2 3 2 5 5 

Er 2.02 1.3 2.4 2.1 1.8 1.6 5.1 2.4 2.2 2.4 5.8 6.2 

Yb 1.57 2.2 2.2 1.5 1.2 4.3 2 2 2 2.1 2.5 

Th 13.2 26 27 35 36 43 45 53 53 59 188 236 
y 23.7 16 36 31 21 18 69 27 25 26 41 46 

U,ICP 0.7 2 2 2 2 2 2 2 2 2 

TREE 322 201 314 352 346 384 1005 790 409 930 1674 3241 

Th/U 19 13 14 18 18 22 23 27 27 30 94 118 
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Tab. 3-1 continued. 

Sample MMKJR006 KJR006 KJR013 KJR025 KJR026 KJR007 KJR011 KJR019 KJR016 

Type 
mnz-ap- mnz-ap- mnz-ap- mnz-ap- mnz-ap- mnz-ap- mnz-ap- mnz-ap- mnz-ap-

ttm ttm ttm ttm ttm ttm ttm ttm ttm 

Si02 1.35 3.56 1.94 1.33 n/a n/a n/a n/a n/a 

Al203 0.43 0.93 0.78 0.55 n/a n/a n/a n/a n/a 

Fe203 35.23 21.54 26.82 27.49 n/a n/a n/a n/a n/a 

MgO 0.16 0.21 0.19 0.16 n/a n/a n/a n/a n/a 

CaO 9.46 7.59 8.05 8.68 n/a n/a n/a n/a n/a 

K20 0.05 0.09 0.09 0.09 n/a n/a n/a n/a n/a 

Na20 0.06 0.063 0.07 0.06 n/a n/a n/a n/a n/a 

P20s 19.58 13.76 16.14 18.96 n/a n/a n/a n/a n/a 

Ti02 6.77 5.46 5.97 6.06 n/a n/a n/a n/a n/a 

Total 73.09 53.203 GO.OS 63.38 n/a n/a n/a n/a n/a 

Zr 1646.1 478 496 876 n/a n/a n/a n/a n/a 

La 54900 36900 40800 49700 94300 8380 16400 25900 2520 

Ce 107000 75300 83800 103000 190000 17100 33800 53600 5180 

Pr 10700 7280 8300 10100 18900 1640 3180 4840 500 

Nd 38000 25700 28600 35700 65300 5860 11500 18300 1800 

Sm 3830 2540 2870 3630 6650 590 1150 1690 180 

Eu 394 260 300 380 690 60 120 170 20 

Gd 1650 1190 1370 1790 3140 280 540 780 90 

Tb 141 120 140 190 970 30 60 80 20 

Dy 543 360 410 640 700 90 170 230 30 

Ho 69 30 40 70 320 20 20 20 20 

Er 139 260 300 460 80 60 120 190 20 

Yb 61 30 40 100 90 20 20 30 20 

Th 14800 7970 9500 14000 21800 1880 3730 6960 630 

y 2294 1310 1500 2570 3480 320 620 800 120 

U,ICP 57 70 100 110 170 20 20 70 40 

TREE 219721 151280 84670 208330 194620 17350 67700 53030 10520 

Th/U 261 114 95 127 128 94 187 99 16 
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lower in concentration and illustrate the greatest dispersion, but essentially show a 

similar behaviour to Y. Monazite grains from sample MMKJR006 were analyzed by 

EPMA to further constrain the fractionation of the mineralizing elements in the melt. 

The activity of the LREEs in the melt is constrained by the mole fraction of LREE in 

monazite (Montel 1993); in addition Th and U are compatible in monazite and act as 

additional REE, thereby suppressing the solubility of LREE in the melt. Zoned monazite 

grains were analyzed for Si02, CaO, Ah03, P20s, and all the REE + Y, U, Th, and Pb 

oxides (Tab. G-1-2; Appendix G). Approximately 12 points for EPMA were placed on 

oscillatory zones ( dark BSE images) and 8 points were placed on outer overgrowth 

zones (lighter BSE rims). The monazite detrital cores are low U and low Th (with 

respect to the overgrowths), averaging 0.030 wt.% U02 and 3.47 wt.% Th02 (n=l2). 

The overgrowths (light BSE zones) average 0.106 wt.% U02 and 4.88 wt.% Th02 

(n=8). Yttrium and the heavy REEs are slightly higher in the cores than the 

overgrowths, although electron-microprobe elemental mapping did not reveal significant 

compositional differences between Y and HREEs. Chondrite-normalized REE patterns 

of the monazite show obvious LREE-enrichment and low HREE content ( after Gd the 

REEs are below detection limit of 0.02 wt. % ). The fractionation of LREE, Th, and U is 

ultimately controlled by the overall partitioning of elements amongst the residual phases 

and the anatectic melt, as well as the proportions of each phase and degree of melting 

(Stepanov et al. 2012). The Th/LREE ratios are independent from pressure and 

temperature and the partition coefficient for Th in monazite is higher than the partition 

coefficients for the REEs. Trace-element fractionation, caused by monazite 

crystallization is assessed by plotting ratios of elements that we know partition into 
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Fig. 3-7 a) Zr-Si02 and b) Th-Si02 plots evaluate the zircon-melt and monazite-melt 

end-members for the bulk rock monazite-apatite-titanomagnetite and host granitic dyke; 

the arrow indicates direction of fractionation in the melt; c) Th-REEs and d) Th-Y plots 

showing the extensive Th fractionation within the (bulk) monazite-apatite

titanomagnetite end-member of the system. 
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Tab. 3 .2 Electron Microprobe (EPMA) results for the monazite oscillatory zones ( dark 

SEM-BSE cores) and overgrowths on the dark SEM-BSE cores. 

Oscillatory Zones/ 

Dark BSE cores 

Point No. 3 6 8 11 13 16 19 2 4 7 10 14 

Si02 0.49 0.45 0.38 0.58 0.45 0.46 0.54 0.56 0.44 0.56 0.60 0.71 
Al203 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 

CaO 0.75 0.83 0.79 0.80 0.66 0.74 0.81 0.81 0.92 0.75 0.76 0.69 
P205 30.59 30.29 30.30 30.04 30.44 30.62 30.36 30.68 30.63 30.05 30.07 29.71 

La203 16.96 16.68 17.15 16.73 16.59 17.15 16.14 16.50 17.10 16.28 16.31 16.18 
Ce203 34.23 33.56 33.91 33.17 33.06 32.94 32.58 33.89 33.08 33.81 32.69 33.20 
Pn03 2.57 2.73 2.31 2.69 2.57 2.69 2.56 2.46 2.60 2.73 2.43 2.68 
Nd203 10.04 10.54 10.76 10.46 10.68 10.22 11.10 10.27 10.50 11.05 10.51 10.60 
Sm203 0.22 0.01 0.22 0.21 0.38 0.15 0.34 0.00 0.00 0.34 0.35 0.21 
Gt:1203 0.10 0.09 0.06 0.30 0.06 0.19 0.46 0.07 0.00 0.05 0.27 0.10 
D)'203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Y203 0.00 0.00 0.60 0.01 0.08 0.56 0.19 0.59 0.01 0.54 0.06 0.55 

PbO 0.19 0.28 0.21 0.30 0.17 0.35 0.25 0.32 0.21 0.30 0.32 0.38 
Th02 2.87 3.38 3.10 3.75 3.03 2.86 3.82 3.51 3.14 3.61 3.97 4.64 
U02 0.00 0.09 0.09 0.06 0.00 0.05 o.oi 0.00 0.00 0.06 0.05 0.00 

Overgrowths 

on dark BSE cores 

5 9 12 15 17 18 20 

0.98 1.12 0.94 1.12 0.89 1.08 0.99 1.13 

0.00 0.00 0.10 0.00 O.M 0.00 0.00 0.00 

0.50 0.64 0.64 0.53 0.39 0.53 0.57 0.73 

30.77 29.31 29.46 29.46 29.42 29.45 29.69 29.27 

16.28 16.62 16.90 16.00 16.12 15.93 16.69 15.70 

34.52 33.58 33.72 33.32 33.59 33.21 33.56 32.72 

2.77 2.55 2.50 2.46 2.83 3.00 2.72 2.62 

10.35 10.59 10.46 10.53 11.10 10.52 10.50 10.16 

0.48 0.20 0.35 0.23 0.15 0.30 0.58 0.37 

0.49 0.21 0.20 0.20 0.32 0.00 0.47 0.55 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.05 0.00 0.03 0.00 0.02 0.51 0.46 0.00 

0.39 0.47 0.40 0.35 0.36 0.50 0.39 0.39 

3.95 5.36 4.98 5.54 4.02 4.94 4.79 5.47 

0.13 0.13 0.06 0.09 0.10 0.09 0.13 0.12 
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Fig. 3-8 Chondrite-normalized rare-earth element plot ( chondrite values from Boynton 

1984) of the bulk rock monazite-apatite-titanomagnetite samples (n=9), shown in green 

and granitic dyke samples (n=12), shown in red. 
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Fig. 3-9 Chondrite-normalized trace-element ratio plots: a) (Th/La)cN vs. (Y/La)cN and 

b) (La/Yb )CN vs. (Th/Y)CN. Bulk rock pegmatite (blue) and monazite-apatite

titanomagnetite (pink) show that fractionation is related to LREEIHREE, with little 

change in Th/Y. Detrital monazite cores (Mcfarlane and McKeough 2013) are plotted 

for reference, as the end-member of this fractionating melt. 
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monazite. Plots of LaNNbN vs. ThN/YN and YN/LaN vs. ThN/LaN for the bulk-rock 

pegmatite-aplite and mineralization samples, as well as the trace-element values from 

the monazite cores that are assumed to be detrital (Fig. 3-9). Residual monazite will 

have ThN/LaN and ThNNN ratios 30% higher than the melt (Stepanov et al. 2012), which 

is confirmed in the trace-element fractionation plots (Fig. 3-9), whereby the detrital 

(inherited) monazite cores are higher in these ratios compared to the bulk-rock 

mineralized samples and leucogranitic dyke samples. The leucogranitic dyke samples 

appear to fractionate toward the (bulk-rock) monazite-apatite-titanomagnetite shallower 

trend, which implies that the variation in the monazite-apatite-titanomagnetite zone is 

related to the fractionation of LREE/HREE, with little change in ThN. The greatest 

degree in the fractionation of Th relative to REEs is noted between bulk-rock 

mineralization and leucogranitic pegmatite; the detrital monazite components represent 

the furthest end-member of the system. Mcfarlane and McKeough (2013) used LA ICP

MS to confirm that the detrital low-U monazite cores have anomalously high V, As, and 

Mo with distinct LaNNbN and Th/U ratios, and low Ba and Nb, and inferred that the 

inherited monazite may be derivative of metalliferous black shales. 

Apatite grains were also analyzed for MgO, Ah03, Si02, MnO, SrO P20s, all the 

REEs + Y, Th, and U oxides, and F and Cl (Tab. G-3; Appendix G). They are mostly 

fluorapatites, with F-contents ranging between 2.15 and 2.62 wt.% and Cl between 0.78 

to 0.95 wt.%. These are typical igneous apatite signatures of F contents> 1 wt.% and 

F/Cl > 1 (cf. Chu et al. 2009). The apatite is unzoned and has extremely low 

concentrations ofU and Th, mostly below the microprobe detection limit of 0.02 wt.%. 
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Fig. 3-10 a) Negative correlation of CaO vs. P20 5, possibly due to REEs substituting for 
Ca, resulting in a decrease in Ca/P; b) Plot of Sr versus Y showing high SrN ratios that 
may be indicative of inherited grains from the magma source. 
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The depletion of Th in apatite is likely due to the increasing LREE in the melt to 

monazite saturation. The apatite averages (n = 14) 0.005 wt.% for each MgO, Ah03, and 

MnO, 0.19 wt.% Si02, 42.4 wt.% P20 5, 54.10 wt.% CaO, 200 ppm Sr, 4800 ppm REEs, 

and 2200 ppm Y. There is measurable covariance between Si02 (ranges between 0.12-

0.26 wt. %) and the REEs, that is also accompanied by an increase in P20 5 (Fig. 3-10). 

The leucogranitic to syenitic host rocks at Kulyk Lake range between 0.13 to 1.13 wt. % 

P205• Apatite from a peraluminous melt that contain over 1 wt. % P205 are considered 

residual (Pichavant et al. 1992), the peraluminous pegmatites ( containing apatite) that 

were sampled near the Kulyk Lake showing have A/CNK > 1.4 and average 0.36 wt.% 

P20 5, however 3 samples do show> 1 wt. % P20 5• Furthermore, the negative correlation 

between CaO vs. P20 5 (Fig. 3-10) may be indicative of residual apatite. Rare-earth 

elements will substitute for Ca in apatite (Hughes et al. 1989), so the crystallization of 

(magmatic) apatite will result in a decrease of Ca/P ratios. Subsequently, there will be an 

overall decrease of P20 5 in the melt, relative to the REEs during crystallization of 

magmatic apatite (e.g., Stepanov et al. 2012). The chondrite-normalized REE patterns 

for apatite are variable, although the majority are initially steep (LREE-enriched), up to 

Pr, then slightly decrease in Nd and flatten, or level out from the MREE to HREE. The 

Sr contents of apatite range between O to 63 7 ppm; these are much higher than the 

concentrations of Sr in the host leucogranitic dyke, which averages 118 ppm Sr 

contents. The flat, consistent pattern in HREEs and the enrichment of Sr in apatite 

results in an increasing Sr/Y ratio (Fig. 3-10). These signatures indicate that apatites are 

a mixture of; 1) xenocrystic grains from the protolith and 2) cotectic components of 

crystallized melt ( e.g., Chu et al 2009). 
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Analyses of 20 magnetite to titanomagnetite grains by EPMA from MMKJR006 

gave an average of 17.14 wt.% Ti02, 73.83 wt.% FeO, 0.36 wt.% MnO, 0.40 wt.% 

Cr20 3, 0.27 wt.% V20 3, and 0.01 wt.% Nb20s (Tab. G-4; Appendix G). The 

intercumulus titaniferous magnetites have exsolution intergrowths of either ilmenite and 

hemo-ilmenite, or rutile. Overall, the grains have two perpendicular sets of lamellae that 

were too narrow to analyze by EPMA (< 3 um), however two of the largest lamellae did 

allow reliable analysis within exsolution lamellae. These lamellae are much higher in 

Ti02 > 40 wt.% and Nb > 1 wt.%, indicating an ilmenite composition. The Ti02 vs. 

V20 3 and Ti02 vs. Cr20 3 plots are very similar; both Cr and V show a negative 

correlation with Ti in the magnetites. The two outlying points represent the rutile 

exsolution lamellae, which have undetectable' Cr and V contents. The partition 

coefficients of Cr strongly depend on Ti02 in the melt, and are strongly compatible in 

magnetite. Consequently, we can assume the titanomagnetites were derived from a Cr

depleted source. 

It is also important to note the EPMA results of six biotite grains from fenite-like 

sample MMKJR029 shows that they average (n=6): 17.93 wt.% MgO, 12.59 wt.% 

Ah03, 2.46 wt.% Ti02, 0.20 wt.% V20s, 12.60 wt.% FeO, 1.38 wt.% F and 0.27 wt.% 

Cl. Compared to biotites from other evolved (enriched) U-Th-REE metasomatized 

pegmatites in the Kulyk Lake region (n= 18), the fenite-like contact metasomatic biotites 

from sample MMKJR029 are lower in FeO, Ti02, V20 5, and higher in MgO and F 

concentrations. The Mg-number (100 x Mg/(Mg+Fe)) is also higher, averaging 53, 

compared to biotites from other pegmatites at Kulyk Lake that have average Mg-number 

=36. 
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3.6.3. Geochemistry of the granitic dyke 

The aplitic phase of the leucogranitic dyke contains lesser quartz and more K

feldspar than the coarser grained ( outer) zone of the intrusion. The aplite is classified as 

having a syenitic composition, whereas the coarser grained phase is granitic. The 

leucogranitic dyke averages (n = 12) Si02 (64.42 wt.%), Ah03 (17.31 wt.%), Fe203 

(3.05 wt.%), MgO (1.65 wt.%), CaO (1.40 wt.%), K20 (2.96 wt.%), Na20 (6.94 wt.%), 

P20 5 (0.36 wt.%), and Ti02 (0.54 wt.%). The pegmatitic to aplitic dyke has a restricted 

range of Ah03/(Ca0 + Na20 + K20) (ASI) values, between 1.40 and 1.54; these are 

well within the average range for similar peraluminous granitic pegmatites in the region. 

There are obvious compositional differences that coincide with the textures of the 

syenitic to granitic dyke; the aplitic zone of the intrusion has higher concentrations in 

Fe20 3, CaO, P20 5, and Ti02 and lower Si02, Na20, and K20, than the pegmatitic textured 

zone of the intrusion. The aplitic phase also has a higher concentration of accessory 

minerals, such as rutile, monazite, apatite, zircon, xenotime, and thorium silicate

phosphate minerals, and therefore higher in concentration in U, Th, REEs, Y, Nb, and 

Zr, than the pink, graphic textured dyke. The increasing trend in Zr and Th with respect 

to Si02 for the leucogranitic dyke (Fig. 3-7) may be explained by different degrees of 

partial melting, as well as entrained monazite and zircon in the melting phase. Overall, 

the leucogranitic dyke samples contain oxides, phosphates, and silicates that carry 

Nb>Ta, Y, REEs, U, Th, and Zr, and as a result are classified as NYF-type rare-element 

pegmatites (cf. Cerny 1991). The average concentrations are: 3 ppm Nb, 32 ppm Y, 5 

ppm U, 70 ppm Th, 278 ppm Zr, and 830 ppm total rare-earth elements (TREEs). As 

stated above, a plot of total rare earth elements and Th (Fig. 6) shows that the host 
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pegmatitic to aplitic dyke is very strongly correlated to the mineralization bands. The 

granitic dyke has a high average ratios of LREE/HREE = 17 and Th/U = 35. Chondrite

normalized REE distribution diagram shows that the trace-element signatures for the 

host leucogranitic dyke are comparable to similar NYF -type pegmatites from the region 

(Fig. 3-8). The granitic pegmatites are enriched in LREE phases, have small negative Eu 

anomalies and LaNNbN ratios between 33 and 395. As discussed in Chapter 2, the 

Wollaston NYF pegmatite REE profiles are consistent with previously studied LREE

enriched NYF pegmatites, in having weakly to moderately negative Eu anomalies. The 

evolution of these REE patterns, with increasingly negative Eu anomalies, suggests 

moderate plagioclase fractionation in the pegmatites, possibly modified by 

feldspathization of calcic plagioclase under oxidizing conditions (see Fowler and Doig 

1983a). 

