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ABSTRACT 

The alkali feldspar paragenetic sequence in the Tanco pegmatite at Bernic Lake, 

Manitoba, spans the entire crystalliration and d i n g  history of the pegmatite, and 

indudes six different )((Rb)-feldspar and six different albite varieties. Total feldspar modal 

abundances approach 50% for the entire pegmatite volume. Blocky K-feldspar, aplitic 

albite and deavelandite together account for more than 95% of total feldspar volumes. 

The other, late, low-temperature feidspars indude (Rb,K) or (K) adularia and albite in 

veins and cavities, mostty contained in inner zones associatecl with poltucite and petalite. 

Feldspars collecteci from each of the nine major zones of the pegmatite have k e n  

assessed in ternis of composition and structural state, along one east-west transect and 

two north-south transects. 

In an inward progression through the wnœntrically zoned pegmatle, average bulk- 

compositional data for blocky K-fetdspar reveal steady increases in Rb20 (1.45 - 3.08 

wt.%), and C@ (0.1 1 - 0.29). increasing followed by decreasing contents of P205 (0.34 

- 0.47 - 0.38 W.%), LizO (0.014 - 0.095 - 0.048) and Tl (105 - 239 - I l 8  ppm), 

decreasing Na20 (2.5 - 1.1 M.%) and Ca0 (0.13 - 0.08), and variable Ba0 (0.004 - 0.17 

wt.%) and Ga2O3 (0.006 - 0.010). Rare-alkali contents in albite detemnined by EMPA are 

consistently at, or below, limits of detection and exhib'ied poor to random geochemical 

trends. Ca0 in aplitic albite and deavelandite decreases (0.08 - 0.03 wt.%), P2O5 in 

both types increases then decreases (0.15 - 0.20 - 0.1 1 W.%). Overall K20 content is 

variable (0.03 - 0.09 wt.%) but is slightly ennched in aplitic albite relative to 

deavelandite. Individual Iate (K-Rb) adularian feldspars frorn veins and dusters in 

pollucite exhiba extreme ranges in Rw (1.80 - 24.84 wt.%) and Cs20 (0.10 - 1.43), and 

significant P2O5 (b.1.d. - 0.51 W.%). X-ray powder-diffradion data indicate near 



maximum structural order of th5 early fetdspar varieties as maximum microcline and high 

albite. Hydrothermal adularia crystals are essentially end-member (Orlm) high sanidine. 

The large and economically significant Tanco pegmatite represents an extreme in terms 

of petrolog ic processes involving fractional and disequilibrium crystallization from granitic 

meits enriched in volatiles and fluxing cornponents (HzO, B, FI P), rare-alkalis (Li, Rb, 

Cs) and HFSE (Ta, Nb, Zr, Hf). The omnipresent alkali feldspars are the most significant 

carriers of P, Li, Rb, Tl, and Cs prior to the stabilization of large volumes of amblygonite- 

montebrasite, petalite, lepidolite and pollucite. The rise and fall of trace-element content 

in feldspars, in relation to the spatial distribution of different zones and minera1 

assemblages, has implications in ternis of the intemal evolution of compiex granitic 

pegmatites, as well as on the types and extents of subsolidus readjustments. Large- 

scale textures of the blocky K-feldspars in relation to matrix-forming albites are 

representative of primary magmatic crystallization, but the phase constitution of the K- 

feldspar - maximum microdine and low albie in perthitic intergrowth, was produced by 

subsolidus readjustrnent. This is also responsible for the origin of late K-Rb-feldspars 

and associateci albites. 
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CHAPTER 1 : INTRODUCTION 

The Tanw pegmatite located at Bernic Lake, Manitoba is one of the largest and most 

fractionated granitic pegmatites in the world. On the basis of texture and mineralogy, 9 

different zones are defined which collectively contain more than 100 different mineral 

species, including economic quantities of Li, Cs and Ta bearing minerals. Tanw is 

essentially an undeformed, blind pegmatite that crystallized rapidly from high Tl low P 

conditions, under relatively closed conditions. Consequently, ptimary textures and bulk 

composition of the pegmatite are well preserved, making this site ideal for detailed work 

on the mineralogy, geochemistry and petrology of primary processes in highly evolved 

granitic pegmatites. 

Feldspars in Tanco are eminently useful in the study of granitic pegmatites for several 

reasons. The modal abundance of al1 feldspars in the Tanco pegmatite approaches 50% 

by volume, and controls a signifiant portion of the bulk geochemical budget for major 

and trace-elements. There are at least 6 different varieties of K-feldspar, and 6 different 

varieties of albite, with at least 3 varieties of each species found in rnost zones of the 

pegmatite. Each feldspar type has unique properties in ternis of texture, composition, 

and crystal structure, some of which are broadly variable. Trace-elernent substitutions, 

particularly in blocky K-feldspars, are sensitive to the time-temperature dependent 

geochemical evolution during primary crystallization. The crystal structure of individual 

feldspars depends largely upon cooling rate, subsolidus fluid interactions, and to a lesser 

degree, tramelement substitutions. Thus the purpose of this thesis is: 

i )  to review the distribution and textural features of different feldspar types in the 

zoned pegmatite; 



ii) to establish the range of variations in chernical compositions, crystal-chemistry 

and structural state for each feldspar type; 

iii) to establish spatial variations in chemical composition and structural state of 

feldspars across the pegmatite; 

The data and interpretations presented in this thesis will be beneficial in ternis of 

petrologic considerations and cornparisons between other pegmatiies in granitic 

systems. This applies particularly to highly fractionated granitic pegmatites, the 

feldspars of which have riever been subject to a detailed scrutiny, 



CHAPTER 2: INTRODUCTION TO FELDSPAR NOMENCLATURE, CRYSTAL 

STRUCTURE, AND CHEMICAL COMPOSITION 

Feldspars çanstitute a substantial percentage of the Earth's crust, are found in almost 

every geological environment, and exhibit a wide range of physical and chemical 

properties which are diagnostic of the physico-chemical conditions under which they 

fomed. The available literature on general aspects of fetdspar crystal structure, 

mineralogy, geochemistry, themodynamics and petrologic implications is exhaustive; 

however, specifk information on feîdspars in highly evolved pegmatitic systems is rather 

limited. This is in part due to the cornplexities of the pegmatitic environment: processes 

involved dunng primary crystallization of granitic meits may reach extreme Iimits in terms 

of disequilibrium or fractional crystallization. Such processes uitimately lead to 

exceptional petrological textures, and accumulations of rare elements induding Li, Be, 

Rb, Cs, Tl, Mn, Ta, Nb, Sn, Ga, U, REEs, and volatile fluxing components such as B, F, 

P, Ci, and H20. The transition from magmatic to subsolidus conditions is Men difficult to 

characterize, as the speclfic mectianisms leading to the diverse textural and 

compositional features of pegmatites are not yet fully understood. 

Pegmatite systems are difficutt to model in companson to less evolved systems that 

crystallized at, or near, equilibrium; nevertheless, an understanding of the general 

physical and chemical properties of feldspars is required in order to facilitate further 

discussion. The following sections on nomenclature, crystal structure and chemistry 

bomw heavily fmm general feldspar texts written by Ribbe (1 983), and Smith and 

Brown (1 988). 



2.1 Nomenclature 

The general chemical formula of feldspars is MT40a: T, in rnost natural feldspars is 

primarily (AI,Si); divalent, groupll Mcations fom alkali-earth feldspars [(Ca,Ba) 

AI2Si2Oe], monovalent, group-l Mcatbns form alkali feldspars [(Na, K) AISi30e]. Mineral 

stabilities and sotid-solution series are wmmonly discussed with reference to the 

feldspar An-Ab-Or temary diagrarn (Figure 2.1) which encompasses the three most 

widespread components - anorthite. albite, and K-feldspar. Complete solid solution is 

characteristic of the plagiodase se- NgCa,, Alsy Si,,, Os (O r y 21). corresponding to 

the coupled substitution ~ a "  si4' = ca2'~P. There is a complete to incomptete solid 

solution series in the alkali-feldspar systern; the extent of solid solution is mostly 

dependent on T and P. At low temperature (Le.: below 750 O C  at constant PHmi Figure 

24, the large ionic size difference between K and Na promotes immiscibility in the alkali 

feldspar series, which is, in part, largely responsible for the development of perthite 

texture. Figure 2.1 The temary 

feldspar system (An-Ab-Or) 

hightighting the two major 

-w solid solution series at 

&wtM. A constant PH20 (Ribbe, 1983). 

Higher pressures have the 

effect of moving the solid- 

\ solution field boundaries 

doser to the binarv ioins- 



Different structural States, characterized by different degrees of ordering of the 

tetrahedral (AI.Si) cations, are also considered in the naming of feldspar species. K- 

feldspar structural varieties include: 1) high sanidine (HS) for highly disordered 

monodinic feldspar; 2) orthodase for ordered monodinic feldspar; 3) intermediate 

microdine (IM) for disordered tridinic feldspar; and 4) Iow or maximum microdine (MM) 

for highly ordered triclinic fetdspar. The structural varieties of albite indude: 1) monalbie 

(MA) - highly disordered and monodinic, 2) high albite (HA) - disordered and tnclinic, 

and 3) low albite (LA) - ordered and tridinic. Smith and Brown (1988) adopted the use 

of 'high' and 'low' as rnodifiers in front of the compositional names of Figure 2.1, for high 

temperature (Figure 2.2) and low-temperature (Figure 2.3) feldspars. 

2.2 Crystal structure 

Feldspars are framework silicates characterized by corner-sharing AIO, and Si04 

tetrahedra Iinked in an infinite 34imensional array. The basic structural unit consists of 

four-rnembered rings of these m4 tetrahedra (Figure 2.4) which, when corner-shared 

with other such rings, forrn double crankshaft-like chains parallel to (1 00) (Figure 2.5). 

The simplest and highest symmetry feldspar structure is that of C2/m sanidine. The 

four-mernbered ring of this feldspar as envisioned down the a-axis, consists of two pairs 

of non-identical tetrahedral sites (Tl, T2); one T,-T2 pair has apices pointing up (U), the 

other has apices pointing down (D). Tl and T2 are related by a mirror plane parallel to 

(O1 O). At lower symmetry, the (01 0) mirror plane is absent and the Tl and T2 sites 

expand into four non-identical tetrahedral sites, arbitrarily defined: T,o, T,m, Tzo, and 

Tm. This loss of symmetry corresponds to the shift fmm monodinic to triclinic 

symmetry. Fully ordered K-feldspar and albie belong to the rnetrically triclinic space 

group C 7. The topology of the four T-sites is mnveniently described with reference to 

the 'dog-face' or ce-axis projection (Figure 2.6). 



Figure 2.2 Nomendature for high temperature, disordered temary feldspars (Smith and 
Brown 1988). 

byî ownite T\ 

Figure 2.3 Nomenclature for low temperature, ordered temary feldspan (Smlh and 
B r m  1988). 



Four - membered tetrohedral ring 

AC~UOI  Stylited 

Figure 2.4 Projection of the four-fold 

tetrahedral ring on (20 7) (left) and a 

stylued representation (right): U=upward 

pointing tetrahedron; D=downward pointing 

tetrahedron. (Ribbe, 1983). 

Figure 2.5 The double-crankshaft 

chain of four-membered 

tetrahedral rings that run parallel 

to a in ail feldspats (Ribbe, 1983). 

The 'dog-face' projection illustrates how the double-crankshaft units are wnnected 

through adjacent T2 vertices in the b-direction, thereby generating sheets of crankshaft 

chains. There is one such sheet per c-repeat. T2 tetrahedra only have bonds within the 

double crankshaft sheets, whereas the Tl tetrahedra link adjacent sheets. 

2.3 Omler4isotder reactions 

At high temperature, i.e. in a more energized state, a random distribution of Si and Al 

ensures similar TrO and TrO bond tengths. At lower temperature however, the 

differences in valency and size of Si and Al are more influential, and result in the 

preferenfial movement of Al into the T i  site (Ribbe, 1983). The resutting local structural 

distortion favours the migration of Al into adjacent T,o sites, and propagates longer- 

range ordering (Smith and Brown, 1988). 



1 f 10 :  

Figure 2.6 ldealized 'dog-face' projection of the feldspar structure ont0 the 

plane (001) along ce, featuting the tetrahedral sequence within chains along 

the [Il O] and (1 101 directions, respectively. In a completely ordered alkali 

feldspar structure T~' is found only in the [Il O] chains (solid circles). whereas 

the il 701 chains are free from p. (Ribbe. 1983). 

Variable cooling rates, pressure, deformation, surface area, feldspar compositions, and 

presenœ and composition of fluids, ail influence the ordering of primary, homogeneous 

and disordered feldspars (Cemy, 1994). Martin (1 974) examined hundreds of natural 

and synthetic feldspars and perfonned a series of P,T, and time variable experiments to 

better understand the ordenng processes of alkali feldspars. He determined that the 

rate of cooling is one of the most important variables controlling subsolidus ordenng of 

feldspars. Ordering rates are also sûongly influenced by the presence of aqueous fiuids. 

H20 is an important catalytic agent; hydrolysis of alkali feldspars proceeds by the 

following reaction: 

Na(or K) AISi3Os + 2H20 - (H30)AISi30e + OH- + Na* (or K*) 



This is the first step in AI-Si ordering leading to a series of solution and redeposition 

reactions involving the breaking of Si-O and AI-0 bonds by H': 

Si-O-Si + H4 t. Si-OH + -Si 

AI-O-AI + H4 AI-OH + -Al 

Local redistribution of tetmhedral cations to satisfy minimum chrystallographic energies 

resuits in increasing order with decreasing temperature. The ordering process is 

reversible - annealed feldspars tend to revert to disordered States. Regardless of the 

direction of order-disorder process, HzO is an essentiat catalytic agent; without it, the 

strong T-O bonds of the tetrahectral framework cannot be broken (Martin, 1974). 

Aithough albie and K-feldspar both share the same tendency toward Al accumulation in 

the T,o site with decreasing temperature, the specifics of the ordering process differ. 

Two firçt-order breaks define the therrnodynamic stability fields of albite (Figure 2.7): the 

first, at - 980°C (Abloo), marks the displasive transition between monalbite and tndinic 

high albite, the second boundary at -680 OC marks the transition between high and low 

albite. 

Two first-order breaks also define stability fields for K-feldspars (Figure 2.7): the first at 

-800% (Orioo) delineates the stability fields of high sanidine and orthoclase, both are 

monodinic feldspars; the second break at -575 OC, marks the displacive transition from 

monodinic orthodase to tridinic microdine. Ordering of K-feldspar is more mmplex and 

initially much slower than that of albite. The large K' ions, in the &coordinated M-sites 

of K-feldspar, have a stabilizing effed on the larger-volume monodinic structure (Smith 

and Brown, 1988). Also, at elevated temperature, the development of coherent 



cryptoperthite in orthoclase inhibits further ordering. However, at low temperatures and 

in the presence of an aqueous fluid, orthodase becomes very reactive because of the 

large elastic-strain energy associateci with cryptoperthite (Waldron et a/. , 1 993). From an 

optical standpoint, orthodase is readily identifiable by the presence of strain-contralled 

tweed microtexture. Microcfine can be characterized optically by the irregular tartan 

microtexture of intersecüng albite and pericline twins. The transformation from 

monodinic orthoctase to tnclinic microdine, as discussed above, typically results in 

recrystallization to a coarse mosaic of subgrains, and an increase in turbidity and 

microporosrty (Teertstra, 1997). A detailed analysis of the orthoclase to microdine 

transformation, the generation of turbidity, microporosity and perrneability, and the role 

of H20 is discussed by Waldron et d. (1 993) and Walker et al. (1 995). 

Figure 2.7 Schematic 

subsolvus phase diagram 

for alkali feldspars showing 
mmlbitr the two firçt order structural 

h 4 b  transitions for albite (Abioo: 
alûlle 980°C and 680°C), and two 

first order transitions for K- 

feldspar (Orfoo: 800°C and 

57S°C) (Martin, 1 974). 

2.4 Ph ysical properties: cleavage, parting, intergrowths, colour 

Physical properties such as deavage and parting are an expression of heterogeneous 

bond strengths between structural units of the tetrahedrat framework. Most feldsparç 



have at least two welldeveloped deavage planes: 1-perfect along (OOl), the other less 

than perfed, along (010). A third imperfect deavage may be observed along (1 70). An 

examination of crystal structure and topdogy reveals that the (001) and (010) cleavages 

break along planes with the srnallest number of tetrahedrat bonds per unit area (Barth, 

1969). Parting is sometimes obsewed parallef ta (1 00) and less mmmonly, in K- 

feldspan, parallel to ( 801). The ( 801) parting is explained by k i ng  nearly 

perpendicular to the axis of maximum thermal expansion (Barth, 1969). 

Two categones of intergrowths are present in feldspar types: homogeneous and 

heterogeneous. Homogeneous intergrowths are comprised of a single phase with 

diiferential growth orientations; twinning is the most common, and is found in al1 types of 

feldspar. Twins are the expressions aystallographic imperfections formed at the time of 

crystal growth or after crystal growth in response to deviatory stress. More than 20 

different feldspar Win laws are known, but only 5 are important: Albite, Pericline, 

Carisbad, Baveno, and Manebach. Twins can be very informative in the understanding 

of phase transformations and exsolution (Smith and Brown, 1988; Ribbe 1 983; Barth 

(1 969). 