3.6.4. Oxygen isotope systematics 

Stable oxygen isotopes between coexisting monazite and apatite were determined 

in order to compare the mineralized zone with the monazite and apatite in the spatially 

and temporally associated pegmatite to aplite dyke. The 8180 values for coexisting 

monazite and apatite are very similar, apatite values average 8180 = 9.1 %0 and monazite 

818
0 = 9.7%0 (Tab. 3-3). When 818

0 values between mineral pairs are very similar, the 

fractionation factor (103lna) is numerically very close to the simple difference between 

measured 818
0 values, or ~18

0 (e.g., Hoefs 2005; Sharp 2006) and is expressed as: 

180 ~180 ~180 
~ mnz-apt = u mnz - U ap 
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The L\
18

0mnz-apt range between +l.1%o (sample MMKJG037) and +0.3%o (sample 

MMKJR029). At equilibrium, magmatic rocks should have consistent 8180 values of 

minerals and L\ 
18

0min-min and L\ 
18

0min-melt isotope fractionations (Bindeman 2008). High

temperature magmatic conditions are expected to yield very small isotopic fractionation, 

especially refractory minerals (Bindeman 2008). In an attempt to constrain the 

temperature of the Fe-Ti-P oxide zone, the oxygen isotopes of coexisting monazite and 

apatite were assessed. Isotope fractionation of oxygen between coexisting minerals, like 

any other stable isotope, is a strong function of temperature; the isotope fractionation 

factor, 103lna, is a linear function of 1/r (Biegielsen and Meyer 1947; Urey 1947). In 

103lna vs.1/r the isotope exchange between minerals, and most likely minerals and 

silicate melt, can be described by a single a factor, known as the temperature coefficient 

of fractionation (Sharp 2006; Breeker and Sharp 2007): 

103lna = 106a!T 2 

Mineral-mineral and mineral-melt isotope fractionation as a function of 1/'I' has been 

experimentally determined for various co-existing mineral assemblages that include 

monazite (e.g., Taylor and Sheppard 1986; Zheng 1996; Tao and Yuzhuo 1997; 

Chemiak et al. 2004; Ayers et al. 2006; Breeker and Sharp 2007). These authors plot the 

experimental data to illustrate the relationship of 106 IT 2 vs. 103lna and estimate 

temperature for mineral pairs. The resultant plot defines a linear dependence at infinite 

temperature when isotope fractionations are close to zero (Fig. 3-11 ). The fact that the 

regression line nearly passes through the origin is in agreement with the expected 

theoretical fractionation of zero at infinitely high temperatures. We acknowledged that 

the fractionation factor ( 103lna) is expressed as L\ 
18

0mnz-apt, therefore 
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Tab. 3-3 Description of samples and oxygen isotope results from those samples at the 
Kulyk Lake showing. 

Sample Mineral Description Yield ~1110 

MMKJG037 Apatite 
Thick (>5cm} medium-grained apatite band at the intersection of the 

11.6 9.0 
main mineralization trend and small offshoot 

MMKJR029 Apatite 
Thin (>2cm} medium grained apatite bands, interleaved partly with 

8.3 9.1 
monazite bands, at the north end of the occurrence 

MMKJG037 Monazite Fine grained monazite 2-5cm band off main mineralization trend 7.9 10.1 

MMKJR029 Monazite 
Thick (>5cm} fine-grained monazite lobe located at the north end of the 

8.5 9.4 
occurrence 
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Fig. 3-11 Calculated oxygen isotope fractionation factors between quartz and 
phosphates (after Zheng 1996). 
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according to the formula the fractionation coefficient (a) is directly affected by 

temperature. As T increases, ~ 18
0mnz-apt decreases such that at very high temperatures 

~ 18
0mnz-apt approaches zero. Thus, the values for ~ 18

0mnz-apt = + 1.1 %0 (sample 

MMKJG037) and +0.3%o (sample MMKJR029) indicate high magmatic temperatures. 

In addition, apatite is 1-2%0 less than normal granitoid rocks, such as pegmatites (which 

range between +6 to + 10%o; see Longstaffe 1982), indicating they are probably 

immiscibly separated from crustal granitic magmas, rather than mantle magmas. 

3.6.5. Sm-Nd isotope results on monazite and apatite 

The uniform overgrowths on Kulyk Lake monazite (sample MMKJR006) have uniform 

143Nd/144Nd as measured by LA-MC-ICP-MS with cNd(t) values calculated at 1830 ± 10 

Ma between -5.0 and -5.7 (Tab. I-1; Appendix I). Two unzoned apatite grains from the 

mineralization (MMKJR006) and from the granitic dyke (MMKJR004) also have 

comparable 143Nd/144Nd as measured by LA-MC-ICP-MS and cNd(t) values calculated 

at 1830 ± 10 Ma between -10.1 and -11.2 (Tabe I-1; Appendiz I). There is very little 

intergranular variation in monazite (MMKJR006) 147Sm/44Nd and depleted mantle 

model ages (T oM) average 2400 Ma. 

3. 7. Discussion 

3. 7.1 Timing and temperature constraints 

Monazite and zircon U-Pb geochronological results are presented in Mcfarlane 

and McKeough (2013) and presented in Appendix H. The age of monazites from the 

aplitic dyke and the monazite-apatite-titanomagnetite rocks reveal crystallization of 

compositionally uniform overgrowth at 1830 ± 5 Ma. There is also a younger 1770 ± 10 
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Ma population in both rocks. It appears that whereas the mineralized zone and the 

adjacent syenitic aplite co-crystallized at 1830 ± 5 Ma, the entire sequence was later 

affected by a retrograde-associated recrystallization. The crystallization age (1830 Ma) 

and recrystallization age (1770 Ma) agrees well with previously published ca. 1850-

1760 Ma U-Pb ages of zircons and monazites from undeformed pegmatites in the 

Wollaston fold belt (Chiarenzelli 1989; Bickford et al. 1990; Chiarenzelli et al. 1998; 

Annesley et al. 2005; Bickford et al. 2005; McKechnie et al. 2012a, b; Schneider et al. 

2007). Detrital monazite cores define an array of near-concordant data with 207Pb/2°6Pb 

ages ranging from 1870 to 2410 Ma with a broad spectrum of ages between 1900 to 

2100 Ma and a dominant population at-1880 Ma (Mcfarlane and McKeough 2013). 

The in situ Sm-Nd isotope systematics measured on 1830 ± 5 Ma monazite 

domains have ENd083o) ranging from -4.3 ± 0.8 to -5.0 ± 0.8 that fall within the range of 

ENd(l830) (-4.1 to -7.6) documented by Tran et al. (2003) for the Wollaston Domain. 

This confirms their derivation from reworked Wollaston Group metasediments and 

implicates high-temperature anatexis as a source of the granitic melts. It is not possible 

to identify exactly which part (i.e., upper or lower succession) of the volcano

sedimentary succession the rocks were derived from, although the dominantly 

Paleoproterozoic detrital monazite and zircon population and less evolved ENd083o) 

signature are broadly consistent with an upper Wollaston Group source. The isotopic 

data from the mineralized zone (MMKJR006) and the host aplite-granitic dyke 

(MMJR004) are internally consistent in the apatite, and therefore suggest that both the 

apatite-monazite-titanomagnetite mineralized zone and host aplite-pegmatite dyke were 

derived from the same source. On an isochron plot (Fig. 3-12), the differences in 
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Fig. 3-12. Sm-Nd isochron diagram for monazite (from monazite-apatite

titanomagnetite mineralization zone) and apatite (min = mineralization zone; peg = 

granitic pegmatite host). Two reference lines are plotted, both corresponding to an age 

of 1830 Ma, the crystallization age of both the mineralization and the aplite-pegmatite. 

143 



isotopic composition among the monazite and apatite from the mineralization zone and 

the granitic dyke are evident. Monazite samples from the mineralized zone cluster 

closely together on the 1830 Ma reference line; as well, the apatite samples from both 

the pegmatite and monazite-rich zone fall on an 1830 Ma reference line with an identical 

slope. The differences between the linear arrays in the isochron plot may be interpreted 

as evidence for contamination by country rocks produced by mixing between the 

pegmatite-forming melt and host rocks ( e.g., Tomascak et al. 1998). The minimal spread 

between the monazite and apatite, and similar initial Nd isotopic compositions imply 

derivation of the mineralization and pegmatite from geochemically similar sources. 

The mineralized Wollaston pegmatite and aplite dykes are products of fractionation of 

crustally derived A-type to S-type melts that were generated in the crust as a result of 

decompressional (adiabatic) melting throughout the Trans-Hudson Orogeny (see 

Chapter 2). Mineralogical relationships identified in Chapter 2 indicate reactions that 

reflect partial melting, and the generation of magmas, to occur under fluid absent 

conditions involving biotite breakdown at moderate to high temperatures ( e.g., 

Christiansen et al. 1983; Clemens et al. 1986; Clemens 2006; Brown and Korhonen 

2009; Brown 2010), generating peraluminous melts with A/CNK > 1.4 during biotite 

dehydration around 800-850°C at 7 kbar. Furthermore, isotope fractionations between 

coexisting minerals monazite and apatite (from Kulyk Lake mineralized zone) infer a 

high magmatic temperature of formation. Bindeman (2008) explains how isotope 

fractionations between any coexisting minerals and/or fluids will be very small at high 

magmatic temperatures, typically less than 2%o; therefore our estimation of T:::: 800°C 

(at depth) for~ 18
0mnz-apt between+ 1.1 %0 and +0.3 %0 is acceptable. The age constraints 

144 



and high-T melting conditions at depth (> 800°C) confine the formation of the monazite

apatite-titanomagnetite to ca. 1830 Ma deformational events during the Trans-Hudson 

Orogen at peak metamorphic temperatures. 

3. 7.2. Melting conditions: fractionation and accessory phase entrainment 

The P-T path of Hudsonian rocks in the region formed as a result in partial melting 

at depth and an emplacement path that is consistent with prograde near-peak pressure 

and temperature conditions of 6-9 kbar and 750 to 825°C (see Annesley et al. 2005). 

Furthermore, Chapter 2 described the formation of these NYF-type pegmatites, which 

have abundant monazite, apatite, and Fe-Ti-oxides, to occur under fluid absent 

conditions (see Chapter 2), involving biotite dehydration (breakdown) during high-T 

adiabatic decompression in the middle crust. The U-Th-REE enriched NYF-type melts 

evolved during continuous melt extraction that occurred along the pegmatite anatectic 

front, during adiabatic decompression in the Wollaston Domain, coalescing to form 

larger plutons at higher levels in the crust. There is evidence that continuous melt 

extraction generated multiple pegmatite injections during the Trans-Hudson Orogeny 

(THO), which produced compositionally and texturally different pegmatites. A 

fractionation model for these pegmatites is proposed in Chapter 2, whereby the 

enrichment of incompatible elements U, Th, REEs, Zr, Y, and Nb is progressively 

enhanced through the addition of volatile and fluxing components throughout multiple 

melt injections, and simultaneous fractionation +/- assimilation, up to the final stages of 

pegmatite emplacement. It is also suggested that the inefficient melt extraction 

combined with the entrainment of xenocrystic accessory phases ( e.g., monazite, apatite, 

zircon) led to significant enrichment of the U, Th, REE, and Zr concentrations in any 
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pegmatite group (McKechnie et al. 2013; McKeough et al. 2013). Ultimately, under 

fluid-absent melting conditions the magma source rock is the primary control on the 

composition of a granitic magma, by controlling what is available to dissolve into a melt 

and what remains unreacted as restitic material. 

The petrographic analysis, elemental mapping of monazite crystals, and U-Pb 

geochronology of the compositionally distinct domains confirm that a substantial 

amount monazite and zircon from the Kulyk Lake showing are inherited from the 

source. Approximately 20% of the monazite from the mineralized zone is inherited, and 

an even larger volume fraction of zircon is also detrital in origin, based on the 

proportion of narrow overgrowths to resorbed cores and U-Pb dating (Mcfarlane and 

McKeough 2013). Monazite-melt and zircon-melt end-members are defined in Fig. 3-7, 

confirming that these phases were preferentially entrained over other residual 

components (e.g., Watt and Harley 1993). The melt developed through fractional 

crystallization and/or multiple pegmatite injections (magma recharge) and evolved 

toward monazite and zircon saturation. The geochemical composition of the monazite 

cores show high ThN/LaN and ThNNN ratios (Fig. 3-9), which agrees well with 

previously documented signatures of detrital monazites that are known to have ThN/LaN 

at least 30% higher than the source (and melt) (Stepanov et al. 2012). The greatest 

degree of variation in Th relative La and Yb (i.e., REEs) is noted between detrital 

monazite (cores) and the bulk-rock granitic dyke (Fig. 3-9); this agrees well with the 

theory that ThN/LaN ratios are controlled by residual monazite (Plank 2005; Hermann 

and Rubatto 2009). Apatite grains do not show any zoning in SEM-BSE or SEM-CL 

images, and therefore a detrital origin for any apatite cannot be confirmed, although it 
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was suggested (above) that some of the apatite may be, based on Sr/Y and Ca/P ratios 

(Fig. 3-10). However, apatites from a peraluminous melt that contain over 1 wt.% P20 5 

is considered residual (Pichavant et al. 1992), the peraluminous pegmatites (containing 

apatite) that were sampled near the Kulyk Lake showing have an average of 0.36 wt. % 

P20 5, however 3 samples do show > 1 wt. % P20s. A decrease of P20s in the melt, 

relative to the REEs, will occur as magmatic apatite and K-feldspar crystallizes. The low 

P20 5 (<1 wt.%) content of the whole-rock and the absence of zoning indicates that most 

of the apatite is magmatic. 

The effects of residuum entrainment are complicated, because restite changes as a 

function of source composition, pressure and temperature conditions, and fluid regime 

of melting. The variation in bulk-rock chemical composition between granites and ore 

zones have previously been described as varying degrees of entrainment and segregation 

of restite (White and Chappell 1977; Chappell et al. 1987). The variation in bulk-rock 

chemical composition between the monazite-apatite-titanomagnetite zone and host 

syenitic aplite dyke to granite dyke are most likely evidence of both fractionation of an 

evolved melt combined with entrainment of monazite and zircon. The temperature of 

melt generation will be within intermediate magmatic temperature range, and that melt 

ascent will inevitably occur following the attainment of critical melt fraction. Melt and 

melt extraction would have had to occur rapidly, so that no significant dissolution of 

accessory minerals can occur, which is signified by a lower bulk trace-element content 

in the host. Water-undersaturated melting of crustal rocks containing monazite ( or any 

LREE-enriched refractory phase whose solubility is restricted in drier melts) will be 

depleted in LREE because monazite is concentrated in the residuum. Monazite and 

147 



zircon were preferentially entrained into the melt because they were abundant at the site 

of melting and texturally distinct (small crustal size) from earlier generations. 

Mcfarlane and McKeough (2013) suggest the formation of authigenic monazite nodules 

in a variety of Ca-poor sedimentary lithologies ( e.g., Bouch et al. 2002; Borisova et al. 

2010) and especially REE-enriched metalliferous black shales (e.g., Alipour et al. 2012) 

provides a viable mechanism for the formation of abundant As, V, Mo, and LREE

enriched monazite prior to partial melting that is associated with peak-metamorphism 

during the Trans-Hudson Orogen. As the entrained monazite and zircon entered a 

dominantly magmatic environment, they would have evolved texturally and chemically 

via dissolution-precipitation, re-equilibration with magma, and physical amalgamation 

( e.g., Taylor and Stevens 2010). Evidence of this is shown by compositional zoning in 

both these accessory phases (Fig. 3-5). The monazite overgrowths form coherent grain 

boundaries with apatite, indicating the monazite overgrowth domains were in 

equilibrium with magmatic apatite. 

The physical entrainment process, in which such a high percentage of monazite 

and zircon are able to move through a convoluted grain-boundary network during initial 

magma segregation, is poorly understood. The melt was likely continuously "drained", 

or injected, as it was produced (at depth). Restites accumulated and formed the 

backbone of the melt, deformation of which, during peak metamorphism in the domain, 

segregated the evolved magma (e.g., Clemens and Stevens 2012). Thus, we suggest that 

the texture of the Kulyk Lake monazite-apatite-titanomagnetite mineralization is 

indicative of a magmatic origin that was segregated during deformational shearing. We 

conclude that the entire monazite-apatite-titanomagnetite zone is interpreted as a 
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physical mixture between a magmatic (highly evolved granite) and a detrital monazite 

component. There is substantial variation in the bulk-rock monazite-apatite

titanomagnetite and granitic dyke of Th relative to REEs and Y, which are interpreted as 

different degrees in the fractionation of Th relative to these elements, within the melt. 

The inherited monazite domains represent an end-member within this fractionating 

NYF-type melt. 

3.7.3. Structural controls 

The overall features of the Kulyk Lake granitic pegmatites indicate that melts 

were injected into dilatant shear zones in the host rocks, propagating through areas of 

low mean stress. The structural control in the formation of the late-tectonic pegmatites 

in the Kulyk Lake region is visible in Fig. 3-1, where steep pegmatite bodies are 

expelled E-W adjacent to N-trending dextral faults. The nature of this orientation 

represents lateral expansion sub-orthogonal to the bulk compression (Lopez-Moro et al. 

2012). On a smaller scale, Figure 3-lb shows the same structural analog for the Kulyk 

Lake showing; the steep, main monazite-apatite-titanomagnetite zone ( and pegmatite

aplite) is formed along a steep N-trending zone with well developed secondary shears 

that are sub-parallel to the main shear zone. The texture of the monazite-apatite

titanomagnetite layers and parasitic-like folds in the W-trending offshoots likely 

represents deformational shearing ( compaction). Shearing will drive melt segregation in 

the partially molten source area (Clemens and Mawer 1992), and allow for the 

entrainment of accessory phases. The physical entrainment processes of monazite and 

zircon is in agreement with rapid ascent mechanisms of water undersaturated felsic 

magmas, through narrow conduits in the crust ( e.g., Clemens and Mawer 1992; Taylor 
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and Stevens 2010), as opposed whole-source mobility. The timing and temperature 

constraints of the melts confirm that these processes occurred in conjunction with 

regional tectonic strain, allowing deformation-assisted pegmatite melt segregation to 

occur rapidly in Wollaston Domain D2 to D4 stages of the Trans-Hudson Orogeny. 

3. 7.4. Evidence for liquid immiscibility of a fractionated magma 

The formation of the silica-poor, monazite-apatite-titanomagnetite mineralization that is 

hosted in syenitic aplite at Kulyk Lake is debatable. The mineralization formed at high 

temperatures either through liquid immiscibility (liquation) of an iron-titanium-bearing 

phosphatic magma from a granitic magma somethat analogous to the inferred 

immisibility of P-bearing Fe-Ti oxides from Fe-rich tholeiitic to alkali mafic magmatic 

systems (e.g., Bateman 1951; Philpotts 1967; Naslund 1983; Harlov et al. 2002) that 

were more traditionally interpreted as resulting from extreme crystal fractionation 

(Wager and Brown 1968; Clague 1978; Tegner et al. 2006; Charlier et al. 2008). 

Chapter 2 of this study described how small degrees of partial melting combined with 

crystal fractionation enriched the magmas in U, Th, REEs, and other HFSEs; however 

fractionation of these NYF-type magmas alone cannot be accounted for the monazite

apatite-titanomagnetite mineralization at Kulyk Lake; these granitic magmas would 

have to have undergone immiscibility between a silicate and a Fe-Ti-P oxide melt prior 

to, and during emplacement of the syenitic aplite, providing the mechanism responsible 

for the presence of relatively pure monazite-apatite-titanomagnetite rocks formed within 

syenitic aplite at Kulyk Lake. 