Heterogeneous intergrowths of feldspars include antiperthite (K-feldspar lamellae in 

plagioclase host), and perthite (albite lamellae in a K-feldspar host). These intergrowths 

are developed during subsolidus readjustment of originally homogeneous feldspars, 

which becarne unstable at low temperature. The dnving force for exsolution is the 

reduction in the chernical or bulk free energy due to segregation. If the collective free 

energies of the separate phases and the interface, are lower than the free energy of the 

original single phase, then exsolution can proceed spontaneously. The temperature at 



which exsolution can proceed in the Ab-Or system is defined by the order-independent, 

but strain-dependant solvus (Figure 2.8). 

1"1 Figure 2.8 Relations between 

Am strain-free solvus (SFS), coherent 

solvus (CS) and the mondinic 

(M) - tnclinic (T) phase -- transfomation, for su pposed - - - - -\ 
1 , 4~ equilibrium cooling. The dashed 

band shows the zone of rapid 

200 ordering (Smith and Brown 1988). 

The overall texture of perthites and antiperthites as well as the morphology and relative 

volume of the individual phases are largely dependent on the bulk composition of the 

original feldspar, and the extent of hydrous-fluid interactions. Brown and Parsons (1 994) 

produced a schematic diagram based on microtextures in a series of temary feldspars 

from the Klokken intrusion (Figure 2.9). The texture, composition and distribution of 

natural feldspars in igneous deposits are a combined product of 3 processes (Brown and 

Parsons, 1994): i) magrnatic crystallization, ii) subsolidus transformation and iii) deuteric 

aiteration. The first stage invoives the processes of nucleation and crystal growth of 

highly disordered feldsparç. Sulk composition, rate of cooling and PH20 are the main 

considerations. At the subsolidus transformation stage, phaçe-transformation leads to 

the development of exsolution microtextures, such as coherent crytoperthite in alkali 

feldspars. The scate and extent to which these textures forrn is inversely proportional to 

the rate of cooling, and leads to substantial elastic strain within the crystal lattice. Stored 



elastic energy within the microtextures facilitates formation of secondary porosity , which 

promotes rapid and efficient dissolution-reprecipitation reactions during the deuteric 

atteration stage. 3euteric alteration involves dissdution-reprecipitation reactions under 

the influence of a locally denved hydrous phase. Results Vary depending on the relative 

volumes of fluid vs. mineral, and the rate of infusion of H20, which in turn is controlled by 

the availability of primary and secondary porosity and pemeability within the feldspar. 

Fluid interactions with metastable feldspars, under conditions of decreasing temperature, 

generally leads to increasing structural order, in conjunction with the developrnent of 

turbidity in K-feldspars, and coarsening of albite lamellae from film perthite (at low to 

moderate levels of fluid interaction), to coarse vein perthite at moderate to high levels. 

Patch perthite develops at even higher degrees of fluid interaction, and may be 

indicative of dissolution and replacement by more d i a l  hydrothemal alkali-rich fluids. 

Figure 2.9 Schematic diagram of 

microtextures in a series of 

spatially related feldspar 

compositions ffom the Klokken 

intrusion (Brown and Parsons 

1994). Vertical hatching: albite 

twins in plagioclase. Cross 

hatching: tweed orthoclase. 

Unornamented: other Or-rich 

fetdspar: low sanidine in straight 

îamellar intergrowths, high 

microdine in wavy intergrowths, 

and low microdine in zig-zag 

lozenge intergrowths. 



The variety of feldspar colours muM be informative with respect to differences in 

compositional or structural characteristics; however, a large nurnber of intrinsic and 

extrinsic factors may be invdved, making straightfoward interpretatiins of wlour with 

resped to these charaderistics diffmit. Cemy and Macek (1 972) studied 9 hand-picked 

K-feldspars from the upper intermediate zone (50) of the Tanm pegmatite. Pink-white 

grey feldspars roughly correlated to an increase in Na20 (average wt% 1.2-1.4), 

decreases in K20 (13.0-12.S0h) and Rb20 (2.5-2.3%), and a range in Ce0 from -0.20- 

0.25 wtOh which culminated in the white phase. X-ray powder-diffraction data for the 

same feldspar series yielded a systematic decrease in tnclinicity (A) from a maximum of 

-1 (pink) to a minimum of -0.85 (grey). Pink feldspar tends to have greater 

micropomsity, and the pink to red cdouration is attribut4 to the presenœ of dusty 

inclusions, some of which resemble hematite andlor iron hydroxides (Cemy and Macek, 

1 972). 

2.5 Chernical composition 

The recordeci number of trace-element substitutions in natural feldspars is extensive. 

Weli-established T-site substitutions include: B, Ga, Fe, Mg, Ge, Ti, Be, P. Sn. Several 

other transition elements are thought to fit into T-sites, but with Iess ceitainty: Sc, V, Cr. 

Mn, Co, Ni, and Cu. Well-established M-site substitutions indude: Li, Rb, Cs, Tl, NH4, 

Sr, Ba, Pb. Additionally, the following elements have been detected but structural 

positions are uncertain: H, F, CI, Br, Zr, Hf, Th, U, Nb, Ta, W. PGEs, REEs, Au, Cd, Hg, 

In, Sb, and Bi (Smith and Brown, t988). 

A few elements traditiinally considered tramlements may be enwuntered at minor or 

even major concentrations. A gooâ example is Ba in celsian (BaAI&Os); found only in 

Mn-rich deposits, it has a structure similar to K-feldspar, and foms the Ba end-member 



of an isomorphous series from orthodase to celsian (Deer et al., 1992). Teertstra (1 998) 

reported the occurrence of Rb-dominant feldspar (up to 91 mol % RbAISi3Oe) from the 

interior zones of highly evdved granitic pegrnatites. He has proposed two new species 

to be added ta the feldspar group, namely mbicline and rubidine as Rb-end-mernber 

equivalents to microdine and sanidine, respedively; rubidine has IMA approval as a 

mineral (Teertstra et al., 1999). but the proposal for rubidine is still under consideration. 

ln addition to the natural feldspar variants mentioned above, a wide variety of end- 

member feldspar species have k e n  produced synthetically (Table 2.1). There is 

presently no definitive theory available to predict which compositions will generate a 

feldspar structure; however, it appears that only M-cations with radii between 0.09 and 

O. 14 nm fom end-member wmpositions (Bruno and Penting hause, 1974). Elements 

such as Li, TI, and Cs are outside this range, however significant K-site substitutions of 

TI (up to 60%; Smith and B m ,  1988), and Li ( ~ 9 1  moloh; Deubener et al., 1991) have 

been attained in synthetic alkali feldspars. 

A number of factors may influence the patiiioning of trace-elements between meit and 

crystal. Factors to be considered indude P-T conditions dunng crystallization, crystal 

growth rate, and fugacities of volatile components such as F, B, P, CI, and H20 (Long, 

1978). Additionally, the bulk composition of the liquid and crystalline phases is of 

paramount importance, along with the concentration of the trace-element in question. 

Various authon, who have derived parfiion coefficients P ( M ) ~ * ~  for Ba, Sr, Rb, and 

Cs between alkali feldspar and siliceous meîts of varying compositions, have found 

limited consensus with regards to the true values of these axflicients (Icenhower and 

London, 1996; Mahood and Hiidteth, 1983; Long, 1978). It is not surprising that some 

researchers have suggested distribution coefficients are not universal among diffenng 



rock types (Mahood and Hildreth, 1983). However, most authors tend to agree that 

composition, particularly the Or content of the crystallizing feldspar, and the 

concentration of the trace-element in question, are the most significant factors to be 

considered. tieier (1 959a. 1959b) nded that K-feldspar tends to control the distribution 

of Rb, Ba, and Cs, whereas Sr has an aninity for albite. lcenhower and London (1996), 

found that D(6a) Fw* and D(Rb) were strongly dependent on the Or content of 

feldspar, but that D(Sr) F*a' was indepandent of albite or orthoclase content. 

Interestingly, the above study also indicated that [ D ( M ) ~ ~ ~ ' .  for M= Ba. Sr. Rb, Cs] did 

not depend on either temperature or bulk wmposition of the peraluminous meit. This 

last statement is in contrast to the beçravior of P in peraluminous granitic meits, as 

described by London et al. (1 999). Phospho~s su bstitutes into the feldspar structure via 

the berlinite substitution (A1PSi2-). This substitution is strongly affected by the Al-content 

of the meit, such that P becomes a oompatible element in K-feldspar above an AS1 

(alurninum saturation Index) value of -1.3. 