Textural support of immiscibility is evident from the cumulate monazite and 

apatite within intercumulus titanomagnetite ( e.g., Wagner et al. 1961 ). Furthermore, the 
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geochemical characteristics of the mineralized zone are indicative of magmatic liquid 

immiscibility, because of strong enrichment in FeO, Ti02, P20 5, CaO, REEs and other 

HFSEs, and higher CaO/ Ah03 ratios ( e.g., Song et al. 1981; Zhao 1993a). These 

characteristics have also been described as the geochemical trademarks of Fe-rich 

immiscible liquids (Veksler et al. 2006). The silica-rich melts are enriched in K20 and 

Ah03 and depleted in FeO, Ti02, and P20s. This variation in melt composition will 

inevitably control the development of immiscibility. Extreme Fe-enrichment will assist 

the melt in reaching the immiscibility field, but is not necessary, as the miscibility gap is 

expanded by P20 5 and Ti02 (Roedder 1951; Watson 1976; Freestone 1978; Charlier and 

Grove; 2012). The addition of P20 5 and Ti02 enlarge the two-liquid field, producing a 

wider variation in bulk composition at the onset of immiscibility (Veksler et al. 2008; 

Charlier and Grove 2012). The Fe-Ti-P-rich and Si-rich immiscible melts are in an 

alignment that defines a binodal (coexistence) curve, separating the one-liquid field 

from the two-liquid field (Fig. 3-13). These particular melts will reach the binodal curve 

after significant Fe, Ti, and P enrichment, producing two immiscible pairs with 

significant physical properties such as netting behaviour that enables them to separate 

easily (i.e., cross the binodal curve). The composition of the melt along the liquid line of 

descent at the onset of immiscibility defines the width of the solidus. Higher 

concentrations of P20 5 and Ti02 and alkalis will reduce the liquidus temperature, as well 

as expand the immiscibility field; this favours the intersection between the liquidus and 

the binodal curve (e.g., Bogaerts and Schmidt 2006; Charlier and Grove 2012). The 

addition of fluxing components to the melt will have effects on liquid immiscibility, 

specifically in fluid-absent melting systems ( e.g., Ryerson and Hess 1980; Suk 1998; 
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Fig. 3-13 A schematic illustration of the evolution of the liquid line of descent through a 
two-liquid field (after Charlier and Grove 2012). The evolution of the trend with a 
single binodal is shown, whereby the onset and end of silicate liquid immiscibility result 
from differentiation of the bulk liquid. Tie lines in the two-liquid field are between Si
rich (white circles) and Fe-rich (black circles) melts. 
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Lester et al. 2013 ), and could also trigger immiscibility. Phosphorus expands the two

liquid field and will promote the development of a sub-liquidus bimodal, as well as 

decrease the melt liquidus temperature (Bogaerts and Schmidt 2006; Charlier and Grove 

2012; Lester et al. 2013). This is supported by experiments that show that P20 5 is 

strongly enriched in Fe-(Ti)-rich melts (Bogaerts and Schmidt 2006), and thus effective 

at lowering the liquidus temperatures of the melt (Clark and Kontak 2004). When the 

enriched magma was emplaced near the surface, fluxing agents, mainly the phosphorus 

and fluorine, would have facilitated development of the immiscible oxide melt. The 

concentrations of F and P are elevated in the Fe-Ti-oxide melt, because their partition 

coefficients in apatite are higher than those in silicate melts (Webster et al. 2009). The 

occurrence of F-apatite suggests that volatile phases did partition into the immiscible Fe

Ti-rich melt, and maintained high concentrations during liquid immiscibility (Kolker 

1982; Bogaerts and Schmidt 2006). Furthermore, EPMA results of the fenite-like 

biotites show higher than normal F-contents (> 1 wt. %; sample MMKJR029), 

compared to other biotites analyzed from evolved NYF-type granite dykes in the region. 

The discussion in Chapter 2 describes the effect of fluxing components in modifying the 

melting processes by reducing solidus and liquidus temperatures, as well as influencing 

the fractionation of REEs during the evolution of Kulyk Lake granitic pegmatite 

magma. The presence of high Fmeltlfluid may be partly responsible for the origin of these 

unusual Fe-Ti-P oxide melts. Recent studies by Veksler et al. (2012), Lester et al. 

(2013 ), and Vasyukova and Williams-Jones (2013) have shown that high concentrations 

of rare earth metals should be expected in immiscible phosphate melts and fluorine 

melts. The P- and F-rich melts have the capacity to extract and concentrate a broad 
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spectrum of elements, as shown in the experiments by Veksler et al. (2012) and Lester et 

al. (2013); only Cs, Rb, Al, and obviously Si have higher concentrations in the 

immiscible silicate liquid. Consequently, the phosphate/silicate D values for the alkaline 

earths, Th, and REEs are well above 100. Cations that complex readily with 

phosphorous are enriched in the liquid, e.g., Ca2
+ and REE3

\ and are accommodated 

into phosphate minerals, such as monazite and apatite. The Fe-Ti-P-REE liquid 

represents an extreme case of partitioning of high-charge density cations into a low

silica, Fe-P-Ti-enriched immiscible melt. Watson (1976) showed that iron-rich 

immiscible melts will strongly partition phosphorous relative to the silicate magma, by a 

factor greater than 10, and experimentally determined that nearly all incompatible 

element (Zr, Hf, Ti, Nb, Ta, and REEs) partition into the Fe-Ti-rich end-member. The 

partitioning behaviour of these incompatible elements would have driven the bulk 

composition of the emulsion towards further Fe-Ti-P enrichment and silica depletion as 

a result of the widening of the miscibility gap with falling temperature ( e.g., Veksler et 

al. 2008). 

The compositional evolution of the NYF-type magmas should favour the 

development of immiscibility produced by fractional crystallization since incompatible 

elements are also concentrated in the aplite and granite dykes; this suggests a 

considerable degree of fractionation in the melts ( e.g, McKeough et al. 2013 and 

discussion in Chapter 2). The effect of fractional crystallization leading to accumulation 

of apatite and Fe-Ti-oxides in promoting immiscibility has been proposed by a majority 

of authors (McLelland et al. 1994; Dymek and Owens 2001; Barnes et al. 2004; Tegner 

et al. 2006; Tollari et al. 2008; Vasyukova and Williams-Jones 2013). It is probable that 
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at Kulyk Lake, immiscibility will have occurred because of oversaturation of Fe, Ti, and 

P during the crystallization of silicate minerals. The liquid line of descent would not 

cross the liquid-liquid immiscibility field before saturation of monazite-apatite and Fe

Ti-oxides, thus the accumulation of these phases at the onset of immiscibility is best 

explained through fractionation of an evolved melt ( e.g., Tollari et al. 2008; Vasyukova 

and Williams-Jones 2013). 

3. 7.5. Potential Models 

Watkinson and Mainwaring (1976) hypothesized a hydrothermal origin for the Kulyk 

Lake mineral occurrence, whereby the Fe-Ti-oxide-monazite-apatite zone precipitated 

from an aqueous phase generated during cooling and emplacement of a water-rich, 

granitic magma. They described how the granitic magma precipitated anhydrous 

minerals and then 'boiled' and developed pegmatitic ( and aplitic) textures ( e.g., Jahns 

and Burnham 1969). The aqueous phase then migrated towards the centre of the nearly 

vertical pegmatite, precipitating a zoned vein of oxides, monazite, and apatite. The 

experimental and geological evidence data presented in Watkinson and Mainwaring 

(1976) is minimal, and therefore they also considered a possible model of precipitation 

of all minerals of the deposit from silicate magma as a complex, zoned, granitic 

pegmatite. They further hypothesize there is a possibility that the deposit precipitated 

from a rare-earth bearing Fe-P-0 magma immiscible with the granite. 

3. 7.5.1 Magmatic model 

Primary magmatic deposits concentrate REE in residual phases, which leads to the 

development of economic concentrations of REE, particularly in carbonatitic or alkaline 
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intrusions which tend to have higher REE concentrations than most other magmas 

(Mariano 1989). Carbonatites characteristically occur in close association with alkalic 

silicate igneous rocks, either in individual complexes or in a regional association within 

magmatic provinces. Associated silicates are usually alkaline ultramafic rocks: 

pyroxenites or nephelinites generally, but may also include more evolved types such as 

phonolites and nepheline syenites. The Mountain Pass deposit is the only known 

example of primary magmatic REE crystallization, whereby bastnaesite and parisite are 

the only ore minerals. 

Halpin (2009) suggests there is a may be potential for mantle-sourced materials 

involved in the formation of the Hoidas Lake allanite-apatite veins. Although there are 

no known carbonatites in the Hoidas Lake area, there are several other features which 

are indicative of a potential mantle link or a possible relation to a carbonatitic source. 

One of the key features is the presence of mantle-derived magmatic activity, which is 

fulfilled in the Hoidas Lake area by the presence of the lamprophyres, even if they are 

not directly related to the mineralization (Halpin 2009). Lamprophyres are often related 

to continental rifting and are believed to be primary mantle derived magmas. There is 

also an interesting association between carbonatites and lamprophyres, with 

lamprophyres grading into carbonatites or found in association with many carbonatite 

complexes ( e.g., Bulakh et al. 2004 ). Secondly, the presence of these deep structural 

features seems to influence mantle-derived magmatic activity and the related 

mineralization, with the magmatic activity largely controlled by the presence of faults 

(Hou et al. 2006). Although the exact extent of the Black Bay Fault is unknown, it may 

represent a deep structural feature; particularly considering the presence of mantle-
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derived magmatic rocks in the vicinity of the fault, such as the lamprophyres (Halpin 

2009). Lastly, the compositional features of the mineralization suggest a potential 

relation to a carbonatitic source. The composition of the veins, with enrichment of 

LREE, Ba, Sr, and the depletion of HFSEs, such as Nb, Ta, Zr, Hf, and Ti are typical of 

many carbonatite or carbonatite-associated REE deposits (Hou et al. 2006). 

Andreoli et al. ( 1994) discuss the possibility of a magmatic model for the 

formation of the Steenkampskraal monazite-apatite-magnetite deposit, relating monazite 

mineralization to igneous processes that occurred between the ore and at least some of 

the host rocks. According to their magmatic model, the orebody at Steenkampskraal 

could have been derived via igneous fractionation from the Roodewal suite, which is 

composed of apatite- and magnetite-rich igneous rocks, interpreted as nelsonsites 

(Kolker 1982). The two main problems to be addressed in support of the igneous model 

are the type of fractionation trend by which the igneous host rocks are related to the 

monazite-apatite ore and to the nelsonite, and the nature of the parental magma of the 

Roodewal suite. There is now growing consensus that the nelsonite and, by inference, 

the monazite-apatite-oxide-sulfide veins, represents the final product of the Fenner 

fractionation trend (Philpotts 1990). The Fenner fractionation trend describes either an 

immiscible Si-poor liquid forming under low /02 (Philpotts 1982), or a crystal mush 

cumulate of monazite, apatite, and oxides. Andreoli et al. (1994) postulates that the 

Roodewal suite magma experienced the early removal of a plagioclase cumulate and 

described how the Fenner trend of progressive Fe-P-enrichment followed and lead to 

monazite-apatite cumulates, or more probably, to a phosphate-sulfide-oxide-rich 

immiscible liquid similar to a nelsonite. 
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3. 7.5.2 Magmatic-hydrothermal model 

More common than purely magmatic enrichments are those which result from a 

combination of magmatic and hydrothermal processes. For example, the REE-bearing 

pegmatites, skams and veins of the Grenville province formed from a combination of 

magmatic and hydrothermal processes. Both the formation of pyroxene-bearing skams 

in reactive wall rock and the apatite veins are believed to have formed from fluids 

related to vapor-phase saturation of the pegmatites in the region. This results in complex 

mineralization ranging from magmatic in the pegmatites to metasomatic in the skams to 

hydrothermal ( or magmatic) in the apatite veins (Lentz 1991; 1998). This is just one of 

many examples where the observed REE enrichment is the result of transportation and 

precipitation from orthomagmatic fluids (Hou et al. 2011; Salvi and Williams-Jones 

2005 and references therein; Wall and Mariano 1996 and references therein). 

A magmatic-hydrothermal model is also proposed for the vein-dykes at Bokan 

Mountain. A purely magmatic model would assume that the enrichment is mainly due to 

extensive fractional crystallization. In this model, protracted differentiation is probably 

related to magma composition, particularly its high content of volatiles and alkalis. 

Important in this context are the high levels of Zr and REE enrichment both within 

pegmatites and the intergranular (i.e., late crystallization volumes) parts of some 

granites, which may reflect the high levels of rare element enrichment attained during 

magmatic fractionation. However, mineralization is typically associated with altered 

parts of peralkaline intrusions, which suggests that the metal enrichment is also related 

to hydrothermal activity, unless the association is only coincidental. The presence of 

low-density fluid inclusions in the amphibole at Bokan may be evidence of such volatile 

158 



enrichment in the late-stage magmatic evolution of the complex (Dostal et al. 2011 ). At 

the advanced stage of fractionation, the aqueous fluids escaped from the magma which, 

at this point in its evolution, is also highly enriched in incompatible elements (such as 

REE, HFSE, Th and U) and, in addition, may contain significant amounts of halogens, 

particularly fluorine. Thus, the hydrothermal fluids, which are enriched in all these 

elements, can play an important role in further concentrating the HFSE, REE, Th, and 

U, as well as during autometasomatism (e.g., Salvi and Williams-Jones 2005). Such a 

model, where both magmatic and hydrothermal processes are likely to have contributed 

to mineral deposit formation, can probably be applied to the Bokan complex and 

associated dykes, where the mineralization is normally associated with altered zones and 

much of it is composed of secondary minerals, some of which pseudomorphically 

replaces primary minerals (Dostal et al. 2011 ). 

The work on the Hoidas Lake veins presented by Halpin (2009) gives evidence 

for a magmatic-hydrothermal origin for the allanite-apatite veins, as opposed to magmatic or 

metamorphic ( as proposed by previous investigations), with the structures acting as fluid 

conduits. Typically, there is a multistage devolatization which is responsible for REE 

liberation from magmas, with REE typically mobilized only during the later stages of fluid 

evolution, not in the initial fluid release (Halpin 2009). Vapor-liquid immiscibility during 

late stage crystallization in magmatic-hydrothermal systems may also serve to enrich the 

REE content of the fluids. As a vapor phase boils off, the remaining fluid will be a highly 

saline brine, which is much more favourable for the complexation of REE. Aqueous fluids 

with high C 1 and F contents are much more successful at fractionating the REE, in addition 

to lithophile elements such as Ba and Sr, from melts and therefore these fluids are 

significant to the transport and deposition of magmatically-derived REE deposits. The veins 
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are clearly structurally controlled and the multiple breccia generations suggest that the 

Hoidas-Nisikkatch fault remained active throughout the development of the deposit, which 

helped ensure the continuing fluid flow necessary for mineralization (Halpin 2009). 

3. 7.5.3 Hydrothermal model 

The degree of mobility of the REE in any aqueous environment is controlled by a 

number of factors including; ligand availability, pH, temperature, and pressure (Giere 

1996). Other important factors are the fluid rock ratios, reaction kinetics, and various 

other crystal-chemical influences. Unfortunately, detailed analysis of many of these 

factors is still somewhat lacking in the literature (Rolland et al. 2003). 

The Steenkampskraal monazite deposit has been previously interpreted as 

hydrothermal in origin. According to Pike's (1959) interpretation, the ore-forming 

hydrous fluid was released from an alkaline granitic or syenitic intrusion. Although at 

least one sample of syenite was found at Steenkampskraal, most of the data appear to 

conflict with this interpretation. In particular, the monazite-apatite veins are closely 

related in time and space to plutons, dykes, and veins of water-deficient, (monazite-) 

hypersthene chamockite (Andreoli et al. 1994). In addition, the mineralization occurred 

during a regional, granulite facies (T= 800° - 860°C, P = 5-6 kbars) metamorphic event. 

Under these conditions the excess water from the hydrothermal fluid would have 

promoted extensive anatexis of the host granite gneiss (Wyllie 1983). The lack of any 

field or petrological evidence for such a melting episode further argues against the 

hydrothermal hypothesis. Finally, the syenite does not contain any monazite, whereas 

monazite was observed in several samples of chamockite and quartz diorite rocks 

(Andreoli et al. 1994). 
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The other vein-like and dyke-like REE deposits mentioned in this chapter have 

all been previously described as having some hydrothermal component, although not as 

being derived solely from hydrothermal processes. It is a relatively new concept, 

however many REE-rich deposits hydrothermal fluids are essential to the genesis of the 

deposit, with the mineralization resulting from a late to post-magmatic, often polyphase 

hydrothermal event (e.g., Morteani 1991). 

3. 7.6 A Proposed Model/or Kulyk Lake 

The petrographic, geochemical, geochronological, and isotopoic data give a strong 

argument for a magmatic origin of the monazite-apatite-titanomagnetite zone at Kulyk 

Lake. The model proposed for the Kulyk Lake mineralization involves fractionation of a 

phosphorus-enriched magma that inevitably evolved an immiscible phosphatic liquid 

and segregated a Fe-Ti-Th-REE into that melt, a common interpretation for the 

petrogenesis of similar Fe-Ti-(P) deposit-types (Bateman 1951; Lister 1966; Philpotts 

1967; Kolker 1982; Andreolei et al. 1994; Zhou et al. 2005). However, the mechanism 

for high Fe-Ti-P zones formed through fractionation, i.e., from a highly evolved alkali 

magma must be considered in the formation of the mineralization at Kulyk Lake. The 

exposed pegmatites in the area (Fig. 3-la) have been previously been classified as NYF

type melts that contain elevated concentrations of U, Th, REEs, and other HFSEs and 

were progressively enriched through fractionation +/- assimilation, in these particular 

ascending crustal melts (see Chapter 2 discussion). At the Kulyk Lake showing, the host 

syenitic aplite and granitic pegmatite dyke are geochemically similar to the evolved 

NYF-type pegmatites in the region, i.e., there is evidence of the evolution of residual 

melts via fractionation, based on the high concentration of zircon and monazite 
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(saturation) in pegmatites in the region. As these particular melts intruded to higher 

crustal levels in the Wollaston Domain ca.1830 Ma, the composition of the residual 

liquid changed drastically through magmatic differentiation by crystal fractionation 

( e.g., Roedder 1992). 

The NYF-type magma exposed at the Kulyk Lake showing evolved through 

fractionation and liquid immiscibility; as the magma bulk composition evolved through 

fractional crystallization, it became saturated in Fe, Ti, P, approaching the liquid 

immiscibility field. Immiscibility would have occurred when P, Fe, Th, and REEs (and 

H20) reached some critical level (saturation) in the melt, however the parental magma 

had high concentrations of these elements, and so only a small degree of cooling was 

required before the onset of immiscibility. After saturation of these phases (liquids cross 

the binodal curve; see Fig. 3-13), liquid-liquid immiscibility occurred in the evolved 

melt. The Fe-Ti-P oxide liquid immiscible melt proceeded further towards Fe-P-Ti

enrichment and silica depletion, as a result of the widening miscibility gap with 

increasing P20 5 and falling temperature; instead of crystallizing, the elements remained 

in the liquid to< 675°C. The model, shown in Fig. 3-14, illustrates the formation of the 

monazite-apatite-titanomagnetite zone at Kulyk Lake that involved protracted 

fractionation of a phosphorus-enriched magma that inevitably evolved an immiscible 

phosphatic liquid that differentially partitioned Fe, Ti, Th, REE into this melt. This 

model is similar to the magmatic model proposed for the Steenkampskraal monazite-
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Fig. 3-14 A proposed model after Andreoli et al. (1994) for the evolution of monazite
apatite-titanomagnetite mineralization at Kulyk Lake, northern Saskatchewan. The 
illustration shows protracted fractionation of a Th-REE-enriched magma with inherited 
accessory phases (from source) and evolving an immiscible phosphatic liquid, 
segregating a P, Fe, Ti, Th, REE-rich melt. 
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apatite-ilmenite-sulfide veins in the Namaqualand Metamorphic Complex, South Africa 

(Andreoli et al. 1994). The monazite orebody has similar textural, geochemical, and 

structural relations to the Kulyk Lake monazite showing. 