Table 2.1 : Selected synthetic feldspars: formulae, notes and references (from 
Tee rtstra ,1997). 

1CPeSi,Q: may be monaclinic and +tFclinic (Uonem C Appl-n 1963, 
Paumt 1936, EhutmZruil~e & Parrry 1888). Solid aolution 
with IUlSLA p t o p u e d  by Lindqvlst (1966). 

ItSSL,O,: forma r m e t h m  w i t h  XAlSiA (Martin 1971). 

HALSi,Ojr prepareâ by cation exchurge o f  Na-oxchrnged amidino in 
w04 (XÜlhr 1988). Structurm rafinrd by Pulu8 L M i i l l e r  
( 1988)- 

L U l S i , O , :  prmprred by cation exchange (MOller 19881, Deubenmr et 
a l  1991). 

NI!j$lSFfia p r œ p u d  undat anhydroum conditionm(Vonckon et al. 
1993.), errlior work by 8ackor (1964) and Hrllum G 
Eugmter (1976). 

NaBSij4: hydrotho-1 aynthamia u m h g  ( m t r u c t u r m  rmfinod, 
Floot 1992), marlfer work w u  by -ta (1977), Bruno C 
Pantîngh8um (1974), gugrkrr & IlcIvmr ( 1959). nbrphology 
wam rtud1.d by Hamon (i980r, 1980b). 

LIA~,sLO,: containhg trivalent non-tetrahedral cation. (ltnolp C 
Lhbau 1994) 

2.7 Substitution mechanisms 

A nurnber of different crystakhemical substitution mechanisms in feldspars from vanous 

granitic pegmatites and granites were considemd by Teertstra (1 997). This induded the 

berlinite substitution (P + Al = 2Si), also documentecl by London et al. (1990) and 

London (1992a). plagiodase substitution [Ca (Sr, Ba) + Al = Na (K) + Si], vacancy 



substitution [(Na, K) Al = C! Si)], and Iight-elernent substitutions (e-g. T- sites: Be, B; M- 

sites: Hl Li, NH,). 

ldeal feldspar stoichiometry stipulates that the sum of tetrahedral cations (ET) should be 

equal to 4 (Figures 6.12a,b). It is evident from Figure 6.1 2a that Si and Al alone do not 

account for full tetrahedral occupancy. With the berlinite substitution accounted for in 

Figure 6.1 2b, the tetrahedral stoichiometry dosely approaches the ideal (i.e. Si+AI+P 

=4). 

ldeal stoichiometry for alkali feldspars is represented by the apices of the dashed lines in 

Figure 6.1 3a [Si+2P =3.00, and sum of monovalent M-cations (CM) =1 .O001 and Figure 

6.13b [Al-P (TW = 1.000, M-cation charge (M+) = 1.0001. Deviations beyond the 

experimental ermr of approximately +/- 0.01 apfu, can be considered real systematic 

shifis. If one can rule out systematic analytical bias, then the shifts can be interpreted as 

the resuit of one, or the combination of several substitution mechanisms, indicated by 

the vedors labeled 1.2, 3 in Figures 6.1 3a,b. The plagioclase-type, vedor [l], is 

indicated by an increase in divalent cations (at the expense of monovalent M-cations), 

with a concurrent increase in Al (at the expense of Si). The vacancy substitution, vector 

(21, is indicated by increasing Si with decreasing Al, M-cation charge, and monovalent M- 

cations. Light element substitution, vedor [3], is indicated by decreasing M-cation 

charge and monovalent M-cations, at constant Si and Al. 



CHAPTER 3: INTRODUCTION TO THE TANCO PEGMATITE 

The Tanco pegmatite is a member of the rare-dement class of granitic pegmatites as 

defined by Cemy (1991). In more detail. the intemal structure and mineralogy indicates 

that Tanco belongs to the petalite subfype, of the cornpiex type, of ratedement class 

granitic pegmatites (Cerny et al.. 1998). The pegmatite is also designated a member of 

the LCT family of granitic pegmatites, alluding to the petrachemical character of 

enrichment in Li, Cs and Ta (Cemy. 1991). Tana is host to dozens of rare mineral 

species, inciuding the Cs-bearing alurninosilicate pdlucite. To the best of our 

knowledge, pollucite is only found in granitic pegrnatites and is, in part, an indication that 

Tanco is a product of very advanced fractional crystalt'iion (Teertstra, 1997) 

3.1 Location and Economic significance 

The Tanco pegmatite is located under Bernic Lake, 180 km EN€ of Winnipeg, Manitoba 

within the Bird River Greenstone Bett of the Superior Province (Figure 3.1). Year round 

access can be gained by paved and all-weather grave1 roads eastward from Lac du 

Bonnet, Manitoba. The orebody is accessed from the surface via a 5m x 4m 20%-grade 

inclinecl rarnp, and much of the ore is removed by hoist. Since commercial-scale mining 

was initiated in the mid-195O1s, significant quantities of ore-grade material containing Li, 

Cs, Ta, and Rb mineralization have k e n  recavered. Up to 1961, production from the 

Tanco pegmatite had been sporadic and of very limited tonnage; there was essentially 

no upgrading of the material mined. Preparations for tantalum production (drilling, 

underground development, and miIl construction, etc.) began in 1967 with commercial 

produdion commencing in 5 969. Table 3.1 highlights teserves and economic 

mineralization. 



Superioi Province 

Figure 3.1 Tanw location within the Bird River Greenstone Belt of 
the Superior province. SE Manitoba (rnodified from Stilling, 1998). 



Table 3.1 Preproduction ore and mineral resewes. 
(cerny et ai., 1998) 
Commodity Primary mineral sources Tons Average Grade 

Lithium spodumene, petalite, lepidolite > 7.3 million 2.76 % Li20 

Cesium pollucite 350 O00 23.3 O h  C e 0  

Tantalurn tantalite, wodginite, rnicrolite > 2.0 million 0.216 % TazOs 

Rubidium lepidolite 107 700 3% Rb@ 

Beryllium Bers 920 O00 0.20 % Be0 

Quartz Quartz 780 800 - 

Among pegmatites of the same petrological and geachemical type, only three other 

known localities are comparable in ternis of size: i) the Bikita deposit in southem 

Rhodesia (Cooper 1964). ii) the Greenbushes pegmatite in southwest Australia 

(Partington, 1995), and iii) the Big Whopper pegmatite, located 50 km east of Tanco, in 

NW Ontario (Breaks and Tindle, 1997). Another comparable pegmatite of the sarne type 

but smaller in size occurs at Varutrask in Sweden (Quensel, 1956). More information on 

the history and economic aspects of Tanco can be found in Crouse et al. (1984) and 

Cierny et al. (1 998). 

3.2 Regional Geabgy 

The Bird River Greenstone belt is part of the Bird River Subprovince (Figure 3.1), 

bordering the batholithic beit of the Winnipeg River Subprovince to the south, and the 

Manigotogan gneiss belt of the English River Su bprovince to the north (Figure 3.2; 

Trueman, 1980). Tanco is just one of several pegmatite bodies within the Bemic Lake 

pegmaüte group: an east-west trending suite of pegmatites camprising some of the most 

highly fractionated pegmatites in the region (Cern9 et al., 1998). This group is thought to 

represent the westemmost extension of a series of pegrnatites belonging to the larger 

Cat-Lake-Winnipeg River pegmaote field (Figure 3.2; Cemy et al., 1981). possibly also 



connected to the rare-etement pegmatites at Separation Lake in northwestem Ontario 

(Breaks and Tindle, 1997). 

Emplacement of many pegmatite suites in the region appears to be contrdied by both 

regional-scale, E-W trending, antiformal-synfomal packages of Archean cnist (Figures 

3.2, 3.3), and more tocaiized crosscutting joint-sets, fractures and fautts related to major 

and minor ctiapiric intrusions. Most rock assemblages of the Bird River Subprovince, 

visible in Figure 3.2, range in age from 2780-2640 Ma, but several remnant tihobgies 

are as old as -3 Ga (Cemi et al., 1998). 

Bird River Greenstone 8811 

Lithologic assemblages of the Bird River Greenstone Belt, include metavdcanic, related 

and derived metasedimentary rocks with synvolcanic to late-tectonic intrusive rocks 

(Cerny et al., 1981). Si lithologidmetamorphic assemblages are identifmi (Figure 3.2); 

from oldest to youngest they include: 1) the Eaglenest Lake Formation, 2) the Larnprey 

Falls Formation, 3) the Peterson Creek Formation, 4) the Bemic Lake Formation, 5) the 

Flanders Lake Formation, and 6) the Booster Lake Formation. (Trueman, 1980; Crouse 

et al., 1984; Cemy et al., 1981. 1998: Stilling, 1998). Figure 3.3 focuses on the general 

geology proximal to the Tanco pegmatite, and draws attention to the major E-W trending 

structures, which hetp ddimit assembîages 1-6. 

Assemblages 2 and 3 contain mosüy metavolcanic rocks of basaitic and rhyolitic 

compositions, respediveiy. Subordinate metasedirnentary rocks indude intercatated 

tuffs, hyalodastites and banded imn formations in (2), and local volcanidastic and 

epidastic derivatives in (3). Assembiages 1 and 4 are dominated by the pfesenœ of 

fine to coarse vofcanidastii metasedimentary racks, and lesser banded iron 
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Figure 3.2 Geology of the Bird River Greenstone Beit. Numbers 
correspond to lithotectonic units described in the text: 2 Lamprey Falls, 3 
Peterson Creek, 4 Bernic Lake, 5 Fianders Lake, and 6 Booster Lake. 
Unit #Idoes not outcrop within the map area. Modified from Crouse et al. 
(1 979). 



Tanco PegrnatCte Extent 
and Potential Extent 

e Axial trace of anticlinal fold with ptuige ditocdon 

w Axial trace of synclinal fold with plunge direction 

Figure 3.3 Structural and geological setting of the Tanco Pegmatite at 
Bernic Lake. Manitoba (modified from Crouse et al.. 1979). 



formations. Minor lithologies include biotite schist and amphibolite in (1). and a 

spectrum of metavolcanics in (4), ranging in composition from basalt to rhyotite. 

Assemblages 5 and 6 wnsist mainly of metasediments induding pebbly meta-arenite 

interbedded with metawnglornerate in (5). and finer-grained meta-greywacke- 

mudstone turbidites and interbeâded iron formations in (6). 

Metamorphism and sfructure 

Essentially al1 assemblages of the Bird River Greenstone Bett attain at least 

greenschist-facies metamorphism, with most units exhibiting at least one generation 

of penetrative tectonic foliation. Unit 2 also contains mineral assemblages of the 

homfels facies, and is intruded by several metagabbro-uitramafic sills and stocks, 

quartz (feldspar) porphyry dykes, and in the south and eastern parts of Figure 3.3 by 

pegrnatitic granite and pegmatite stocks and dykes. The structural geology of unit 2 

is quite simple; the rocks of this unit form the basal sequence of a major eastilvest 

trenâing synclinorium that is unmodified by minor folding (Cemy et al., 1998). Only 

the latest pegmatite bodies intniding this unit escape the regional metamorphism to 

greenschist facies. Most-of unit 5 and parts of units 3 and 4 also appmach 

arnphibdite-facies grade. These units exhibit a cornplex structural history involving 

two major penods of folding which yielded Ramsay's Type III interference foM 

patterns (Cemy, 1998). The degree of foMing culminates in unit 4 as tight, near 

horizontally-pîunging fdds. Local intrusions of gabbro, dionte and quartz-feldspar 

granodiorite stocks and sills are also reported in unit 4. The Tanm pegmatite is 

largely in contad with metagabbroldiorite and granodiorite (Figure 3.3). hosted in the 

Bemic Lake Formation. Unit 6 uneonfomiably overlies uni& 1-5 and has also b e n  

intruded by pegmatitic sills and stocks. The structural geology of unit 6 is simple and 

consists of a monodinic sequence marked by open flexures of bedding and 



schistosity. Metamorphic assemblages reach lower amphibolite facies and were 

subsequently retrogressed (cemy, 1998). As is the case for unas 2 and 4, 

pegmatites of unit 6 are relatively undefomed. 

Intrusions and Regional evolution 

Granitoid rocks in the region (Figure 3.2) include the Maskwa Lake, Marijane Lake, and 

Lac du Bonnet Batholiths, respedively located north, east and southwest of the Bird 

River Greenstone Belt. These diapiric intrusions consist of tonalite and granodionte 

cores, which appear to have k e n  emplaced synchronously to the formation of tectonic 

foliations in assemblages of the Bird River Greenstone Bel  (cemy et al.., 1998). Each of 

these intrusions is mantled and dissedeci by late tectonic biotite granites. ln the case of 

the Lac du Bonnet batholith, the late biotite granites predominate over other rock types, 

and appear to have k e n  emplaced synchronously to the initiation of east-west faulting 

within the greenstone bel. This faulting probably controlled subsequent intrusions of 

pegmatitic granites and pegmatites of the Winnipeg River pegmatite distrid ( h m y  et al., 

1981, 1998). 

The Winnipeg River pegmatite district indudes the Bemic Lake pegmatite group. The 

Tanco pegmatite is the largest and most fractionated pegmati!e of this group and 

exhibits the subhorizonatal joint-controlled morphology typical of other pegmatiies in the 

group. For many other pegmatite groups of the Winnipeg River pegmatite district, direct 

links can be made to late- to p s t -  tectonic leucogranites (e.g. Greer Lake, Eaglenest 

Lake, Axial, Rush Lake and Tin Lake groups). The Shatford Lake group, which is 

dorninated by pegmatites of the NYF family, is assoaated with the eastemmost 

tennination of the Lac du Bonnet bathohth (Cemy et al., 1981). However, attempts at 

finding a parental granitic source for the Bemic Lake gmup (and Tana) have so far 



failed. Geophysical and regional geochemicai evidence suggest a blind parental 

granitoid source may exist towards the NE (Cemy, pefsonai comm.. 1999). 

3.3 Tanco morphology and internat zonation 

The following section indudes a bnef sumrnary of morphology and zonation based on 

Crouse et al. (1 984), Cemy et al. (1 998). and Stilling (1 998). Bulk composition and 

specific mineml abundances by zone are h m  Stilling (1 998). The shape, size and 

orientation of the pegmatite and interior zones have been completely bracketed by 

diamond drilling . The main body is best described as a doubly-plunging, saddle-shaped 

bi-lobate ellipsoid, approximately 1990 by 1060 m (Figure 3.4) by 100 m thick (Figures 

3.5, 3.6). Observations of the pegrnatite, based largely on differences in texture and 

mineralogy, have led to the discrimination of 9 different zones (Table 3.2, Figures 3.5, 

3.6). Table 3.2 compares general textural and compositional characteristics of the 

different zones. 

As a historical footnote, zonal designations pnor to 1998 were based on a single digit 

numbering system (i.e. l,2,3, ...); however, in order to adequately categorize the wide 

variety of apparent transitinal assemblages in a amputer-friendly manner, a two digit 

numhr system has been adopted. The full range of zonal designations now in use 

includes: (1 0) (1 2) (20) (30) (36) (40) (45) (46) (47) (50) (58) (60) (63) (67) (69) (70) (80) 

(90) (P. Vanstone, personal comm., 1999). Transitional assemblages are invariably very 

minor in volume relative to the major (XO) zones. General mineralogical and 

compositional charadefMcs of the major zones are described below: 







W Fence Section 9700N 

Figure 3.5a Eastern half of E-W fence through Zone 20 Wall Zone 
the Tanco pegrnatite looking north. The 10200E a Zone 30 Aplilic Albite Zone 
transect extends into the page through the main m Zone 40 lower Intermediate Zone 
poilucite body in red (at hole C-031). Modifieci Zme 50 Upper Intemediate Zone 
from Stilling (1 998) Zone 60 Central Intemediate Zone 

I Zme 70 Quartz Zone 
I Zone 80 Pdlucib Zone 

Zone 90 lepidite Zone 
rn Arnphibolite XenolithdCounlry Rock 



W Fence Section 9700N F 

Figure 3.Sb Western half of E-W fence Zone 20 Wall Zone 
through the Tanco pegmatite looking norîh. rn Zone 30 ApMic Albite Zone 
The 91OOE transect extends into the page 
through the main lepiddite M y  in pink (at hole I Zone 40 Lnwer Intemiediate Zone 

B). Modified frorn Stilling (1998) D Zone 50 Upper Intermediate Zone 
I Zone 60 Central Intemediate Zone 
1 Zone 70 Quarlz Zone 

Zone 80 Pollucile Zone 
I Zone 90 Lepiddile Zone 

Amphibollle XendithslCounlry Rock 



e Zone 30 Aplitic albite zone 
Zone 40 Lowtrr intemediate zone 

O Zone 50 Upper intermediate zone 
Zone 60 Central intermediate zone 

Zone 80 Pollucite zone 
zone 90 Lepiddite zone 

W Amphlbolite xenaHths/country rock 

Figure 3.6 Eastern (a) and Western (b) N-S fences through the Tanw 
pegmatite loolong east. The 9700N transed extends into the page 
through the main 
lepidohte body in 

polluate pody in (a) (at hole C-031). and through the 
(b) (at hde B). Modified from Stilling (1998). 
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Zone (IO), the border zone, is a thin <30 cm intermittent wncentric shell formed 

ktween the main body of the pegmatite and host rocks. It is made up mostly of fine- 

grained albie and quartz, with biotite, muscovite, apatite, beryl, and tourmaline as 

common accessory minerals. Tourmaline and beryl crystals up to 20 cm in length 

sometimes fom wmb-like ~ t ~ d u f e s  normal to the contact. Reaction rims of similar 

texture and composition are reporteci to fom around arnphibolite xenolihs in the 

pegrnatite. This zone is too thin to be shown in Figures 3.5, 3.6. 