3.8 Conclusions 

1. Field observations indicate that the monazite-apatite-titanomagnetite mineralized 

zone and (host) syenitic to granitic dyke were injected into dilatant shear zones 

within the Wollaston metasedimentary host rocks during deformation-induced 

rapid melting in the Trans-Hudson Orogeny during exhumation. 

2. The monazite-apatite-titanomagnetite mineralization and adjacent syenitic to 

granitic aplite-pegmatite dyke co-crystallized at ca. 1830 Ma. This 

crystallization age is consistent with previously published U-Pb ages of zircon 

and monazite from granitic dykes that intruded in the Wollaston Domain. 

3. The in situ Sm-Nd isotope systematics on monazite and apatite crystals from the 

mineralized zone and granitic dyke are internally consistent, confirming the 

mineralization and host granitic dyke were derived from the same source at 

depth. 

4. The very small 0-isotope fractionation between coexisting minerals monazite 

and apatite, from the mineralized zone infer a high temperature (-800°C) during 

the Trans-Hudson Orogeny, i.e., formation at peak metamorphic temperatures at 

depth. In addition, the heavy 8180 isotopic values obtained for these phosphates 

are consistent with derivation from granitic crustal magmas. 
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5. Petrographic studies, geochemical, and geochronological data indicate that the 

monazite-apatite-titanomagnetite mineralized zone is a physical mixture between 

a magmatic (highly evolved granite) and an entrained restitic detrital monazite 

component. 

6. The variation in bulk-rock chemical compositions between the mineralized zone 

and the host aplitic syenite (to granite) is evidence of fractionation of an evolved 

melt combined with the entrainment of monazite and zircon. The melt developed 

through fractional crystallization and multiple pegmatite injections, evolving the 

melt toward monazite-zircon saturation. 

7. The physical entrainment of monazite and zircon combined with the timing and 

temperature of the melt infer a rapid ascent of water-undersaturated felsic 

magmas in conjunction with regional tectonic strain in the Wollaston Domain 

during the Trans-Hudson Orogeny. 

8. In addition to spatial and temporal evidence, textural and geochemical evidence 

also support the hypothesis that a fractionated granitic magma has undergone 

immiscibility, i.e., liquation between a silicate and Fe-Ti-P melt prior to, and 

during emplacement of the host granitic to syenitic dyke, providing a mechanism 

responsible for the monazite-apatite-titanomagnetite formed within aplitic dyke 

at Kulyk Lake. 

9. Petrographic, geochemical, geochronological, and isotopic data combined give a 

strong argument for magmatic origin of the monazite-apatite-titanomagnetite 

mineralization. The model proposed for the Kulyk Lake mineralization involves 

165 



fractionation of a phosphorus-enriched magma that inevitably evolved an 

immiscible phosphatic liquid and segregated a P-Fe-Ti-Th-REE-rich melt. 
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Chapter 4 - Summary 

The late-tectonic U-Th-REE-mineralized granitic pegmatites and related 

leucogranites in the W ollaston Domain were examined in order to determine 

relationships between pegmatite groups and the source and controls of mineralization. 

This included examining and evaluating the field geologic, petrologic, structural, 

geochemical, and age and thermal constraints in order to aid in further exploration in 

northern Saskatchewan for pegmatite-hosted U-Th-REE mineralization. To accomplish 

the research objectives, an integrated approach using multiple datasets - i.e., 

petrography, geochemistry, isotopic, electron microprobe analyses, LA ICP-MS dating, 

geothermobarometry, and geophysical data; a combination of these information were 

utilized in order to develop an understanding of the evolution and enrichment processes 

of the U-Th-REE-mineralized pegmatites at Kulyk, Eagle, and Karin lakes, emphasizing 

on the petrogenesis of monazite-apatite-titanomagnetite mineralization at Kulyk Lake. 

Chapter 2 presented the geological, geochemical, and geochronological evidence 

that is characteristic of a fractionation model for the derivation of the mineralized 

pegmatite dykes at the Kulyk, Eagle, and Karin lakes region of the Wollaston Domain. 

The U-Th-REE pegmatites are products of fractionation of crustally derived A-type to 

S-type hybridized melts that were generated in the crust as a result of decompressional 

(adiabatic) melting throughout the Trans-Hudson Orogeny. Textural relationships, such 

as the presence of crosscutting aplitic and pegmatitic dykes, and the zonation observed 

in hybridized pegmatites versus simple-type pegmatites ( of the same region) combined 

with the occurrence of pegmatite intrusions over a long time interval indicates multiple 

melt injections in the Wollaston Domain. Age constraints, textures, and relatively high-

167 



T partial melting conditions (> 600-750°C) confines the pegmatite melt-forming 

conditions to early deformational events ca. 1830 Ma and affected by post-peak high

temperature retrograde metamorphism ca. 1770 Ma. Pegmatite mineralogy additionally 

supports partial melting that occurred under fluid-absent conditions involving biotite 

breakdown at moderate to high temperatures. Furthermore, petrographic studies indicate 

a hypersolvus composition, also supporting a high-T environment during pegmatite 

emplacement. The Wollaston pegmatites represent generations of leucogranites in the 

domain as a result of enriched episodes derived from fertile protoliths whereby 

enrichment of incompatible trace elements, such as U, Th, REEs, Zr, Y, and Nb were 

partitioned into a low degree partial melt. These are NYF-type melts that underwent 

deformation-assisted (strain-induced) melt segregation and rapid emplacement into steep 

conduits (structures) in the domain. The pegmatites continued to evolve in an open- to 

closed-system environment in which assimilation and/or fractional crystallization 

processes progressed during melt ascent, aiding in the exchange of U, Th, and REE 

accessory phases between continuous multiple pegmatite injections through the conduit 

during THO near-peak metamorphic conditions. The mineralizing phases are 

progressively enhanced into the last stage of pegmatite evolution, when fluid 

fractionation will occur via infiltration of a volatile phase through crystallized portions 

of the pegmatite (and eventually the host rocks) that will enhance metasomatic transfer, 

i.e., assist in the diffusion and advection of U, Th, and HFSEs (REEs and Zr) from the 

melt. Changes in the residual melt compositions as the pegmatite crystallizes, either 

from fractionation processes or from loss of metalliferous supercritical fluid to the wal 1 

rock, will additionally influence melt viscosity and affect the diffusivities of these U, 
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Th, and REE minerals. The diffusivity of the high field strength elements (U, Th, and 

REE metals) is directly related to the melts' volatile content, e.g., fluorine and 

phosphorus, and is enhanced by pegmatite and wallrock reactions in final stage of 

pegmatite evolution. The model proposed for the U-Th-REE-Y-Nb enriched hybridized 

pegmatites throughout the Wollaston Domain is similar to the fractionation model 

proposed for the Rossing leucogranites, and particularly the hybridized pegmatites 

located in the Grenville Orogen. 

Chapter 3 described, in great detail, the occurrence of an unusual monazite

apatite-titanomagnetite mineralized zone that is hosted in an evolved syentitic to granitic 

aplite-pegmatite dyke that was injected into a dilatant shear zone within Wollaston 

metasedimentary host rocks during deformation-induced melting in the THO. U-Pb 

dating of monazite and zircon crystals and isotopic data confirm that the monazite

apatite-titanomagnetite mineralized zone and host aplitic dyke were derived from the 

same source at depth and co-crystallized ca. 1830 Ma. The 0-isotope results between 

coexisting minerals monazite and apatite, from the mineralized zone, indicated a high 

temperature of formation (at depth, -800°C) during the Trans-Hudson Orogeny, i.e., 

near peak metamorphic conditions at depth. The timing and temperature of the 

monazite-apatite-titanomagnetite mineralized zone and the evolved host syenitic to 

granitic dyke (like those described in Chapter 2) is consistent with previously published 

U-Pb ages of zircon and monazite from granitic dykes that intruded under granulite 

facies in the Wollaston Domain. The petrography, geochemical, and geochronological 

data confirm there is physical entrainment of monazite and zircon; when combined with 

the timing and temperature of the melt, we can assume that there were rapid ascent 
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mechanisms of water-undersaturated felsic magmas involved in the formation 

inconjunction with regional tectonic strain in the Wollaston Domain during the Trans

Hudson Orogeny. The petrographic, geochemical, geochronological, and isotopic data 

combined give a strong argument for magmatic origin of the monazite-apatite

titanomagnetite mineralization. The model proposed for the Kulyk Lake mineralization 

involves fractionation of a phosphorus-enriched magma that inevitably evolved an 

immiscible phosphatic liquid and segregated a Fe-Ti-Th-REE into that melt. 

Immscibility would have occurred when P +/- Fe reach some critical level (saturation) in 

the leuogranitic melt, however if the parent NYF-type leucogranitic magma has high 

concentrations of these elements then only a small degree of cooling will be required 

before the onset of immiscibility. This magmatic model is similar to the model proposed 

for the Steenkampskraal monazite-apatite-ilmenite-sulfide veins in the Namaqualand 

Metamorphic Complex, South Africa; the monazite orebody has similar textural, 

geochemical, and structural relations to the Kulyk Lake monazite showing. 

Overall, the documented cases underline the importance of open-system 

interactions and immiscibility between the moderately to highly fractionated late

tectonic granitic magmas and their metasedimentary host rocks in origin of U-Th-REE

Y-Nb mineralization. The metasomatic and hybridization processes have strongly 

affected the chemical evolution of the fractionating magmas, and were the factors 

critical for concentrating the U-Th-REE-Y-Nb rich accessory minerals at contacts of 

the hybrid pegmatites. In additon, this study presents new data that gives evidence for a 

magmatic origin of the Kulyk Lake monazite showing that involved immiscibility of a 

fractionated P-Fe-Ti-rich melt. The proposed models for both the hybridized 
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fractionated pegmatites (regionally) and the highly evolved granitic to syenitic aplite 

dyke that is host to pure monazite-apatite-titanomagnetite mineralization has significant 

implications not only for similar evolved felsic igneous systems worldwide containing 

the same style of mineralization, but should also help to explain why other high-level 

fractionated pegmatite systems remain barren. Largely, the processes responsible for 

saturating the U-Th-REE-Y-Nb elements still remains poorly understood and needs 

further analysis. 
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Appendix A - Sample Locations 
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Tab. A-1. Pegmatite sample locations with respect to Eagle Plains mineral tenure, 
northern Saskatchewan. 
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Appendix B - Location of Samples 
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Tab. B-1. Sample name and co-ordinate; UTM Zone 13 N, NAD 83. 

Sample Location Easting (mE) Northing (mN) 

MMKJR004 Fanta Trench 470782 6275812 

MMKJR006 Fanta Trench 470782 6275811 

MMKJR007 Eldorado Trench (S) 470329 6275394 

MMKJR008 Eldorado Trench (N) 470349 6275411 

MMKJR009 Eldorado Trench (N) 470349 6275403 

MMKJR010 Eldorado Trench (N) 470344 6275411 

MMKJR011 Eldorado Trench (N) 470341 6275408 

MMKJR012 Eldorado Trench (N) 470341 6275408 

MMKJR013 Eldorado Trench (N) 470335 6275409 

MMKJR014 Trench 3 470455 6275388 

MMKJR015 Trench 3 470456 627539 

MMKJR017 Eldorado Trench (N) 470334 6275414 

MMKJR018 Eldorado Trench 4 470442 6275449 

MMKJR019 Kulyk Lake Trench 4 470442 6275449 

MMKJR020 Eldorado west of Trench 3 470427 6275395 

MMKJR021 Eldorado east of Trench 3 470472 6275392 

MMKJR022 Kulyk Lake L 15W 470766 6275556 

MMKJR023 Kulyk Lake L 12W 471048 6275829 

MMKJR024 Kulyk Lake L 12W 471018 6275844 

MMKJR026 North of Fanta 470785 6275887 

MMKJR027 Fanta Trench 470779 6275815 

MMKJR028 Fanta Trench 470782 6275810 

MMKJR029 Fanta Trench 470782 6275810 

MMKJR030 Eldorado Trench (N) 470349 6275403 

MMKJR031 Yellow Brick Road 469725 6275503 

198 



MMKJR032 Kulyk Lake - north shore 469721 6275513 

MMKJG037 Fanta Trench 470774 6275825 

DFKJR006 Fanta Trench 470782 6275810 

MMELR001 Red October 474206 6304540 

MMELR002 Red October 474162 6304522 

MMELR003 Red October S end 474290 6304415 

MMELR004 Red October S end 474294 6304394 

MMELR007 Red October Trench 3 474232 6304551 

MMELG007 Red October 473205 6304709 

MMELG017 Red October 474332 6304463 

MMKLR001 Rona showing 481843 6289721 

MMKLR002 Rona showing 481882 6289787 

MMKJR033 Towards the Tara showing 467438 6279632 

MMKJR034 Tara Trench 467497 6279676 

MMELR008 Red October Trench 1 474260 6304642 

MMELR009 Red October Trench 1 474268 6304628 

MMELR010 Red October Trench 3 474234 6304562 

MMELG060 Red October Trench 3 474161 6304520 

MMELR011 Red October Trench 6 474161 6304520 

MMELR012 Red October Trench 3 474291 6304693 

MMELR013 Red October, L25E 474781 6304961 

MMKLR003 Yellow Lake Showing 492261 6305335 

MMKLR004 Craig Bay DOH: KL08004 490385 6300911 

MMKLR005 Craig Bay DOH: KL08004 490385 6300911 

MMKLR006 Craig Bay DOH: KL08004 490385 6300911 

MMKLR007 Craig Bay DOH: KL08003 490232 6300825 

MMKLR008 Craig Bay DOH: KL08002 490232 6300825 

MMKLR009 Craig Bay DOH: KL08002 490232 6300825 

MMKLR013 Karin Lake, Marilyn Bay 489003 6298292 

MMKLR014 Karin Lake, Marilyn Bay 489168 6298439 
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Sample: MMKJR004 

Location: Kulyk Lake showing 

Mineraloav Percent 

K-feldspar 40 

Quartz 
30 

Albite 20 

Biotite 
5 

Clinoamphibole 
<5 

Monazite 
<1 

Apatite 
Tr 

Zircon 
Tr 

Size Alteration Texture Comments 
Anh-

Hem Graphic 
Subh 

An Graphic 

An Ser Replaces Kfs 

An 

Subh-
An 

Euh Zoned 

Euh-
Unzoned Subh 

Euh 
Zoned Metamictization 

Xenocrystic fractures from crystals 
Hand Sample Description: Graphic/pegmatitic granite intrusive, encloses magnetite-monazite 
mineralization; kspar (80%), qtz (10%), biotite (<5%), ilmenite (<5%); intrusion trends 200, 
steeply dipping and in concordant with the regional foliation; coarse grained, very minor 
hematite alteration (mostly when in close contact with mineralization. 

Sample: MMKJR008 

Property: Kulyk Lake Eldorado Trench (south) 

Mineraloav Percent Size Alteration Texture Comments 

80 An Hem 
Very strong hematite 

K-feldspar overQrowth 

Quartz 
<10 An 

<5 An 
Replaces 

Albite Kfs 

Ilmenite 
<5 Subh 

0.3 
Subh-

Titanite An 

0.2 Eu Uranophane Metamictization fractures 
Uraninite from crystals 

Tr 
Eu-

Apatite Subh 

Monazite 
Tr Eu 

Hand Sample Description: Coarse grained, granitic pegmatite; kspar(75%) + qtz(15%) + 
bte(10%); fairly intense hematite and other 2ndry brownish staining, within a fracture that trends 
N-S through the pegmatite. The fracture has the most intense alteration staining, and is the most 
radioactive (up to 30,000 cps), possible mineralized vein? Pegmatitic intrusion trends 130, dips 
30 to the north, in contact with magnetic, semi-pelitic gneiss. 
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Sample: MMKJR010 

Property: Kulyk Lake Eldorado Trench (east} 

Mineralogy Percent Size Alteration Texture Comments 

K-feldspar 55 An Hem 

25 An Ser 
Replaces 

Albite Kfs 

<15 
Subh-

Quartz An 

Biotite 
10 Subh 

Magnetite 
<2 An 

Tr Eu 
Inclusions in 

Monazite biotite 

Hand Sample Description: Coarse grained, granitic pegmatite; kspar(75%) + qtz(15%) + 
bte(10%); fairly intense hematite and other 2ndry brownish staining; trends 130, dips 30 to the 
north, in contact with weakly magnetic, semi-pelitic gneiss. 

Sample: MMKJR017 

Property: Kulyk Lake Eldorado Trench (north) 

Mineraloav Percent Size Alteration Texture Comments 

K-feldspar 
50 An Hem, Ser 

20 
Subh-

Quartz An 

15 An Ser 
Replaces 

Albite Kfs 

Biotite 
10 Subh 

Uraninite 
<0.01 Eu Strong metamictization fractures 

Monazite 
Tr Eu Inclusions in biotite 

Zircon 
Tr Eu 

Hand Sample Description: Coarse grained pegmatitic intrusion (channel samples DFKJR061-
65), very biotite-rich (small pods of massive bte books). Associated with another pegmatitc 
intrusion in the area (see peg mapped by MM). Fracture cuts through the pegmatite, trends 132, 
and has most intense alteration (hem? br-red staining), and the most highly radioactive (up to 
20,000 cps). 
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Sample: MMKJR033 

Property: Kulyk Lake Tara Showing 

Mineraloav Percent Size Alteration Texture Comments 

K-feldspar 45 An Hem, Ser 

15 An Ser 
Replaces 

Albite Kfs 

20 
Subh-

Granoblastic Quartz An 

<5 
Eu- Cross-hatch 

Microcline Subh twinnina 

Biotite <10 An 

Ilmenite 
<5 An Very fine magnetite exsolution 

Titanite 0.1 An 

Tr Eu Strong metamictization 
Uraninite reactions 

Monazite Tr Eu 

Hand Sample Description: Coarse grained pegmatite, plag + kspar + qtz rich, locally hematitic 
staining, trends NE-SW. 

Sample: MMKJR034 

Property: Kulyk Lake Tara Showing 

Mineralogy Percent Size Alteration Texture Comments 

K-feldspar 45 An Hem, Ser 

15 An Ser 
Replaces 

Albite Kfs 

20 Subh-
Granoblastic Quartz An 

Biotite 
<10 An 

Ilmenite 
<10 An Very fine magnetite exsolution 

Titanite 
0.1 An 

Tr Eu Uranophane Strong metamictization 
Uraninite reactions 

Monazite Tr Eu 

Hand Sample Description: Coarse grained pegmatite, locally hematitic staining, k-spar and 
bte- rich, NE-SW trend (060), minor LI-staining 
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Sample: MMKJR007 

Property: Kulyk Lake Eldorado Trench (south} 

Mineraloav Percent Size Alteration Texture Comments 

K-feldspar 
45 An Hem, Ser 

10 
An-

Quartz Subh 

15 An Ser 
Replaces 

Albite Kfs 

Diopside 
10 Subh Strongly altered 

<10 
Eu-

Actinolite subh 

Biotite 
10 An 

Titanite 
0.1 An Associated with biotite 

0.01 Eu Uranophane 
Strong metamictization-induced 

Uraninite fractures 

Monazite 
0.01 Eu Zoned Included in biotite 

Tr Eu 
Zoned 

Zircon Xenocrystic 
Hand Sample Description: kspar(70%) + qtz(10%) + diop(10%) +bte and other mafics (<10%). 
Massive kspar lobe, which has intruded (?) calc-silicate arkose, and at the gradational contact 
between the two units is LI-staining, extreme red/brownish-yellow staining surrounding deep 
brownish-black (pitchblende?), with biotite (schisty) enclosing. Diopside green colour is more 
intense, and large pods, 0.3m, rounded, of actinolite. 

Sample: MMKJR018 

Property: Kulyk Lake Trench 4 

Mineralogy Percent Size Alteration Texture Comments 

K-feldspar 90 An Hem 

Biotite 5 An Chi 

<5 
Eu-

Actinolite Subh 

Uraninite 0.2 Eu Uranophane Strong metamictization fractures 

Hand Sample Description: Med-to coarse grained pegmatitic intrusive with sheared complex 
(fault zone?) Footwall = pegmatitic (massive kspar, almost 100%), with euhedral to subhedral 
actionlite +/- biotite (total, less than 5%). Strongly altered, hematite and chlorite. Dull black 
alteration/staining. 
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Sample: MMKJR013 

Property: Kulyk Lake Eldorado Showing (north} 

Mineralogy Percent Size Alteration Texture Comments 

K-feldspar 
50 An Hem, Ser 

20 
Subh-

Quartz An 

15 An Ser 
Replaces 

Albite Kfs 

Biotite 
10 Subh 

Uraninite 
<0.01 Eu Uranophane Strong metamictization fractures 

Monazite 
Tr Eu Inclusions in biotite 

Zircon 
Tr Eu 

Hand Sample Description: Contact at pegmatite intrusion and metasediment, extreme 
hematite staining and yellow (U) staining 

Sample: MMKJR014 

Property: Kulyk Lake Trench 3 

Mineralogy Percent Size Alteration Texture Comments 

Hem, Ser 
Very strongly altered, overprints 

K-feldspar 70 An most of grains 

Subh-
Quartz <10 An 

Ser 
Replaces 

Albite 5 An Kfs 

Actinolite 5 An Scap 

Very strong alteration; 
Uranophane metamictization-induced 

Uraninite 0.1 Eu fractures 

Clays <1 
Chi 

Hand Sample Description: Coarse-grained pegmatite; kspar(85%) + qtz(10%) + actinolite(5%); 
actinolite is up to 2.0 cm wide, subhedral - to- euhedral, and contained in vugs within the 
intrusion. Yellowish-green alteration surrounds the actinolite (chlorite? Other 2ndry clay?). 
Brownish-red alteration is also evident. Qtz veinlets (0.1 m) trend N-S through the intrusion; up to 
10,000 cps. 

205 



Sample: MMKJR015 

Property: Kulyk Lake Trench 3 

Mineralogy Percent Size Alteration Texture Comments 

Hem, Ser 
Very strongly altered, overprints 

K-feldspar 70 An most of grains 

Subh-
Quartz 10 An 

Ser 
Replaces 

Albite 5 An Kfs 

Actinolite 5 An Scap 

Very strong alteration; 
Uranophane metamictization-induced 

Uraninite 0.1 Eu fractures 

Clays <1 
Chi 

Hand Sample Description: Very coarse pegmatitic intrusion (same litho as MMKJR014, 3m to 
the south); largely fractured (most trend E-W, especially the larger ones that contain most 
alteration.mineralization); brown-red alt staining (hematite?), pale yellow alt staining (2ndry 
clay?); qtz is very very coarse, up to 0.50m wide, and also occurs as dyklets (0.1 Om, trending N
S). 

Sample: MMKJR027 

Property: Kulyk Lake Showing 

Mineraloav Percent Size 

40 
Anh-

K-feldspar Subh 

Quartz 
25 An 

Albite 
15 An 

Biotite 
10 An 

<5 
Subh-

Clinoamphibole An 

Diopside 
<5 

Monazite 
<1 Euh 

Tr 
Euh-

Apatite Subh 

Zircon 
Tr Euh 

Alteration Texture Comments 

Hem, Ser Graphic Strongly altered 

Graphic 

Ser Replaces Kfs 

Zoned 

Unzoned 

Zoned Metamictization fractures 
Xenocrystic from crystals 

Hand Sample Description: Granitized calc-silicate paragneiss; undulating granitic intrusive with 
biotite schist; 50m west of mineralized ilmenite-monazite vein. Moderate to strong hematite 
alteration. 
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Sample: MMELR003 

Property: Eagle Lake Red October Zone 

Mineralogy Percent Size Alteration Texture Comments 

K-feldspar 65 An Hem, Ser Sometimes skeletal 

20 An Ser 
Replaces 

Albite Kfs 

Quartz 15 Subh Granoblastic 

Biotite 10 An 

5 
Subh- Very fine (<0.2mm) magnetite 

Ilmenite An exsolution 

Titanite 
0.2 An 

Tr Eu 
Metamictization-induced 

Uraninite fractures from crystal 

Hand Sample Description: Pegmatitic granite (<1 cm grain size), very rich in ilmenite+ 
hematite staining, up to 3000 cps 

Sample: MMELR004 

Property: Eagle Lake Red October Zone 

Mineralogy Percent Size Alteration Texture Comments 

Albite 60 An Wk Ser 

Quartz 20 Subh Granoblastic 

Biotite 
10 An Wk Hem 

K-feldspar 
<5 An 

<5 
An-

Ilmenite Subh 

Monazite 
Tr Eu Inclusions within biotite 

Hand Sample Description: White plagioclase-biotite rich pegmatitic granite, up to 1200 cps, 
b/g=800, in contact with mag, semi-pelitic gneiss. 
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Sample: MMELR013 

Property: Eagle Lake Red October Zone 

Mineralogy Percent Size Alteration Texture Comments 

Albite 
45 An Wk Ser 

Quartz 
20 Subh Granoblastic 

Biotite 
10 An Wk Hem 

K-feldspar 
<15 An 

<5 An-
Ilmenite Subh 

<5 
Eu- Associated with ilmenite 

Magnetite Subh 
Hand Sample Description: White to pink-white; kspar + plag + qtz rich pegmatitic granite to 
granodiorite (?); very weakly magnetic 

Sample: MMELR007 

Property: Eagle Lake Red October Trench 3 

Mineralogy Percent Size Alteration Texture Comments 

Albite 55 An Ser, Scap 

Quartz 
20 Subh Equigranular 

<5 An Strong 
K-feldspar Hem 

Biotite 
10 An 

Diopside 
<5 Subh 

<5 
Subh-

Clinoampibole Eu 

<5 Subh-
Magnetite Eu 

0.1 Subh 
Associated with biotite and 

Titanite magnetite clusters 

Tr Eu 
Metamictization-induced 

Uraninite fractures 

Zircon 
Tr Eu Zoned 

Hand Sample Description: Coarse grained pegmatitic pod (magmatic) contains mafic's (amph 
+ px + bte, <10%), possibly from dioritic host rock. 
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Sample: MMELR010 

Property: Eagle Lake Red October Trench 

Mineralogy Percent Size Alteration Texture Comments 

Albite 
60 An Ser, Scap 

Quartz 
20 Subh Equigranular 

K-feldspar 
<5 An Ser, Hem 

Biotite 
10 An 

Diopside 
<5 Subh 

<5 Subh-
Clinoampibole Eu 

<5 An-
Magnetite Subh 

Titanite 
0.1 An 

Associated with biotite and 

Mnz, Xen, Zr 
Tr Eu cpx; mnz and xen have 

coexisting grain boundaries 
Hand Sample Description: Med-grained granodioritic (diorite + peg compositions evident); 
main fracture trends 206 and surrounding rock is extremely altered (and radioactive); pale yell-br 
staining and orange staining; magnetic. 

Sample: MMELR012 

Property: Eagle Lake Red October Trench 10 

Mineralogy Percent Size Alteration Texture Comments 

Albite 
55 An Ser, Scap 

Quartz 
20 Subh Equigranular 

K-feldspar 
<5 An Ser, Hem 

Biotite 10 An 

Diopside 
<5 

<5 Subh-
Magnetite Eu 

0.1 An 
Coexisting grain boundaries 

Titanite with mag 
Associated with biotite and 

Mnz, Xen, Zr Tr Eu Zoned cpx; mnz and xen have 
coexistinQ Qrain boundaries 

Hand Sample Description: Zoned pegmatitic intrusion, biotite rich; smokey qtz core; U
staining; intersects another (unzoned) pegmatitic dyke at 340; sharp contact w/ magnetic diorite 
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Sample: MMELR002 

Property: Eagle Lake Red October Zone 

Mineralogy Percent Size Alteration Texture Comments 

K-feldspar 50 An Hem, Ser 

Quartz 20 Subh Equigranular 

Albite 10 An Ser, Scap 
Replacing 

Kfs 

Biotite 10 An 

Clinoamphibole <5 
Subh-

Eu 

<5 Subh-
Hem 

Magnetite Eu 

0.1 
An- Coexisting grain boundaries 

Titanite Subh with magnetite 

Tr Eu Zoned Oscillatory zonations, with 
Mnz, Zr xenocrvstic cores 

Hand Sample Description: Partially zoned, coarse-grained peg with calc-silicate min/alt; 
magnetism is significant at highly radioactive zones; contact is magnetic semi-pelite zone 
consists of Ca-py or Ca-amp(?), euhedral to subhedral crystals plus oxides. 

Sample: MMELR009 

Property: Eagle Lake Red October Trench 1 

Mineralogy Percent Size Alteration Texture Comments 
K-feldspar 50 An Hem, Ser 

Quartz 20 Subh Equigranular 

Albite 10 An Ser, Scap Replacing 
Kfs 

Biotite 10 An 

Clinoamphibole <5 Subh 

<5 
Subh-

Hem 
Magnetite Eu 

0.1 
An- Coexisting grain boundaries 

Titanite Subh with magnetite 

Monazite 
Tr Eu Zoned 

Tr Eu Oscillatory zonations, with 
Zircon Zoned xenocrvstic cores 

Hand Sample Description: Hybridized pegmatite with diorite (granodiorite composition) with 
very strong metasomatic reaction zone along pegmatite borders, with Ca-py or Ca-amp(?), 
euhedral to subhedral crystals plus oxides. 
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Sample: MMELR60 

Property: Eagle Lake Property Red October Trench 3 

Mineralogy Percent Size Alteration Texture Comments 

K-feldspar 50 An Hem, Ser 

Quartz 20 Subh Equigranular 

Albite 10 An Ser, Scap 
Replacing 

Kfs 

Biotite 10 An 

Clinoamphibole <5 
Subh-
Eu 

Magnetite <5 
Subh-
Eu Hem 

Titanite 0.1 
Subh- Coexisting grain boundaries 
Eu with magnetite 

Monazite Tr Eu Zoned Inclusions in biotite 

Zircon Tr Eu Oscillatory zonations, with 
Zoned xenocrystic cores 

Hand Sample Description: Hybridized pegmatite with diorite (granodiorite composition) with 
very strong metasomatic reaction zone along pegmatite borders, with Ca-py or Ca-amp (?), 
euhedral to subhedral crystals plus oxides. 

Sample: MMKLR004 

Property: Karin Lake Craig Bay Showing 

Mineralogy Percent Size Alteration Texture Comments 

K-feldspar 
50 An Hem 

Albite 
15 An Wk Ser 

Quartz 
25 Subh Granoblastic 

Mica 
10 An Hem, Chi Mostly biotite, but 2% muscovite 

Garnet 
<3 Eu Zoned 

Apatite, 0.01 Eu 
Monazite 

Molybdenite 
Tr Eu 

Hand Sample Description: Coarse-grained granitic pegmatite; pinkish-gr; glassy quartz, biotite 
and garnet-rich; tr moly and apy; hematitic and weak chlorite; non-magnetic; up to 10,000 cps. 
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Sample: MMKLR006 

Property: Karin Lake Craig Bay Showing 

Mineraloav Percent Size Alteration Texture Comments 

K-feldspar 
65 An 

Quartz 
20 Subh Equigranular 

Albite 
<10 An 

Biotite 
5 An 

Monazite 
Tr Eu 

Hand Sample Description: Non-magnetitic pink pegmatite pods in pink granite. K-feldspar
quartz-biotite. 

Sample: M~KLR008 

Property: Karin Lake Craig Bay Showing 

Mineraloav Percent Size Alteration Texture Comments 

Albite 
40 An Ser, Ep 

Quartz 
25 Subh 

Mica 
10 An Hem, Chi Mostly biotite, but 2% muscovite 

Garnet 
<5 Eu 

Monazite Tr Eu 

Apatite Tr Eu 

Thorite Tr Eu 

Pyrite Tr Eu 

Hand Sample Description: Coarse-grained granitic pegmatite: plagioclase, biotite and garnet 
rich; silica flooded; 1 meter radioactive at 10,500 cps; minor hematite and weak to moderate 
chlorite and epidote 
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Sample: MMKLR013 

Property: Karin Lake Marilyn Bay Showing 

Mineralogy Percent Size Alteration Texture Comments 

K-feldspar 55 An Hem 

10 An Ser 
Replaces 

Albite Kfs 

Quartz 
20 Subh 

Biotite 
<10 An 

Ilmenite 5 An Very fine magnetite exsolution 

Apatite 
Tr Eu 

0.01 Eu 
Coexisting boundaries with 

Monazite apatite 

Tr Eu 
Zoned 

Zircon Xenocrystic 
Hand Sample Description: Coarse-grained granitic pegmatite, ilmenite-rich, cross-cutting (E
W) through fine grained arkose 

Sample: MMKLR003 

Property: Karin Lake Yellow Lake Showing 

Mineralogy Percent Size Alteration Texture Comments 

K-feldspar 60 An Hem Graphic 

<10 An Ser 
Replaces 

Albite Kfs 

Quartz 
10 Subh Cale 

Biotite 
<10 An Hem Biotite-qtz intergrowths 

Ilmenite 
<5 An Interstitial to monazite and apatite 

<5 Eu 
Coexisting grain boundaries with 

Apatite monazite 

Monazite 
0.2 Eu Zoned As above 

Hand Sample Description: Coarse-grained granite outcrop with a rusty fracture zone (20 - 40 
cm width) with significant Fe alteration. There are two different zones within the sample; the host 
rock consists of k-spar, quartz, albite, calcite, biotite rich, and the other zone consists of fine
grained apatite and monazite. 
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Sample: MMKLR007 

Property: Karin Lake Craig Bay Showing 

Mineraloav Percent Size Alteration Texture Comments 

Albite 
40 An Ser, Ep 

Quartz 
25 Subh Granoblastic 

Mica 
10 An Hem, Chi Muscovite and biotite 

Garnet 
<5 Eu 

Monazite Tr Eu 

Apatite Tr Eu 
Hand Sample Description: Coarse-grained white-grey; plagioclase, biotite and garnet rich; tr 
muscovite; non-magnetic; in sharp contact with underlying grey granite gneiss 

Sample: MMKLR009 

Property: Karin Lake Craig Bay Showing 

Mineralogy Percent Size Alteration Texture Comments 

K-feldspar 
65 An Hem, Ep 

10 An Ser 
Replaces 

Albite Kfs 

Quartz 
20 Subh 

Biotite 
<10 An Hem, Chi 

Ilmenite 
5 An Very fine magnetite exsolution 

Apatite 
Tr Eu 

0.01 Eu 
Coexisting boundaries with 

Monazite apatite 
Hand Sample Description: Coarse-grained pink-grey pegmatite in contact with graphite semi
pelite gneiss; hematite alteration; chlorite and epidote; biotite rich 
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Sample: MMKLR001 

Property: Karin Lake Rona Showing 

Mineralogy Percent Size Alteration Texture Comments 

Albite 55 An Ser 

Quartz 20 Subh 

Biotite <15 An 

Muscovite <5 

Monazite 
Tr Eu Mostly included in biotite 

Uraninite Tr Eu Metamictization-induced fractures 

Hand Sample Description: Coarse grained plag-qtz-musc-bte (white-grey), U-stained, near 
historical trench. Very rich in bte, up to 3000 cps. 

Sample: MMKLR002 

Property: Karin Lake Rona Showing 

Mineralogy Percent Size Alteration Texture Comments 

Albite 55 An Ser 

Quartz 20 Subh 

Biotite <15 An 

Muscovite <5 

Monazite 
Eu Mostly included in biotite 

Zircon Eu Metamictization-induced fractures 

Hand Sample Description: Coarse grained plag-qtz-musc-bte pegmatite 2 (white), yellow
stained, near historical trench. 
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Sample: MMKJR006 

Property: Kulyk Lake Showing 

Mineralogy Percent 

Monazite 
50 

Apatite 
30 

Titanomagnetite 
<20 

Zircon 
<0.5 

Size 

Eu 

Eu 

Eu 

Eu 

Alteration Texture Comments 

Strong Cumulate 
Coexisting grain boundaries 

Hem Zoned 
with apatite; oscillatory zones 
with inherited euhedral core 

Cumulate 
Coexisting grain boundaries 
with monazite 
Forms interstitial to monazite-
apatite 

Zoned 
Metamictization-induced 

Xenocrystic 
fractures radiating from 
crystals 

Hand Sample Description: Granular monazite-apatite-titanomagnetite; magnetite forms in 
outer zone with disseminated monazite, followed inward by mostly monazite with disseminated 
apatite; taken from historical trench, in sheared (N-S) pegmatite-infill cross-cut by subparallel 
fractures 

Sample: MMKJR029 

Property: Kulyk Lake Showing 

Mineralogy Percent 

Monazite 
50 

Apatite 
30 

Titanomagnetite 
15 

Biotite- 5 
Phologopite 

Zircon 
<0.5 

K-feldspar 
Tr 

Size 

Eu 

Eu 

Eu 

An 

Eu 

An 

Alteration Texture Comments 

Strong 
Coexisting grain boundaries 

Hem 
Zoned with apatite; oscillatory zones 

with inherited euhedral core 
Coexisting grain boundaries 
with monazite 
Forms interstitial to monazite-
apatite 

Strong 
Hem, Chi 

Zoned 
Metamictization-i nd uced 

Xenocrystic 
fractures radiating from 
crystals 

Hand Sample Description: Monazite-apatite mineralization with a thick outer band of 
titanomagnetite, in contact with the aplitic dyke and metasomatic (?) biotite segregations 
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Sample: MMKJG037 

Property: Kulyk Lake Showing 

Mineralogy Percent 

Monazite 
50 

Apatite 
30 

Titanomag netite 
<20 

Zircon 
<0.5 

Size 

Eu 

Eu 

Eu 

Eu 

Alteration Texture Comments 

Strong Cumulate 
Coexisting grain boundaries 

Hem Zoned 
with apatite; oscillatory zones 
with inherited euhedral core 

Cumulate 
Coexisting grain boundaries 
with monazite 
Forms interstitial to monazite-
apatite 

Zoned 
Metamictization-induced 

Xenocrystic 
fractures radiating from 
crystals 

Hand Sample Description: Banded layers of monazite and apatite, with thick outer portion of 
titanomagnetite; at the intersection of main mineralization trend and cross-cutting min "offshoot" 

Sample: DFKJR006 

Property: Kulyk Lake Showing 

Mineralogy Percent Size Alteration Texture Comments 

K-feldspar 90 An 
Very strong Fine-

hematite grained 

Quartz 
<1 Subh 

Biotite 
<2 An 

Strong Cumulate 
Coexisting grain boundaries 

Monazite 
1 Eu 

Hem Zoned 
with apatite; oscillatory zones 
with inherited euhedral core 

1 Eu Cumulate Coexisting grain boundaries 
Apatite with monazite 

3 Eu 
Forms interstitial to monazite-

Titanomagnetite apatite 

Zoned Metamictization-i nd uced 

Zircon 
Tr Eu 

Xenocrystic 
fractures radiating from 
crystals 

Thorite 
Tr Subh 

Tr 
Eu-

Xenotime Subh 

Tr An 
Associated with 

Rutile titanomaQ netite 

Hand Sample Description: Fine-grained aplitic host to monazite-apatite-titanomagnetite; very 
intense hematite alteration; enriched in monazite and apatite (finer grained). 
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Appendix D - Gamma-ray Spectrometer Data 
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Tab. D-1. Gamma-ray spectrometer (GRS) background and peak (cps) results at U-Th-

REE pegmatite showings, Eagle Lake and Kulyk Lake. 