Zone (20), the wall zone, is the most voluminous zone (31 % by volume) attaining a 

thickness of up to 38 m along the footwall contact. The main constituents include 

abundant medium-grained albie (40 %; up to 30 cm) and very coarse microcline- 

perthite (1 5%; up to 3 m) in a quartz-albie matrix, and tabular greenish muscovite 

(up to 10 cm). Common acœssory minerals indude lithian muscovite with apatite, 

beryl, and tourmaline (up to 20 cm in length). Albiie is more dominant in the footwall 

portion, and comrnonly occurs as foatwall aplitic albite; K-feldspar is more dominant 

in the hangingwall portion (P. Vanstone, personal comm., 2001). Localized mineral 

assemblages mntaining albie, wlumnar lihian muscovite, and tourmaline display 

metasomatic features. 

Zone (30), the albiüc aplite zone foms sheet-like discontinuous layers up to 16 m 

thick, which are concentrateci in the central to eastem parts of the pegmatite. Bluish, 

greenish to purplish, relatkely homogeneous aplitic albite is widespread (in other 

zones, other mineral phases intimatety associateci with aplitc albie are considerably 

more abundant). Modal abundanœs of albite and quartz make up 67% and 25% of 

the zone, respedively. The remaining constituents inciude significant amounts of 

muçcovite, and bey along contacts with zones (60) and (40), and traces of 



tourmaline, apatite, lithian muscavite +/- lepidolite. Zone (30) also cantains 

economicafly significant quantities of Ta, and Sn oxide minerakation, along with 

minor amounts of Be, Zr, and Hf. Based on texture, rnorphology and timing of 

crystallization zone (30) is generdy considered a core zone of the pegmatite. This 

zone constitutes appmximately 2.6% of the pegmatite. 

Zone (a), the lower intemediate zone, occurs mainly in the lower haff of the 

pegmatite and is second overall in terms of volume (29%). In contrast to zone (20), 

albite and K-feldspar occur at near equal modal abundanœs, 25% and 24% 

respedively. Notable mineratogical features of this zone are the appearanœ of 

significant quantities of amblygonite-montebrasite and spodumene. and the 

conspicuous absence of toumaüne. Overall, compositional and textural 

heterogenerty appears to be a d inost ic  characteristic of the zone. Two mineral 

assemblages are noteworthy: 1) iarge crystals of microdine-perthite and spodumene 

plus quartz pseudomorphs after petaiiie (up to 2 m), ernbedded in a matrix of 

medium-grained quartz, albite and mica; and 2) 0.5-2 m quartz pods with 

amblygonite-montebrasite and spodumene plus quartz aggregates. Radial rims of 

cleavelandite and micas around the feldspar-rich assemblages usually separate 

thern from the quartz-rich accumulations. 

Zone (SO), the upper intermediate zone is somewhat restricted to the u pper regions 

of the pegmaüte and is frequently in contact with the hanging wall of zone (20). This 

zone attains thicknesses up to 24 rn, and =unts for 13% of the bulk volume of 

Tanco. Zone (50) evolves in an upwards direction from zone (40) with a gradua1 

decrease in albite and mica. and greatly increasing proportions of Li-(P) 

aluminosilicates. Petalite (recrysbllized to secondary intergtowth of spodumene and 



quartz) accounts for 46% of the modal abundance of the zone; K-feldspar and albite 

comprise 25% and 7% respectively. Giant crystal sizes are characteristic of this 

zone with amblygonite to 2 m. microdine-perthite to 10 m, and petalite to 13 m in 

length . Miamlitic cavities are rare, but leaching cavities with low-tem perature minerai 

assemblages are locally abundant. This zone is the main source for ceramiograde 

spodumene, and amblygonite. 

Zone (60), the centml intermediate zone, also known as the MQM zone (microcfine, 

quartz, and mica assemblage), occupies a large portion of the central, eastern and 

western flanks of the pegmatite, inside concentric shells of comprishg zones (40) 

and (50). It is particulady enriched in K-feldspar (50%) followed by albite (20%) and 

fine-grained greenish muscovite (1 2%). Minor - constituents .. inciude beryl, 

spodumene, wodginite, cassiterite, microlite, tantalite, apatite, lithiophilite, and 

tapiolite. This zone is one of the primary producers of tantalum and tin oxide 

minerals. In contrast to transitions between other zones, contads with zone (60) 

tend to be quite sharp; exceptions are noted with more gradua1 transitions into zones 

(30) and (90). This zone wnstitutes 13.5% of the pegmatite. 

Zone (70). the quartz zone occurs as a series of widely-dispersed dismntinuous 

pods of essentially pure massive white to faintly rosecoloured qua-. The types of 

other trace constituents Vary in relation to the idenûty of the neighboring zone; the 

most common are amblygonitemontebrasite, microdine-perthite, apatite, lithiophilite, 

spodumene, and pdlucite. Miamlitic cavities, aithough not cornmon at Tanm, are 

quite common within zone (70). These cavities Vary in sue f m  a few centimtres 

(cornmon) to >1 metre (rare), and are commonly occupied by quartz crystals 



(sometimes smokey) with occasional dustings of sulphides (predominantly pyrite), or 

mica. This zone constitutes 7.5% of the pegmatite. 

Zone (80), ale pollucite zone actually includes two main bodies and a series of 

smaller btebs, largely in contact with zones (50) and (60). Petrologically, this zone is 

telated to zone (50), but is designated as a separate zone because of the 

exceptional sizes of almost mono-mineralagical bodies of pllucite. The Main 

Pollucite zone, located in the upper, central-eastem haif of the pegmatite (at 10200E 

and 9700N; Figures 3Sa, 3.6a) has dimensions of 180 x 75 x 12 m. This represents 

a rather unique economic concentration of pollucite with a punty of about 75%. 

Other significant minerals indude lepidolite (7%). quartz (~Yo). K(Rb) - feldspar 

(2.5%). albite (5%). petalite (1 -2%) and spodumene (1 .O%). Assemblages of these 

minor minerals generally occur as coarse veins within the pllucite bodies. 

Occasional spodumene blades (up to a few an in size) are scattered throughout the 

pollucite. This zone constitutes 1.3% of the pegmatite. 

Zone (go), the Iepidolite zone indudes two flat l ying , E-W elongated sheets u p to 1 8 

m thick, and several smaller bodies within zone (GO), or along contacts with 

spodumene-nch parts of zones (40) and (50). Fine-grained lithian muscovite 

predominates over true lepidolite; together they constitute 70% of the zone, and are 

generally found as intergrowths with microdine-perthite and quartz. Quartz and 

microdine each constitute 1 OOh of the zone, albite content is about 8%. Other 

notable mineral occurrenœs indude amblygonite (0.5 %), beryl (0.5Y0). lithiophilite 

(0.2%) and apaüte (0.1 %). This zone CO nstitutes 2.1 O h  of the pegmatite. 



A dose inspection of the spatial distribution of zones (Figures 3.5, 3.6) reveals the 

following: Zones (10) and (20) fom concentric shells around the entire pegmatite. Zone 

(40) foms a discontinuous shell, which is disproportionately thicker along the footwall, 

and is transitional with zone (50) mostly along the hangingwall part; these Wo zones 

compose a continuous shell, much more coherent than zone (40) alone. Zone (50) is 

the largest inner-intermediate zone, and forms almost a continuous lozenge shaped 

zone along the E-W transe through 8400E-11000E. In general, the zone is thicker and 

more continuous within the westem haif of the deposit; this is in contrast to zone (60), 

which attains greater continuity and volume towards the east. Zone (60) is the most 

centrally located in vertical sections, and almost aiways lies beneath zone (50). Zone 

(30) occurs as discontinuous pods in two distinct zonal associations: i) as lenses 

between zones (50) and (40), and (40) and (20) in the eastern quarter-section along 

fence 9700N, and as a lens between zones (20) and (70) along the north quarter-section 

of fenœ 10200E; and ii) as two distinct lensoid pods interfingenng with zone (60) near 

the main pollucite zone at the intersection of 9700N and 10200E. Despite the lack of 

zone (30) designations in the western hatf of the pegmatite, significant volumes of aplitic 

albite are present as non-mappable but widespread units pemeating zone (60) (P. 