PEAK BKGR eU eTh UTMX 
UTM 

TRENCH# 
(cps) (cps) 

eK(%) 
(ppm) (ppm) (mE) 

y 

(mN) 
R02010-001 450 300 2.3 18 6 474262 6304636 

R02010-001 800 500 5 36 3 0 0 

R02010-001 4000 2000 1.8 269 26 474261 6304640 

R02010-001 15000 2000 0 1263 142 474261 6304638 

R02010-001 9600 2000 4 543 76 0 0 

R02010-001 14000 2000 0 1206 210 0 0 

R02010-001 2500 1500 0.9 156 25 0 0 

R02010-001 18000 800 6.7 1566 108 474261 6304633 

R02010-001 14000 1000 3.1 860 52 474263 6304631 

R02010-001 7000 1500 0.7 616 34 474265 6304629 

R02010-001 58000 2000 37.3 10000 1270 0 0 

R02010-001 13000 3000 5.6 1009 113 0 0 

R02010-001 2500 1000 2.4 151 33 474267 6304619 

R02010-001 11000 1000 4.1 878 118 0 0 

R02010-001 4600 800 1.5 350 50 474273 6304616 

R02010-001 4400 800 7.8 261 121 474273 6304613 

R02010-001 6300 800 1.2 475 46 0 0 

R02010-001 9000 850 1.9 726 52 474275 6304610 

R02010-001 12300 1000 0 1094 100 474277 6304614 

R02010-001 6500 600 2.8 498 43 474280 6304610 

R02010-001 1600 600 3 63 37 474278 6304605 

R02010-001 1500 600 2.4 90 36 474282 6304612 

R02010-001 14000 1000 0 1151 180 474280 6304607 

R02010-001 28000 1200 0 5414 386 474279 6304604 

R02010-001 800 600 1.7 43 12 474282 6304602 

R02010-001 1500 800 3.1 92 21 0 0 

R02010-001 11000 1000 0 892 140 474285 6304602 

R02010-002 1800 600 3.1 33 24 474226 6304568 

R02010-002 15000 1500 10.3 1290 144 0 

R02010-002 6500 2000 6.7 410 127 474229 6304572 

R02010-002 8000 1700 0 648 137 474231 6304569 

R02010-002 8700 1700 2.8 613 108 0 0 

R02010-002 2000 1000 1.6 118 31 474240 6304570 

R02010-003 2700 1000 3.3 168 34 474244 6304571 

R02010-003 2300 1000 3.5 105 8 0 0 

R02010-003 18000 2000 0.3 1500 87 474234 6304565 
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R02010-003 12000 1200 7.7 950 258 474233 6304565 

R02010-003 2300 1200 2.5 128 142 474239 6304555 

R02010-003 15600 2500 0.7 1242 319 474238 6304544 

R02010-003 6700 2100 4.2 565 155 0 0 

R02010-003 3800 1500 2.9 248 71 0 0 

R02010-003 840 700 3.7 41 24 0 0 

R02010-003 3500 1300 7.1 245 76 0 0 

R02010-003 12000 2900 0.4 949 257 0 0 

R02010-003 3300 2200 5.8 200 85 0 0 

R02010-003 2400 1200 2.1 150 90 0 0 

R02010-003 2000 800 5.8 81 123 0 0 

R02010-003 3000 1200 6.2 154 152 0 0 

R02010-003 12000 1200 7.4 933 292 0 0 

R02010-003 4100 1200 3.8 281 110 0 0 

R02010-003 1500 1000 5.5 71 101 0 0 

R02010-003 1600 900 5.5 67 122 0 0 

R02010-003 2000 1000 3.4 103 100 0 0 

R02010-003 2200 1300 5.9 120 78 474227 6304552 

R02010-003 6700 2000 8.1 445 188 474227 6304555 

R02010-003 40000 4000 47.4 3886 1049 474232 6304549 

R02010-003 19000 6000 12.6 1439 399 474227 6304550 

R02010-003 60000 6000 90 8618 2726 0 0 

R02010-004 260 200 2.9 5 16 474201 6304561 

R02010-004 1200 250 5.2 59 59 0 0 

R02010-004 5000 400 2.7 403 163 0 0 

R02010-004 500 200 5.9 17 17 0 0 

R02010-006 400 350 2.1 7 23 0 0 

R02010-006 300 250 2.1 2 28 0 0 

R02010-006 250 220 1.7 4 15 0 0 

R02010-006 290 230 2.6 2 29 0 0 

R02010-006 370 250 3 5 28 0 0 

R02010-008 1200 750 3.1 63 34 474336 6304784 

R02010-008 34000 8000 29.9 3419 1215 0 0 

R02010-008 16000 6000 9.9 1458 406 0 0 

R02010-008 3200 1500 2.9 246 61 0 0 

R02010-008 1600 800 1.5 113 31 0 0 

R02010-008 230 150 0.7 2 474339 6304787 

R02010-008 386 300 2.2 20 8 474341 6304785 

R02010-008 280 200 2.7 6 8 0 0 

R02010-008 400 230 1.5 16 400 474341 6304786 

R02010-010 2200 1500 4.5 119 113 474293 6304686 

R02010-010 15000 2500 6.2 1329 371 0 0 

R02010-010 37000 5000 32.3 3423 1079 0 0 
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R02010-010 9000 2300 14.6 699 323 0 0 

R02010-010 1200 500 3.8 69 33 0 0 

R02010-010 1100 800 3.7 42 30 0 0 

R02010-010 12000 6000 10.2 817 317 0 0 

R02010-010 5600 2200 4.9 427 152 474285 6304691 

R02010-011 850 400 2.9 43 26 0 0 

R02010-011 2500 800 6.8 135 84 0 0 

R02010-011 2000 1000 5.4 78 70 0 0 

R02010-011 13500 4000 13.7 1048 325 0 0 

R02010-011 37500 24000 43.4 4100 1145 0 0 

R02010-011 8300 3000 9.9 647 195 0 0 

R02010-009 6300 1200 7.2 448 198 0 0 

R02010-009 290 270 4.1 9 11 0 0 

Kulyk(Fanta) 2200 1500 2.4 5 596 470780.61 6275818 

Kulyk(Fanta) 3200 1600 4 28 978 470780.6 6275817 

Kulyk(Fanta) 22000 10.8 92 7617 470780.6 6275817 

Kulyk(Fanta) 4.9 86 2308 470780.6 6275816 

Kulyk(Fanta) 2800 2.3 12 231 470780.59 6275816 

Kulyk(Fanta) 1200 3.3 11 142 470780.59 6275815 

Kulyk(Fanta) 1200 4.3 2 156 470780.58 6275814 

Kulyk(Fanta) 1750 4.8 14 332 470780.58 6275813 

Kulyk(Fanta) 20600 22.8 220 7214 470780.57 6275812 

Kulyk(Fanta) 6000 6.2 43 925 470780.57 6275811 

Kulyk(Fanta) 2050 4.5 17 421 470780.56 6275811 

Kulyk(Fanta) 0 0 0 470780.56 6275810 

Kulyk(Fanta) 5.1 42.3 873 470780.92 6275809 

Kulyk(Fanta) 1800 3.8 12 271 470780.84 6275808 

Kulyk(Fanta) 0 0 0 470781.24 6275807 

Kulyk(Fanta) 21500 3.8 144 5617 470781.68 6275806 

Kulyk(Fanta) 2000 1.3 43 505 470783.24 6275806 

Kulyk(Fanta) 0 0 0 470784.09 6275805 

Kulyk(Fanta) 1300 0 0 0 470784.93 6275805 

Kulyk(Cross) 2.7 32 476 470782.18 6275809 

Kulyk(Cross) 4.1 34 544 470781.31 6275809 

Kulyk( Cross) 18.2 565 10000 470780.92 6275809 

Kulyk( Cross) 2.9 265 4637 470780.23 6275809 

Kulyk( Cross) 3000 800 0 0 0 470779.86 6275808 

Eldorado-S 7160 1000 4.7 548 62 0 0 

Eldorado-S 2000 1000 8 138 2 0 0 

Eldorado-S 1100 1000 3.5 38 16 0 0 

Eldorado-S 49000 1000 53.8 7651 629 0 0 

Eldorado-S 25000 8000 12.2 2746 141 0 0 

Eldorado-S 3000 2000 5.2 257 22 0 0 
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Eldorado-S 800 700 4 16 19 0 0 

Eldorado-S 5500 1000 6.5 285 32 0 0 

Eldorado-S 4300 1500 4.l 290 5 0 0 

Eldorado-S 5400 1500 0.9 419 13 0 0 

Eldorado-S 2500 1000 3.5 121 19 0 0 

Eldorado-E 65000 1500 90 10000 10000 0 0 

Eldorado-E 65000 1500 49.6 8506 455 0 0 

Eldorado-E 6106 3000 2.4 545 20 0 0 

Eldorado-E 1600 1000 7.3 78 2 0 0 

Eldorado-E 3500 5000 3.2 800 37 0 0 

Eldorado-E 12000 5000 7.2 9527 1220 0 0 

Eldorado-E 3300 5000 90 10000 6178 0 0 

Eldorado-E 2400 5000 12 3252 260 0 0 

Eldorado-E 2000 5000 0.6 1155 87 0 0 

Eldorado-E 3000 3000 9.3 179 11 0 0 

Eldorado-000 1500 1200 4.9 71 13 470333 6275407 

Eldorado-000 3000 1400 2.5 186 23 0 0 

Eldorado-000 17000 2800 0 1880 16 0 0 

Eldorado-000 17000 8000 4.5 1536 69 0 0 

Eldorado-000 25000 8000 10.2 2273 54 0 0 

Eldorado-000 13000 8000 5.1 1047 70 0 0 

Eldorado-000 4000 1000 8.7 248 3 0 0 

Eldorado-345 3200 1500 3.8 173 29 470331 6275416 

Eldorado-345 23000 8000 7.9 1576 22 0 0 

Eldorado-345 8000 5000 8.8 564 40 0 0 

Eldorado-345 5000 3000 5 331 32 0 0 

Eldorado-345 10000 5000 2.6 864 2 0 0 

Eldorado-N 33000 8000 3.9 5135 281 0 0 

Eldorado-N 29000 8000 3.5 2155 41 470334 6275414 

Eldorado-N 11000 4000 0.9 705 15 0 0 

Eldorado-N 16000 4000 7.8 1416 75 0 0 

Eldorado-N 3400 1000 4.7 225 11 0 0 

KJ2010-003 2304 1500 0 51 319 470453 6275384 

KJ2010-003 2217 1300 0.6 44 176 0 0 

KJ2010-003 7260 3500 0 185 1117 0 0 

KJ2010-003 1000 800 16 148 0 0 

KJ2010-003 2200 1000 1.9 36 327 470456 6275388 

Yellow Brick Rd 1000 800 3 21 130 469874 6275650 

Yellow Brick Rd 3184 1500 4.3 46 398 0 0 

Yell ow Brick Rd 5084 2000 2.9 296 310 0 0 

Yellow Brick Rd 7084 2000 5.3 412 336 0 0 

Yellow Brick Rd 976 700 5.2 31 60 469878 6275649 

KJ2010-004 486 400 5 10 14 470439 6275440 
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Tab E-1. Bulk whole-rock and trace-element geochemical data for all pegmatites. 

Sample MMKLR004 MMKLR006 MMKLR008 MMKLR013 MMKLR003 MMKLR007 MMKLR009 MMKLR002 MMKLROOl 

Type pink pink pink pink pink pink white white pink 

5102 wt% 85.8 73.0 87.2 72.7 75.0 66.6 65.8 75.1 70.7 

Alz01 wt% 6.9 14.6 6.6 12.9 12.8 17.9 17.6 12.7 15.6 

Fe201 wt% 1.69 1.34 2.76 2.75 2.54 2.28 1.99 1.29 0.97 

MgO wt% 0.04 0.33 0.30 0.10 0.58 0.54 0.77 0.48 0.33 

eao wt% 0.11 0.83 0.17 1.05 2.30 2.88 1.86 0.97 1.18 

NazO wt% 1.13 3.59 1.02 4.94 2.22 3.73 5.84 2.76 3.87 

KzO wt% 3.88 5.80 1.59 4.67 2.25 4.47 5.11 5.42 5.71 

Ti02 wt% 0.01 0.17 0.02 0.55 0.16 0.15 0.29 0.19 0.13 

PzOs wt% 0.03 0.09 0.04 0.02 1.78 1.21 0.56 0.07 0.07 

MnO wt% 0.01 0.02 0.22 0.02 0.14 0.25 0.05 0.02 0.01 

Cr201 wt% 0.003 0.002 0.004 0.002 0.004 0.002 0.002 0.003 0.002 

LOI 0.200 0.700 0.600 0.700 0.700 0.400 1.00 0.800 0.600 

SUM 99.7 99.7 99.9 99.7 99.8 100.0 99.8 98.9 98.6 

Hybrid 

Index 1.85 2.67 3.25 4.45 5.58 5.85 4.91 2.93 2.61 

ASI 1.35 1.37 2.36 1.19 1.89 1.62 1.37 1.38 1.45 

Ba ppm 648 717 176 427 560 755 696 906 880 

Be ppm 1 1 1 2 2 3 2 3 

Cs ppm 0.5 0.8 0.8 0.5 4.1 4.1 2.0 0.9 1.1 

Hf ppm 23.9 4.5 16.7 3.0 10.0 3.8 8.0 4.2 6.8 

Rb ppm 113 206 56 144 176 207 210 214 218 

Nb ppm 0.6 6.2 2.1 27.5 27.9 7.5 11.1 12.4 11.6 

Sr ppm 58.5 103 26.3 68.6 182 154 176 138 161 

Ta ppm 0.1 0.3 0.4 1.3 1.8 0.7 0.7 0.6 1.1 

Zr ppm 627 128 473 63.6 275 116 222 116 183 
y ppm 14.9 7.7 65.9 30.4 424 162 53 19.7 26.0 

K/Cs 7.8 7.3 2.0 9.3 0.5 1.1 2.6 6.0 5.2 

K/Rb 0.03 0.03 0.03 0.03 0.01 0.02 0.02 0.03 0.03 

Rb/Sr 1.94 1.99 2.12 2.09 0.97 1.34 1.19 1.55 1.35 

Rb/Ba 0.17 0.29 0.32 0.34 0.31 0.27 0.30 0.24 0.25 

Nb/Ta 6.0 20.7 5.3 21.2 15.5 10.7 15.9 20.7 10.5 

Y/Nb 24.8 1.24 31.3 1.11 15.2 21.6 4.86 1.59 2.24 

Th ppm 332 11.6 363 10.3 1525 113 10.0 142 150 

u ppm 152 8.2 100 1.0 54.7 28.4 43.4 359 58.5 

Th/U 2.2 1.4 3.6 10.3 27.9 4.0 0.2 0.4 2.6 

La ppm 2.8 18.5 5.3 16.6 1517 155 22.5 89.4 79.6 

Ce ppm 6.0 35.2 12.6 35.2 3480 236 50.8 201 173 

Pr ppm 0.77 3.77 1.68 4.29 406 38.6 6.41 22.9 20.5 

Nd ppm 3.2 12.3 7.1 16.1 1481 141 24.9 82.2 76.4 

Sm ppm 1.10 2.02 1.90 3.46 243 25.7 6.85 13.16 12.67 

Eu ppm 0.55 0.63 0.45 0.40 1.70 1.31 1.23 1.45 1.62 

Gd ppm 1.51 1.58 2.93 3.39 174 24.9 8.19 8.83 9.24 

Tb ppm 0.36 0.25 0.72 0.66 21.4 4.49 1.62 1.13 1.22 

Dy ppm 2.47 1.29 6.75 4.41 100. 26.9 9.97 5.15 6.03 

Ho ppm 0.58 0.26 2.27 1.04 15.3 5.49 1.86 0.73 0.93 

Er ppm 1.86 0.71 10.4 3.40 34.7 16.9 5.09 1.72 2.46 

Tm ppm 0.32 0.08 2.23 0.53 3.93 2.66 0.65 0.20 0.37 

Yb ppm 2.07 0.45 18.4 3.31 21.0 18.5 3.73 1.12 2.45 

Lu ppm 0.36 0.07 3.38 0.52 2.55 2.93 0.53 0.14 0.36 

LREE wt% 0.0972 0.0140 0.0718 0.0183 0.971 0.107 0.0285 0.0986 0.0650 
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Tab E-1 contined 