çemy. personal comm.. 2001). 

Zone (70) occurs as discontinuous lenses between zones (40) and (50), (50) and (60), 

and as distinct pods within zone (50) and occasionally (60). Zone (70) overiies zones 

(60) and (30) in the eastem portion and the Farwest Zone area of the mine, and adjoins 

the west matgin of zone (60) in the west portion. The main pollucite body, zone (80), is 

a large continuous pod which lies above zone (60) along 9700E, and above zones (50) 

and (60) along 10200N. SmaIl pods also occur within zone (60) along (10200E), 

occasionally with a thin shell of zone (70). The western pollucite body (centered on 



9700N and 9100E) ocçurs as a thin lens separating zone (50) above, from zone (60) 

below. There are two main lepidolite bodies[zone (go)]. The main body (in the central 

portion of the mine) adjoins zone (50) and p f ~ t ~ d e s  into zone (60). In places it may be 

overiain by zone (20). The second body occurs as a southward extension of the West 

Orebody, zone (60). This lepidolite body is in contact with zone (50) to the south, east 

and West, and zone (60) to the north. It partially encases a pod of pollucite near the 

conatad with zone @O), and in general, overlies zone (40) (P. Vanstone, personal 

comm., 2001). Small dixontinuous lenses of a lepidoiiiominated assemblage are 

also found within zones (60) (50) (40) and (30). Compositions within the latter three 

zones are primarily Cimuscovite. 

The above observations, based principally on the three cross-dons in Figures 3.5 and 

3.6, indicate the complexity of the intemal structure of the Tanco pegmatite, in contrast 

to earlier interpretations made by Norton (1983). 

3.4 Intemal morphology and evolution 

Over the last fAy yean, several attempts have been made at establishing a universal 

systematic method for describing the morphology, composition, and crystallization 

sequenœ of intemal zones of granitic pegmatites (e.g. Cameron et al., 1949; Norton 

1983). However, with the steadily increasing number of new and more detailed 

descriptions of pegmatites it becornes readily apparent that the number of omissions 

and/or anomalous zones at any given locale defies any universal systernatic method of 

corn parison. 



The intemal evolution of granitic pegmatites has long been a topic of considerable 

debate. Theories applied to the intemal evolution of granitic pegmatites have evolved 

rapidly over the last 2 decades with experimental studies of Li-aluminosilicates in the 

systems albite-quar&-eucryptite (Stewart, 1978) and LiISiO&iOrH20 (London,1984); 

fluid inclusions (London 1986a), crystal-melt and fluid-meit distribution coefficients 

(Icenhower and London, 1996). and the effeds of lithophile and volatile enrichments in 

evolving melt compositions (London, 1 986b, 1987; London et al., 1 988, 1 989). 

According to the Jahns and Bumham model(1969), the initiation of pegmatite textures 

marks the transition from vapour undersaturated to vapour saturated conditions during 

near-equilibrium primary magmatic crystallization at eutectic composition- According to 

London (1 990, l992b), the intemal evolution of granitic pegmatites involves largely 

disequilibrium crystallization from melt with increasing concentrations of H20, Li, B, F 

and Pl but consistently at vapour-undersaturated conditions. Volatile components in the 

evolving melt effectively reduce the thermal minimum in the haplogranitic systern from 

,800 OC to below 640 OC (Cemi, 1998). by inhibiting polymerization of the silicate 

framework. This promotes low melt viscosity, and high alkali-diffusion rates throughout 

the primary sequence of crystallization, while sirnuitaneously inhibiting the formation of 

nudeation sites. As a resuit, volatile enriched zones typically exhibit substrate-controlled 

crystal growth leading to the formation of very large crystals with directional fabrics 

including comb-structures, or dendritic or graphic features. Fine-grained units, 

consisting predorninantly of aplitic albite and quartz, are explained by the periodic 

removal of fluxing components, prirnarily 6 and F, by the stabilization of tourmaline and 

lepidolite (London, 1992b). This leads to a rapid release of supercritical fluid and 

consequently rapid nudeatiin and crystallization of albite and silica from supersaturated 

residual melt. 



Rapid solidification by 'chemical quench' generally signifies a transition from a primary 

magmatic regime to one dominated ûy processes invdving supercritical-to-hydrothemial 

fluids (Cemy et al., 1998). London's experimental determination of the LiAISiO&iOT 

H20 phase diagram (London.1984). in combination with Tanco fluid-inclusion data 

(London, 1986a) allows for a reliable determination of the coaling path and fluid 

evolution across the magmatic-hyddhermal transition at Tanco (Figure 3.7). 

Figure 3.7 Intemal evoluüon of the Tanco Pegmatite in relation to P-T 

stability fields of petalite, spodumene, and eucryptite. Points along the 

cooling curve (A-H) are discusseâ in text. 

Primary crystallization of petalite ocairred below 680°C and 41 00 bars (A), and 

proceeded until -500 OC and 2900 bars [intersedion of univarient at (8): petalite = 

spodumene + 2 quartz; Figure 3.71, which point primary spodumene became the 

stable Li-AI silicate. Crystallization cû primary spodumene continued to at least 470°C 

and 2700 bars (C) (Figure 3.7). with preceding spodumene crystallization occumng in 



the presenœ of a dense, hydrous alkali borosilicate fluid. Fluid inclusions within 

spodumene showed increasing COs content with decreasing temperature, and verged 

on H20-CO2 immixibility at about 390°C and 2500 bars (E) through to a complete COT 

Iiquid separation from a saline-nch hydrous phase at point (F) (300°C and 1800 bars). 

The Tanco pegmaüte entered the stability field of eucryptite and quartz at approximately 

280°C and 1600 bars. Eucryptite is not particularly abundant at Tanco despite the large 

volumes of petalite and spodumene. Evidently the breakdown of these phases was 

iàigely inhibied in the presence of the exsolved COz liquid, virtually free of the otherwise 

catalyzing hydrous fluid (Cemy and London. 1983). thus limling the extent of retrograde 

reequilibrium. 

The studies on experimental petrdogy completed over the last 2 decades, provide a 

sound scientific footing from whict~ to attempt reasonable interpretations of zonal 

differentiation, as well as the observed zonal distributions and paragenetic sequences 

within rareelement granitic pegmatites. However, a full understanding of pegmatite 

evolution is far from being achieved. In Iight of the cuvent knowledge, rnany textural 

features at Tanco still have questionable origins: 'Textural and paragenetic features 

strongly suggest that the bulk of al1 nine zones was produœd by pnmary crystallization 

from a Iiquiwuid phase. However, zones 10, 30 and in part also 90 show metasornatic 

relations with adjacent zones, and small-scale plus very low-volume replacements can 

be seen within each of the zones 40-90 (Cemy et a/.. 1998. p. 12)." 



CHAPTER 4: PREVIOUS WORK 

A broad overview of Tanco, in t e m  of regional setting and composition can be found in 

Nickel (1961). with more comprehensive data found in Cemy et al. (1981) and in IMA 

guidebooks Cemy et al. (1 996, 1998). An updated analysis of Tana  zonal distributions 

and bulk composition was completed by Stilling (1 998). More detailed information on 

Tanco feldspar mineralogy and geochemistry, can be found in Cemy (1 982). Gaupp et 

al. (1 984). and Morteani and Gaupp (1 989); as well as Ga geochemistry (Cemy and 

Hawthorne, 1989), trace-element partitioning between reportedly coexisting feldspar and 

mica (Marshall, 1972). and feldspar d o u r  in relation to composition and structural 

orderdisorder (Cemy and Macek. 1972). 

General fractionation trends in pegmatitic feldspars (and other minerais) from a variety of 

locations. induding Tanco, are disassed by Cerny (1 994). and Cemy et a/. (1985). 

Various theses and papers have been written on Iate-secondary feldspars from Tanco, 

including albite (Teertstra, 1991), adularia (Cemy and Chapman, 19û4; Teertstra et al., 

1998a), and Rb-rich to RMominant feidspars plus adularia (Teertstra, 1997; Teertstra 

et a/., 1998b). A number of papen have also ken written on isotopic systems invdving 

feldspars from Tanco: oxygen isotope systematics (Taylor and Friedrichsen, l983), and 

RbSr isotopic data (Penner and Clark, 1971; Clark. 1982; and Clark and Cemy, 1987). 

Aside from the detailed studies of me-secondary Rb-bearing feldspar and adularia, 

previous work on the mineralogy and geochemistry of Tanw feldspars has been rather 

spotty, and has not provided a oomprehensive, statiçtically significant. alknwmpassing 

story of feldspars in Tanco. 