Sample MMKLR004 MMKLR006 MMKLR008 MMKLR013 MMKLR003 MMKLR007 MMKLR009 MMKLR002 MMKLROOl 

Type pink pink pink pink pink pink white white pink 

5102 wt% 85.8 73.0 87.2 72.7 75.0 66.6 65.8 75.1 70.7 

Alz03 wt% 6.9 14.6 6.6 12.9 12.8 17.9 17.6 12.7 15.6 

Fe203 wt% 1.69 1.34 2.76 2.75 2.54 2.28 1.99 1.29 0.97 

MgO wt% 0.04 0.33 0.30 0.10 0.58 0.54 0.77 0.48 0.33 

cao wt% 0.11 0.83 0.17 1.05 2.30 2.88 1.86 0.97 1.18 

Na20 wt% 1.13 3.59 1.02 4.94 2.22 3.73 5.84 2.76 3.87 

K,O wt% 3.88 5.80 1.59 4.67 2.25 4.47 5.11 5.42 5.71 

Ti02 wt% 0.01 0.17 0.02 0.55 0.16 0.15 0.29 0.19 0.13 

P20s wt% 0.03 0.09 0.04 0.02 1.78 1.21 0.56 0.07 0.07 

MnO wt% 0.01 0.02 0.22 0.02 0.14 0.25 0.05 0.02 0.01 

Cr203 wt% 0.003 0.002 0.004 0.002 0.004 0.002 0.002 0.003 0.002 

LOI 0.200 0.700 0.600 0.700 0.700 0.400 1.00 0.800 0.600 

SUM 99.7 99.7 99.9 99.7 99.8 100.0 99.8 98.9 98.6 

Hybrid 
Index 1.85 2.67 3.25 4.45 5.58 5.85 4.91 2.93 2.61 

ASI 1.35 1.37 2.36 1.19 1.89 1.62 1.37 1.38 1.45 

Ba ppm 648 717 176 427 560 755 696 906 880 

Be ppm 1 1 1 2 2 3 2 1 3 

Cs ppm 0.5 0.8 0.8 0.5 4.1 4.1 2.0 0.9 1.1 

Hf ppm 23.9 4.5 16.7 3.0 10.0 3.8 8.0 4.2 6.8 

Rb ppm 113 206 56 144 176 207 210 214 218 

Nb ppm 0.6 6.2 2.1 27.5 27.9 7.5 11.1 12.4 11.6 

Sr ppm 58.5 103 26.3 68.6 182 154 176 138 161 

Ta ppm 0.1 0.3 0.4 1.3 1.8 0.7 0.7 0.6 1.1 

Zr ppm 627 128 473 63.6 275 116 222 116 183 
y ppm 14.9 7.7 65.9 30.4 424 162 53 19.7 26.0 

K/Cs 7.8 7.3 2.0 9.3 0.5 1.1 2.6 6.0 5.2 

K/Rb 0.03 0.03 0.03 0.03 0.01 0.02 0.02 0.03 0.03 

Rb/Sr 1.94 1.99 2.12 2.09 0.97 1.34 1.19 1.55 1.35 

Rb/Ba 0.17 0.29 0.32 0.34 0.31 0.27 0.30 0.24 0.25 

Nb/Ta 6.0 20.7 5.3 21.2 15.5 10.7 15.9 20.7 10.5 

Y/Nb 24.8 1.24 31.3 1.11 15.2 21.6 4.86 1.59 2.24 

Th ppm 332 11.6 363 10.3 1525 113 10.0 142 150 

u ppm 152 8.2 100 1.0 54.7 28.4 43.4 359 58.5 

Th/U 2.2 1.4 3.6 10.3 27.9 4.0 0.2 0.4 2.6 

La ppm 2.8 18.5 5.3 16.6 1517 155 22.5 89.4 79.6 

Ce ppm 6.0 35.2 12.6 35.2 3480 236 50.8 201 173 

Pr ppm 0.77 3.77 1.68 4.29 406 38.6 6.41 22.9 20.5 

Nd ppm 3.2 12.3 7.1 16.1 1481 141 24.9 82.2 76.4 

Sm ppm 1.10 2.02 1.90 3.46 243 25.7 6.85 13.16 12.67 

Eu ppm 0.55 0.63 0.45 0.40 1.70 1.31 1.23 1.45 1.62 

Gd ppm 1.51 1.58 2.93 3.39 174 24.9 8.19 8.83 9.24 

Tb ppm 0.36 0.25 0.72 0.66 21.4 4.49 1.62 1.13 1.22 

Dy ppm 2.47 1.29 6.75 4.41 100. 26.9 9.97 5.15 6.03 

Ho ppm 0.58 0.26 2.27 1.04 15.3 5.49 1.86 0.73 0.93 

Er ppm 1.86 0.71 10.4 3.40 34.7 16.9 5.09 1.72 2.46 

Tm ppm 0.32 0.08 2.23 0.53 3.93 2.66 0.65 0.20 0.37 

Yb ppm 2.07 0.45 18.4 3.31 21.0 18.5 3.73 1.12 2.45 

Lu ppm 0.36 0.07 3.38 0.52 2.55 2.93 0.53 0.14 0.36 

I REE wt% 0.0972 0.0140 0.0718 0.0183 0.971 0.107 0.0285 0.0986 0.0650 
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Tab E-1 contined 

Sample MMELR008 MMELR015 MMELR004 MMELR013 MMELR003 MMELR007 MMELR012 MMELR010 MMELR009 

pink pink white white pink hybrid hybrid hybrid hybrid 

5102 wt% 72.0 74.5 68.8 74.8 73.5 65.4 68.3 51.3 51.2 

Al203 wt% 14.4 13.9 14.4 13.5 11.1 15.7 14.2 14.2 15.3 

Fe203 wt% 1.03 1.03 4.18 0.62 3.10 2.40 6.23 10.86 10.47 

MgO wt% 0.50 0.22 2.06 0.23 1.13 1.55 1.05 4.60 5.77 

CaO wt% 2.42 1.53 2.35 0.50 1.30 2.68 1.09 7.93 8.05 

Na20 wt% 3.85 4.35 3.25 2.64 4.78 6.57 3.08 4.25 4.32 

K20 wt% 4.37 3.71 3.60 7.42 4.38 5.18 4.57 2.67 2.39 

TI02 wt% 0.10 0.09 0.89 0.03 0.35 0.30 1.16 2.60 1.72 

P20s wt% 0.08 0.07 0.09 0.04 0.04 0.17 0.09 1.23 0.33 

MnO wt% 0.02 0.02 0.05 0.01 0.01 0.05 0.03 0.18 0.16 

Cr203 wt% 0.003 0.003 0.008 0.002 0.002 0.003 0.003 0.002 0.014 

LOI 0.400 0.600 1.200 0.900 0.600 0.300 0.600 0.800 0.800 

SUM 98.7 99.5 99.6 99.7 99.7 99.9 99.7 99.8 99.7 

Hybrid 
Index 4.05 2.87 9.48 1.38 5.88 6.93 9.53 25.99 26.01 

ASI 1.35 1.45 1.56 1.28 1.06 1.08 1.70 0.96 1.03 

Ba ppm 3389 1301 1081 2124 2453 2736 3989 1678 757 

Be ppm 3 4 4 1 1 2 2 8 4 

Cs ppm 8.2 1.7 9.0 5.2 4.0 4.2 7.0 3.3 3.6 

Hf ppm 0.8 1.0 4.9 0.5 57.2 1.5 2.0 6.1 3.4 

Rb ppm 122 130 166 267 161 135 226 50.3 44.6 

Nb ppm 2.6 6.1 16.6 1.8 6.8 13.0 5.6 131 19.6 

Sr ppm 369 137 129 155 125 303 231 286 518 

Ta ppm 0.2 0.8 0.9 0.2 0.7 1.3 0.5 23.1 1.3 

Zr ppm 20.0 34.1 162 8.2 1831 39.6 64.8 195 107 
y ppm 32.0 14.1 18.0 13.2 15.3 53.3 36.8 608 86.4 

K/Cs 0.5 2.2 0.4 1.4 1.1 1.2 0.7 0.8 0.7 

K/Rb 0.04 0.03 0.02 0.03 0.03 0.04 0.02 0.05 0.05 

Rb/Sr 0.33 0.95 1.29 1.72 1.29 0.45 0.98 0.18 0.09 

Rb/Ba 0.04 0.10 0.15 0.13 0.07 0.05 0.06 0.03 0.06 

Nb/Ta 13.0 7.6 18.4 9.0 9.7 10.0 11.2 5.7 15.1 

Y/Nb 12.31 2.31 1.08 7.33 2.25 4.10 6.57 4.61 4.41 

Th ppm 119 9.0 41.2 9.5 11.0 43.4 111 35.2 6.6 

u ppm 450 15.7 235 34.4 44.7 100 151 469 316 

Th/U 0.3 0.6 0.2 0.3 0.2 0.4 0.7 0.1 0.0 

La ppm 13.7 6.0 52.7 3.6 7.0 19.7 75.2 100 43.5 

Ce ppm 35.9 14.0 108 7.9 15.8 47.6 162 312 109 

Pr ppm 4.36 1.37 11.6 1.00 1.73 6.32 14.4 47.5 15.5 

Nd ppm 21.0 4.7 40.7 4.5 6.6 26.5 50.0 222 67.5 

Sm ppm 5.99 1.28 6.11 1.20 1.24 6.89 7.99 68.5 14.5 

Eu ppm 1.05 0.50 0.62 0.48 0.45 1.36 1.23 6.74 2.70 

Gd ppm 5.67 1.55 4.18 1.46 1.27 7.55 6.35 79.7 13.6 

Tb ppm 1.22 0.34 0.67 0.35 0.24 1.52 1.29 16.3 2.46 

Dy ppm 8.23 2.26 3.56 2.44 1.78 9.96 8.53 108 15.3 

Ho ppm 1.62 0.49 0.70 0.55 0.53 2.18 1.74 23.5 3.08 

Er ppm 4.97 1.71 1.87 1.90 2.40 6.67 5.25 73.1 9.84 

Tm ppm 0.74 0.28 0.28 0.30 0.60 1.04 0.81 10.9 1.67 

Yb ppm 4.26 1.89 1.84 1.98 5.72 6.60 5.11 68.74 10.73 

Lu ppm 0.51 0.26 0.26 0.25 1.19 0.86 0.60 8.13 1.42 

l:REE wt% 0.0744 0.0092 0.0552 0.0108 0.0140 0.0369 0.0671 0.2344 0.0776 
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QAQC Data Accepted Measured Accuracy 

Method Analyte Unit Detection Limit Oka-2 Oka-2 Normalized (%) 

WGHT Wgt KG 0.01 <0.01 

4A-4B Si02 % 0.01 14.7 15.2 96.81 

4A-4B Al203 % 0.01 0.82 0.94 85.40 

4A-4B Fe203 % 0.04 5.83 6.36 90.91 

4A-4B MgO % 0.01 1.24 1.16 93.55 

4A-4B cao % 0.01 25.3 22.9 90.52 

4A-4B Na20 % 0.01 0.361 0.342 94.44 

4A-4B K20 % 0.01 0.414 0.46 87.80 

4A-4B Ti02 % 0.01 0.312 100.0 

4A-4B P20s % 0.01 8.93 12.2 63.60 

4A-4B MnO % 0.01 0.52 0.562 92.31 

4A-4B Cr203 % 0.002 0.0741 100.0 

4A-4B Rb PPM 0.1 19.2 100.0 

4A-4B Sr PPM 0.5 5581 7342 68.40 

4A-4B Ta PPM 0.1 26.1 100.0 

4A-4B Th PPM 0.2 28930 10000 34.60 

4A-4B u PPM 0.1 219 211 96.34 

4A-4B V PPM 8 397 100.0 

4A-4B w PPM 0.5 0.5 100.0 

4A-4B Zr PPM 0.1 458 100.0 

4A-4B y PPM 0.1 2520 2589 97.27 

4A-4B La PPM 0.1 47750 50000 95.29 

4A-4B Ce PPM 0.1 116415 50000 42.90 

4A-4B Pr PPM 0.02 14899 10000 67.10 

4A-4B Nd PPM 0.3 57442 10000 17.40 

4A-4B Sm PPM 0.05 8624 8661 99.58 

4A-4B Eu PPM 0.02 2245 2166 96.46 

4A-4B Gd PPM 0.05 5032 4597 91.35 

4A-4B Tb PPM 0.01 510 473 92.74 

4A-4B Dy PPM 0.05 1481 1545 95.68 

4A-4B Ho PPM 0.02 175 128 73.50 

4A-4B Er PPM 0.03 525 170 32.40 

4A-4B Tm PPM 0.01 17.5 18.5 94.17 

4A-4B Yb PPM 0.05 96.6 127 69.10 

4A-4B Lu PPM 0.01 11.4 14.3 74.60 
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QAQC Data Accepted Accuracy 

Method Analyte Unit Detection Limit DHla DHla DHla DHla Normalized {%) 

WGHT Wgt KG 0.01 <0.01 0.01 0.01 

4A-4B Si02 % 0.01 78.3 78.4 78.2 

4A-4B Al203 % 0.01 5.20 5.03 5.17 

4A-4B Fe20 3 % 0.04 7.25 7.42 7.38 

4A-4B MgO % 0.01 0.09 0.10 0.11 

4A-4B Cao % 0.01 0.11 0.10 0.11 

4A-4B Na20 % 0.01 0.05 0.05 0.05 

4A-4B K20 % 0.01 1.81 1.76 1.81 

4A-4B Ti02 % 0.01 0.56 0.55 0.56 

4A-4B P20s % 0.01 0.21 0.21 0.22 

4A-4B MnO % 0.01 0.01 0.01 0.01 

4A-4B Cr203 % 0.002 0.005 0.007 0.006 

4A-4B Rb PPM 0.1 73.1 74.6 73.4 

4A-4B Sr PPM 0.5 20.5 18.4 18.1 

4A-4B Ta PPM 0.1 17.2 18.0 17.2 

4A-4B Th PPM 0.2 910 971 1024 968 94.77 

4A-4B u PPM 0.1 2629 2466 2567 2420 94.38 

4A-4B V PPM 8 24 17 19 

4A-4B w PPM 0.5 6.0 6.1 5.9 

4A-4B Zr PPM 0.1 323 337 311 

4A-4B y PPM 0.1 200 200 197 

4A-4B La PPM 0.1 762 798 751 

4A-4B Ce PPM 0.1 1407 1554 1402 

4A-4B Pr PPM 0.02 165 157 148 

4A-4B Nd PPM 0.3 580 563 517 

4A-4B Sm PPM 0.05 100 94.4 88.4 

4A-4B Eu PPM 0.02 6.34 4.23 4.18 

4A-4B Gd PPM 0.05 76.3 69.8 66.1 

4A-4B Tb PPM 0.01 10.12 9.82 9.28 

4A-4B Dy PPM 0.05 49.4 51.3 48.3 

4A-4B Ho PPM 0.02 8.32 8.30 7.98 

4A-4B Er PPM 0.03 20.6 21.2 20.5 

4A-4B Tm PPM 0.01 2.83 2.75 2.70 

4A-4B Yb PPM 0.05 16.7 16.8 16.1 

4A-4B Lu PPM 0.01 1.96 1.97 1.92 
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QAQC Data Accepted Measured Accuracy 

Method Analyte Unit Detection Limit Normalized (%) 
SY-2 SY-2 SY-2 

WGHT Wgt KG 0.01 <0.01 0.01 

4A-4B Si02 % 0.01 60.3 59.49 59.50 98.66 

4A-4B Al203 % 0.01 12.08 12.05 12.13 99.75 

4A-4B Fe203 % 0.04 6.3 6.31 6.11 99.84 

4A-4B MgO % 0.01 2.6 2.70 2.67 96.15 

4A-4B cao % 0.01 7.94 7.95 8.00 99.87 

4A-4B Na20 % 0.01 4.25 4.22 4.35 99.29 

4A-4B K20 % 0.01 4.5 4.56 4.64 98.67 

4A-4B Ti02 % 0.01 0.135 0.13 0.13 96.30 

4A-4B P20s % 0.01 0.42 0.45 0.43 92.86 

4A-4B MnO % 0.01 0.32 0.32 0.32 100.0 

4A-4B Ba PPM 1 450 489 450 91.33 

4A-4B Cs PPM 0.1 2.74 2.8 2.7 97.81 

4A-4B Hf PPM 0.1 6.7 9.4 9.3 59.70 

4A-4B Nb PPM 0.1 31 30.7 29.4 99.03 

4A-4B Rb PPM 0.1 218 233.0 220.3 93.12 

4A-4B Sr PPM 0.5 270 290.6 282.7 92.37 

4A-4B Ta PPM 0.1 1.97 1.8 1.8 91.37 

4A-4B Th PPM 0.2 350 446.1 401.8 72.54 

4A-4B u PPM 0.1 262 301.9 278.9 84.77 

4A-4B V PPM 8 49 49 51 100.0 

4A-4B w PPM 0.5 0.76 0.7 0.6 92.11 

4A-4B Zr PPM 0.1 308 313.8 280.1 98.12 

4A-4B y PPM 0.1 131 126.3 121.4 96.41 

4A-4B La PPM 0.1 70 69.6 65.0 99.43 

4A-4B Ce PPM 0.1 163 175.9 153.0 92.09 

4A-4B Pr PPM 0.02 18 20.67 19.54 85.17 

4A-4B Nd PPM 0.3 73.82 82.4 76.8 88.38 

4A-4B Sm PPM 0.05 16 15.90 15.36 99.38 

4A-4B Eu PPM 0.02 2.5 2.41 2.43 96.40 

4A-4B Gd PPM 0.05 15 17.28 16.12 84.80 

4A-4B Tb PPM 0.01 2.8 3.11 3.00 88.93 

4A-4B Dy PPM 0.05 18 20.59 19.30 98.66 

4A-4B Ho PPM 0.02 4 4.57 4.51 99.75 

4A-4B Er PPM 0.03 12.5 15.23 14.80 99.84 

4A-4B Tm PPM 0.01 2.1 2.49 2.42 96.15 

4A-4B Yb PPM 0.05 17 18.58 18.34 99.87 

4A-4B Lu PPM 0.01 2.8 3.06 2.98 99.29 

230 



QAQCData 
Accepted Measured 

Accuracy 

Method Analyte Unit Detection Limit Normalized (%) 
SY-4 SY-4 SY-4 

Wgt KG 0.01 0.01 0.01 

4A-4B Si02 % 0.01 49.9 49.82 50.08 99.84 

4A-4B Al203 % 0.01 20.69 20.69 20.41 100.0 

4A-4B Fe203 % 0.04 6.21 6.19 6.10 99.68 

4A-4B MgO % 0.01 0.54 0.53 0.52 98.15 

4A-4B Cao % 0.01 8.05 8.03 8.17 99.75 

4A-4B Na20 % 0.01 7.1 7.42 7.16 95.49 

4A-4B K20 % 0.01 1.66 1.69 1.72 98.19 

4A-4B Ti02 % 0.01 0.287 0.29 0.29 98.95 

4A-4B P20s % 0.01 0.131 0.15 0.14 85.50 

4A-4B MnO % 0.01 0.108 0.11 0.11 98.15 

4A-4B Ba PPM 1 340 378 356 88.80 

4A-4B Cs PPM 0.1 1.5 1.8 1.5 79.90 

4A-4B Hf PPM 0.1 10.6 11.8 11.7 88.70 

4A-4B Nb PPM 0.1 13 14.6 13.5 87.70 

4A-4B Rb PPM 0.1 55 59.4 54.1 92.00 

4A-4B Sr PPM 0.5 1191 1308 1264 90.16 

4A-4B Ta PPM 0.1 0.9 0.8 0.7 88.90 

4A-4B Th PPM 0.2 1.4 1.3 1.3 92.86 

4A-4B u PPM 0.1 0.8 1.2 0.7 50.00 

4A-4B Zr PPM 0.1 517 607 580 82.5 

4A-4B y PPM 0.1 119 121 119 98.49 

4A-4B La PPM 0.1 58 60.2 56.4 96.21 

4A-4B Ce PPM 0.1 122 137 123 87.60 

4A-4B Pr PPM 0.02 15 16.5 14.9 92.30 

4A-4B Nd PPM 0.3 57 67.7 59.3 81.30 

4A-4B Sm PPM 0.05 12.7 13.2 12.5 96.46 

4A-4B Eu PPM 0.02 2 2.02 1.93 99.00 

4A-4B Gd PPM 0.05 14 14.7 14.4 95.07 

4A-4B Tb PPM 0.01 2.6 2.83 2.78 91.15 

4A-4B Dy PPM 0.05 18.2 19.45 18.77 93.13 

4A-4B Ho PPM 0.02 4.3 4.59 4.47 93.26 

4A-4B Er PPM 0.03 14.2 15.22 15.03 

4A-4B Tm PPM 0.01 2.3 2.42 2.29 

4A-4B Yb PPM 0.05 14.8 16.40 15.71 

4A-4B Lu PPM 0.01 2.1 2.29 2.18 
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QAQC Data Accepted Measured Accuracy 

Method Analyte Unit Detection Limit Normalized (%) 
NIMS-S NIMS-S NIMS-S 

WGHT Wgt KG 0.01 0.01 0.01 

4A-48 Si02 % 0.01 63.6 63.1 63.4 99.61 

4A-48 Al203 % 0.01 17.3 17.3 17.3 99.48 

4A-48 Fe203 % 0.01 1.11 1.39 1.38 75.68 

4A-48 MgO % 0.04 0.462 0.441 0.450 97.83 

4A-48 cao % 0.01 0.681 0.671 0.690 98.53 

4A-48 Na20 % 0.01 0.43 0.41 0.41 95.35 

4A-48 K20 % 0.01 15.3 15.5 15.3 99.74 

4A-48 Ti02 % 0.01 0.04 0.04 100.0 

4A-48 P20s % 0.01 0.120 0.13 0.12 100.0 

4A-48 Ba % 0.01 2762 2549 100.0 

4A-48 Cs PPM 0.2 7.01 6.82 100.0 

4A-48 Nb PPM 0.1 0.200 0.300 100.0 

4A-48 Rb PPM 0.1 530 562 525 98.77 

4A-48 Sr PPM 1 62.0 64.3 63.0 98.39 

4A-48 Ta PPM 0.5 0.100 0.100 100 

4A-48 Th PPM 0.1 1.00 0.800 0.800 80.00 

4A-48 u PPM 0.2 0.600 0.300 100.0 

4A-48 V PPM 0.1 10.0 8.00 9.00 90.00 

4A-48 w PPM 8 0.500 0.500 100.0 

4A-48 Zr PPM 0.5 33.0 17.9 17.0 51.50 

4A-48 y PPM 0.1 1.4 1.3 100.0 

4A-48 La PPM 0.1 5.00 5.1 5.0 100.0 

4A-48 Ce PPM 0.1 11.9 12.4 11.1 93.28 

4A-48 Pr PPM 0.1 1.64 1.53 100.0 

4A-48 Nd PPM 0.02 6.00 7.9 6.2 96.67 

4A-48 Sm PPM 0.3 1.00 1.25 1.21 79.00 

4A-48 Eu PPM 0.05 0.300 0.270 0.290 96.67 

4A-48 Gd PPM 0.02 0.840 0.810 100.0 

4A-48 Tb PPM 0.05 0.0900 0.0900 100.0 

4A-48 Dy PPM 0.01 0.400 0.440 0.390 97.50 

4A-48 Ho PPM 0.05 0.0500 0.0600 100.0 

4A-48 Er PPM 0.02 0.130 0.100 99.61 

4A-48 Tm PPM 0.03 0.0100 0.0100 99.48 

4A-48 Yb PPM 0.01 0.0700 0.0800 0.130 75.68 

4A-48 Lu PPM 0.05 0.0100 0.0100 97.83 
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Appendix G - Electron Microprobe Data 

233 



Tab. G-1. Electron microprobe results on sample MMKJR006 monazite cores and oscillatory 

zones (dark BSE images). 

Point No. I ' • 11 11 11 11 2 4 7 10 14 

SI02 0.491 0.449 0.382 0.582 0.452 0.461 0.543 0.563 0.441 0.557 0.603 0.706 

Alz()3 0.00690 0.00150 0.00 0.00290 0.00120 0.00 0.00 0.00 0.00 0.00 0.00 0.0367 

cao 0.7475 0.8317 0.785 0.795 0.6605 0.7406 0.8059 0.8145 0.9225 0.7487 0.7557 0.693 

P20s 30.6 30.3 30.3 30.0 30.4 30.6 30.4 30.7 30.6 30.1 30.1 29.7 

La201 17.0 16.7 17.2 16.7 16.6 17.2 16.1 16.5 17.1 16.3 16.3 16.2 

C.z()3 34.23 33.56 33.91 33.17 33.06 32.94 32.58 33.89 33.08 33.81 32.69 33.2 

Pr201 2.57 2.73 2.31 2.69 2.57 2.69 2.56 2.46 2.60 2.73 2.43 2.68 

Nclz01 10.0 10.5 10.8 10.5 10.7 10.2 11.1 10.3, 10.5 11.1 10.5 10.6 

Smz01 0.223 0.0059 0.216 0.214 0.377 0.149 0.338 0.00 o.oo 0.3435 0.3503 0.2106 

Cldz01 0.0960 0.0872 0.0566 0.2964 0.0568 0.1879 0.457 0.0654 0.00 0.0479 0.270 0.1002 

Dyz()3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.oo 
YP1 0.00 0.00420 0.603 0.0148 0.0835 0.562 0.185 0.587 0.00930 0.539 0.0591 0.548 

PbO 0.19 0.277 0.205 0.305 0.170 0.348 0.252 0.325 0.205 0.297 0.322 0.382 

Th02 2.87 3.38 3.10 3.75 3.03 2.86 3.82 3.51 3.14 3.61 3.97 4.64 

U02 0.00 0.0915 0.0948 0.0584 0.00 0.0491 0.0142 0.00 0.00 0.0568 0.0521 0.00 

Tab. G-2. Electron microprobe results on sample MMKJR006 monazite overgrowths on 

cores. 

Point 
No. 1 5 9 12 15 17 18 20 

5102 0.982 1.12 0.937 1.12 0.890 1.08 0.988 1.13 

Al20s 0.00 0.00 0.0975 0.00 0.0374 0.00 0.00 0.0034 

cao 0.495 0.638 0.644 0.529 0.391 0.532 0.571 0.729 

P20s 30.8 29.3 29.5 29.5 29.4 29.5 29.7 29.3 

La20s 16.3 16.6 16.9 16.0 16.1 15.9 16.7 15.7 

C•20s 34.5 33.6 33.7 33.3 33.6 33.2 33.6 32.7 

Pr20 3 2.77 2.55 2.50 2.46 2.83 3.00 2.72 2.62 

Nd20 3 10.4 10.6 10.5 10.5 11.1 10.5 10.5 10.2 

Sm20s 0.481 0.195 0.346 0.234 0.148 0.299 0.580 0.370 

Gd20s 0.488 0.213 0.204 0.196 0.317 0.00 0.469 0.548 

Dv203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Y20s 0.0517 0.00 0.0311 0.00 0.0166 0.514 0.464 0.00 

PbO 0.390 0.470 0.403 0.349 0.364 0.504 0.386 0.388 

ThOz 3.95 5.36 4.98 5.54 4.02 4.94 4.79 5.47 

U02 0.130 0.128 0.065 0.093 0.096 0.090 0.126 0.121 
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Tab. G-3. Electron microprobe results on sample MMKJR006 titanomagnetite grains. 

Point# 1 2 3 4 5 6 7 I 9 10 11 12 

Ms<> 0.000 0.00310 0.0028 0.000 0.0002 0.000 0.0056 0.000 0.0013 0.0024 0.000 0.002 

"'20, 0.000 0.0019 0.000 0.000 0.0001 0.0017 0.000 0.000 0.001 0.0001 0.0009 0.000 

5102 0.000 0.004 0.018 0.0143 0.0148 0.0087 0.0084 0.0183 0.0012 0.0105 0.0155 0.006 

eao 0.0072 0.0107 0.0161 0.0075 0.0109 0.009 0.0135 0.0329 0.0097 0.0052 0.0168 0.005 

TK>i 23.3 14.3 20.2 13.4 14.8 14.6 14.4 14.2 21.2 19.5 18.2 14.8 

V20i 0.000 0.285 0.236 0.269 0.272 0.305 0.309 0.297 0.161 0.256 0.220 0.270 

erp, 0.407 0.373 0.357 0.439 0.319 0.522 0.451 0.392 0.444 0.383 0.440 0.564 

MnO 0.284 0.094 0.218 0.142 0.124 0.359 0.156 0.098 0.302 0.182 0.184 0.169 

FeO 76.0 74.7 71.1 77.6 75.9 75.0 75.0 75.2 70.9 72.0 73.6 76.3 

NIO 0.000 0.0088 0.0073 0.000 0.000 0.000 0.0162 0.000 0.0009 0.0016 0.000 0.000 

ZnO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.0218 0.000 0.000 

NbiOs 0.0382 0.0114 0.0845 0.0059 0.000 0.000 0.000 0.000 0.000 0.0127 0.000 0.000 

Total 100 89.8 92.2 91.9 91.4 90.8 90.3 90.3 93.0 92.3 92.6 92.1 
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Appendix H - U-Pb Geochronology by LA ICP-MS 
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Tab H-1. U-Pb geochronology results on monazite grains from aplite (DFJR006) and 
mineralization (MMKJR006). 

:zu,Pb/~b 
Comments o/oPb* 207pb!235u 2SE 20ISpb/238u 2SE a ase (Ma) 2SE %Disc 

'Jlite - 01,·ergronths (resetting) 
verg 100.0 4.80 0.08 0.3193 0.0036 0.41 1782 15 2.9 
verg 100.0 4.81 0.08 0.3184 0.0035 0.68 1791 12 2.9 
verg 99.8 4.81 0.09 0.3191 0.0060 0.58 1792 15 3.8 
verg 99.8 4.85 0.09 0.3200 0.0048 0.42 1798 15 3.1 

,:,lite-cores (crystallization) 
ore 99.8 5.04 0.08 0.3264 0.0041 0.45 1829 11 2.9 

ore 99.9 5.04 0.12 0.3263 0.0068 0.59 1826 20 5.5 
ore 100.0 5.05 0.10 0.3269 0.0055 0.57 1814 15 3.8 
ore 100.1 5.06 0.08 0.3279 0.0045 0.49 1821 11 3.4 

'inerolization cores! light oscillatory zones 
ore 100.1 5.68 0.11 0.3468 0.0042 0.19 1925 21 6.0 

ore 99.9 5.87 0.11 0.3512 0.0046 0.42 1963 19 5.5 
Oscll 99.9 6.03 0.11 0.3587 0.0046 0.55 1979 15 4.7 
Oscll 99.9 5.36 0.01 0.3372 0.0046 0.36 1873 21 5.3 

Oscll 99.6 5.32 0.09 0.3347 0.0040 0.33 1878 17 4.4 
Oscll 97.9 5.67 0.09 0.3203 0.0039 0.40 2043 17 8.3 
ore 98.7 5.97 0.11 0.3407 0.0043 0.31 2029 19 6.1 

ore 98.9 5.16 0.09 0.3333 0.0043 0.29 2000 15 5.6 
ore 98.3 6.06 0.08 0.3367 0.0041 0.36 2067 15 6.8 

ore 98.7 6.00 0.08 0.3371 0.0037 0.32 2053 17 6.1 
ore 98.6 5.80 0.07 0.3319 0.0037 0.38 2016 15 5.9 
ore 94.6 7.23 0.11 0.3322 0.0038 0.33 2409 19 18.4 
ore 94.6 7.27 0.11 0.3328 0.0037 0.22 2411 18 18.3 
Oscll 100.0 5.45 0.06 0.3399 0.0037 0.48 1870 14 2.8 
Oscll 99.7 5.41 0.06 0.3351 0.0035 0.30 1883 13 3.7 
Oscll 99.9 5.46 0.07 0.3408 0.0038 0.61 1880 15 2.8 

Oscll 99.8 5.56 0.06 0.3436 0.0037 0.24 1889 15 3.9 
Oscll 99.9 5.59 0.07 0.3446 0.0038 0.31 1875 12 3.5 

'inero/ization- 01,·ergrOl,ths (resetting) 
»vrgr 100.0 4.72 0.11 0.3152 0.0071 0.60 1780 23 5.4 
»sell 100.0 4.73 0.34 0.3150 0.0063 0.35 1763 69 4.2 
»vrgr 100.0 4.65 0.13 0.3126 0.0063 0.36 1794 28 7.4 
»vrgr 99.7 4.69 0.12 0.3164 0.0050 0.42 1776 24 5.3 
»vrgr 100.0 4.76 0.14 0.3168 0.0049 0.39 1772 27 4.5 

'inerolization- O\'ergr0l,.1m ( crystallization) 
»vrgr 99.9 5.08 0.12 0.3287 0.0055 0.50 1829 18 4.7 
»vrgr 100.0 5.11 0.16 0.3293 0.0049 0.34 1809 32 4.6 
»vrgr 99.9 5.10 0.25 0.3298 0.0060 0.13 1839 41 4.8 
»vrgr 100.0 5.09 0.17 0.3299 0.0067 0.56 1832 28 4.3 
»vrgr 100.0 5.01 0.13 0.3278 0.0067 0.46 1846 27 6.1 
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Tab H-2. U-Pb geochronology results on zircon grains from mineralization zone (sample 

MMKJG037). 

201pbf206pb age Discordance 
rain No. o/oPb• 201Pbfl'u 2.S.E 2°'pb/23SU 2.S.E a ~al 2.S.E !%l 
12 99.6 S.02 0.1S 0.3148 0.0083 0.11 1871 14 3.S 
20-2 99.3 4.6S 0.16 0.308S 0.0100 0.74 1827 2S 3.7 

30 100.6 4.9S 0.18 0.332S 0.0120 0.47 1804 26 3.9 

13 99.6 4.99 0.17 0.3103 0.0100 0.87 1871 40 S.8 

11 98.7 4.69 0.17 0.2938 0.0099 0.66 1900 lS 6.2 

28 98.7 4.69 0.17 0.2924 0.0086 0.69 1887 20 6.6 
26-3 98.3 4.57 0.13 0.2856 0.0080 0.60 189S 2S 6.9 

22 98.1 4.22 0.16 0.2712 0.0100 0.83 1864 27 8.S 

18 98.2 4.33 0.14 0.2698 0.0074 0.72 190S 2S 9.7 

2S 96.8 7.64 0.29 0.3688 0.0130 0.90 2342 11 10.0 
10 97.1 S.12 0.22 0.2981 0.0120 0.87 2038 20 10.9 

3-1 97.2 4.29 0.1S 0.2616 0.0086 0.84 1924 12 12.0 

14 97.0 4.45 0.16 0.2678 0.0086 0.62 198S 2S 12.0 
Sb 97.0 4.45 0.20 0.26S3 0.0120 0.84 1968 22 12.S 

96.7 4.34 0.14 0.2611 0.0088 O.S3 1970 20 13.2 

lS 96.7 4.34 0.22 0.2619 0.0140 0.63 1989 2S 13.7 

26-2 96.7 3.84 0.1S 0.2423 0.0084 0.8S 1887 18 13.9 
27 96.S 4.31 0.17 0.2S66 0.0084 0.8S 1997 14 14.S 
17 96.6 4.16 0.16 0.2496 0.0094 0.68 1963 28 14.7 

6 96.4 4.22 0.14 0.2S06 0.0092 0.20 1963 33 14.7 
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Appendix I- Sm-Nd isotopic results by LA ICP-MS 

239 



Tab 1-1. Sm-Nd isotopic results from monazite (mineralization) and apatite (mineralization and 

pegmatite ). 

S~t 147Sm/1~d 2S.E. 143Nd.,1l~d 2S.E. u~d/144Nd 2S.E. cN~tl ::i: Tw 
,lfonazite 

1.1 0.0584 0.0004 0.510732 0.000017 0.348444 0.000012 -4.73 0.73 2405 
2.1 0.0579 0.0003 0.510719 0.000018 0.348433 0.000013 -4.86 0.72 2410 

3.1 0.0570 0.0003 0.510703 0.000022 0.348446 0.000011 -4.96 0.83 2411 
4.1 0.0598 0.0001 0.510774 0.000016 0.348427 0.000014 -4.22 0.63 2386 
5.1 0.0582 0.0001 0.510715 0.000022 0.348431 0.000016 -5.00 0.78 2418 
6.1 0.0588 0.0001 0.510759 0.000022 0.348444 0.000012 -4.28 0.79 2385 
7.1 0.0575 0.0001 0.510719 0.000018 0.348424 0.000012 -4.77 0.66 2404 
8.1 0.0577 0.0000 0.510717 0.000024 0.348448 0.000016 -4.85 0.81 2409 
9.1 0.0572 0.0001 0.510725 0.000024 0.348438 0.000012 -4.59 0.83 2393 

.Apatite 
1.1 0.1990 0.0001 0.512150 0.000022 -10.1 0.62 

.Apatite 
2.1 0.1590 0.0001 0.511610 0.000022 -11.3 0.68 

SEt 
147Sml1~d 2S.E. 143Ndfl~d 2S.E. u~d/144Nd 2S.E. 

Trcbl.l 0.2217 0.0003 0.512616 0.000017 0.348444 0.000016 
Trcb2.l 0.2208 0.0002 0.512581 0.000022 0.348440 0.000015 
Trcb3.l 0.2208 0.0002 0.512613 0.000021 0.348448 0.000017 
Trcb4.l 0.2211 0.0001 0.512621 0.000032 0.348441 0.000020 
TrcbS.l 0.2214 0.0001 0.512592 0.000030 0.348430 0.000020 
Trcb6.1 0.2203 0.0003 0.512600 0.000014 0.348432 0.000015 
Re£ value 0.2167 0.0125 0.512616 0.000011 0.348418 0.000008 
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Appendix J -Trace-element analysis by LA ICP-MS 
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Tab. J-1. Trace-element analysis on sample MMKJR006 monazite cores (points 1-7) and 

overgrowths on monazite cores (points 1-13 ). 

Grain No. 1 4 5 6 7 1 4 5 6 7 13 

s 0.479 0.432 0.470 0.399 0.420 0.610 0.640 0.729 0.547 0.614 0.632 

Sc 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

V 0.028 0.033 0.029 0.031 0.043 0.015 0.015 0.019 0.015 0.014 0.014 

Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

y 0.591 0575 0.578 0.565 0.596 0.551 0.491 0.474 0.512 0.470 0.410 

Nb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Nd 10.710 10.770 10.810 10.950 11.160 11.370 11.510 10.740 11.300 11.120 10.560 

Sm 

Eu 0.123 0.122 0.124 0.121 0.127 0.124 0.121 0.112 0.124 0.116 0.105 

Gd 0.539 0527 0.536 0.529 0.553 0.541 0.534 0.487 0.536 0.498 0.455 

Tb 0.046 0.045 0.045 0.045 0.046 0.045 0.043 0.039 0.044 0.040 0.036 

Dy 0.171 0.169 0.169 0.166 0.174 0.164 0.152 0.142 0.156 0.142 0.127 

Ho 0.023 0.023 0.023 0.022 0.024 0.022 0.020 0.019 0.020 0.019 0.017 

Er 0.040 0.039 0.038 0.037 0.039 0.036 0.032 0.030 0.033 0.030 0.027 

Tm 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.002 0.003 0.002 0.002 

Yb 0.013 0.013 0.012 0.012 0.013 0.012 0.010 0.009 0.010 0.009 0.008 

Lu 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

Ta 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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