CHAPTER 5: ANALYWCAL TECHNIQUES 

5.1 Sampling strategy 

Samples were cdleded during four visits to the Tanco mine site. During the first two 

visits in the spring of 1998 and 1999, the rnajonty of 'primary' blocky K-feldspar, aplitic 

albite, and deavelandite samples were seleded fmm drill core. This was followed by 

two more visits in the fall of 1999 to supplement samples fmm zones that were under- 

represented in the drill cores; in partiwlar, from the spatially restricted zones (1 0) (30) 

(80) and (90). A Iimited number of hand specimens representing late-stage K-(Rb) 

feldspar species were provided by P. Cerny, and A. Stilling. In all, a total of 461 

samples was collected, consisting of 230 K-feldspar and 231 albîîe specimens. Zonal 

designations of drillare samples were derived from drill logs provided by Tana staff. 

Each individual sample was chosen for a specific mineral vakty (i-e. aplitic albite, 

deavelandite, K (Rb)-feldspar, adularia), from a s p d c  zone, and then briefly described 

in terms of cdour, grain-size, and texture. A brief deswiption of associated minerals in 

the sample was also induded in the sampling notes. 

The first prionty at the sampling stage was to colted representative samples of blocky K- 

feldspar, aplitic albite, and deavelandite from each zone. The second objective was to 

select samples of each type, within individual zones along east-west and north-south 

transeds, in order to adequately represent compositional variations in 3-dimensions. 

Bath objectives were achieved by seleding samples from drill cores previously utilized 

by Stilling (1 998) for Tanco bulk composition calculations (Figure 3.4). along the eaçt- 

west t ranse (9700N: Figures 3.5a,b), and along the two north-south transects (1 0200E: 

Figure 3.6a and 9100E: Figure 3.6b); due attention was paid to obtaining sarnples from 

both hangingwall and footwall portions of individual zones. 



5.2 Sampling statistks 

The analytic flow chart in Figure 5.1 displays the number of samples obtained and 

analysed, as wefl as the number of analytical results used in subsequent chapters on 

mineralogy (Chapters 6.7) and geochemistry (Chapter 8). Several dozen additional 

compositions of various latestage and secondary K-feldspars were supplied by D. 

Teertstra; most of these were unpublished data, but several adularia compositions were 

taken diredly from Teertstra (1997). Compositional data from outside sources are not 

included in Figure 5.1. 

Four different anaiytiil techniques are shown in Figure S.la,b: 1) bulk wet chemistry by 

inductively coupled piasma (ICP) and atomic absorption (AA) spectrometry, 2) phase 

chemistry by eledron-microprobe analysis (EMPA), 3) degree of order-disorder by 

powder X-ray diffraction (XRD), and 4) Iight- and volatileelement chemistry by 

secondary ion mass spedrometry (SIMS). 

The final nurnber of resutts used for plotting and interpretation in subsequent chapters 

(bottom of Figure 5.1a.b). are presented in histogram form (Figure 5.2). emphasizing the 

number of availabk compositions for each feldspar type, and for each individual zone. 

This sample distribution cari be compared to the modal distribution of albie and K- 

feldspar (Figure 5.3). highlighting the availability and relative abundances of the two 

major feldspar subdivisions in individual zones. 



(a) K-felds par 

Initial pool of samples 

Select samples 

Anal ysis 

Gooâ totals 1 150 90 1 1 

Initial pool of sarnples 

Final flltered data points 
= "pnmary" 
+ "Semdary" 

Select samples 

Analysis 

128 82 3 1 11 
1 22 68 31 7 

6 14 O 4 

Good totals 

Final flltered data points 118 28 11 
= aplites 6 1 13 s 
+ cieavelandites 57 15 7 

Figure 5.1 K-feldspar (a) and albite (b) fbwcharts listing numbers of samples 
obtained and analysed, followed by number of final compositiotis (in bold) 
presented in subsequent chapters. Does not inciude the small number of 
compositions obtained fmm literahire (e.9. Teertstra, 1 997). 
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Figura 5.2 Number of results used in subsequent charts and 
interpretations for K-feldspar (Type 1 ), and albite (Types A+B). 

10 20 30 40 50 60 70 80 90 
Zone 

Figure 5.3 Modal abundances of K-feldspar (Typet) and albite 
(Types A+B) in each major zone (data from Stilling, 1998). 



Sample-set reduction and data fiitering occurred for a variety of reasons. Visual 

inspection of the original 230 K-feldspar and 231 albiie samples in the lab revealed a 

nurnber of samples that were either misidentified or contained insufkient quantity or 

quality of the required mineral. The remaining 176 K-feldspar and 210 albite samples, 

which passed visual scrutiny, then underwent ICPIAA and EMP analysis, respectively. 

Results frorn these analyses were filtered for gross error or non-feldspar compositions, 

and yielded compositions of 150 K-feldspar and 168 albie samples. This was followed 

by statistical filtering, based on expected compasitional limits for pure feldspars, at which 

point subtiy cantaminated samples were removed from the data set. This procedure 

yielded a final dataset of 128 K-feldspar, and 11 8 albie compositions. 

Mineralogical heterogeneity within several of the late K-feldspar samples 

counterindicated bulk analysis during the initial sampling fun. These samples were 

subsequently added to the 128 wet K-feldspar resutts, to fom a pool of 143 samples. 

From this pool, 100 K-feldspar samples were selected for EMPA. The same set of 

fitters mentioned above was applied, and resulted in a final data set of 82 EMPA K- 

feldspar mmpositions (Figure 5.1). 

From the final pool of filtered EMPA compositions of K-feldspar and albite, samples were 

selected for further XRD and SlMS work. In addition to a sample selection based on 

zonal designation, compositional data was also considered. High and low contents of P, 

Rb and Cs were considered during K-feldspar seledion, whereas high and low P and Ca 

contents were considered during albite seledion. 



5.3 Sample preparation 

The drill-core library at the Tanw mine site includes more than 1000 drill holes, 

representing more than 50 years of drilling for the purposes of assessment and 

exploration. The cores were found to be in varying dates of presewation, with, as 

expected, older boxes in poorer condition. Older cores are visibly bleached and 

oxidized. Many older boxes have also been exposed to fall-out from the local milling of 

Li and Cs rich ore. The first a r e  storage facility was constnided in 1980 over the pre- 

existing core racks. Today, al1 pegmatite intersections are stored indoors, and host-rock 

lithologies stored outside. 

Samples were initially cleaned of g m s  debris in water and alcohoi, and coarse 

separates selected from the intenor of feldspar crystals to avoid the cantarninated 

exterior. This was followed by visual separation under 4x rnagnification to yield visibly 

pure 2-5 mm chips. The most wmmon mineral contarninants seen in the K-feldspar 

separates were fine-grained albite andlor muscovite, visible on cleavage faœs or in 

small veinlets, with or without quartz. Other less cornmon, but readily visible 

contaminants included small (4 mm), equidimensional grains of apatite or lithiophilite, 

andior various Ta, Nb, Ti, Fe, oxides and Fe, Zn, or Bi suifides. In contrast, aplitic albite 

separates were invanably contaminated with microscopie quartz +/- muscovite, 

tourmaline, apatite, andlor Ta-Nb oxides. 2-5 mm chips were archived for al1 feldspar 

types, and later used for EMP mounts and XRD work. The remaining K-feldspar 

separates (5-10 chips per sample) were crushed to a uniform fine powder in a 

mechanical rnortar and pestle for wet-chemical analysis. 



5.4 Wet chemistry - ICWAA emisslon specnometry 

K-feldspar was the only mineral to undergo bulk wet-chemical analysis. The main 

reason is that K-feldspar from Tanw is almost invariaMy perthitic, and bulk analysis 

pmvides the most realistic and complete estimate of pnmary compositions More 

subsolidus transformations occurred. The technique is aâvantageous because muni- 

element analysis is relatively inexpensive, and Iimits of detedion (LOD) are considerably 

lower (5-10 x lower) than electron-microprobe limits (Appendix 1). EMPA is also limited 

to elements above Z=6. 

On the down side, wet-chemical resuits are generalfy l e s  precise than EMPA. 

Preciçion for most elements is +/- 5% relative (+/O 15% relative for Na); in contrast, 

EMPA analytical precision is about +/- 1% relative (Appendix 1). Contaminants also are 

an important consideration. Albite 'contaminant' grains in K-feldspar are particularly 

noteworthy; most samples examined wntain 2-1 0% fine-grained platy albiie laths (0.5- 

3mm) visible along deavage planes, irregularly disseminateci within the perthitic K- 

feldspar individuals. The pervasive nature of these albite grains made complete removal 

from the K-feldspar host impossible. 

Acid digestion and ICPlAA analyses were done by Gregg Morden (Geuchemistry 

Laboratory Manager) at the Department of Geoiogical Sciences, University of Manitoba. 

Procedures for sample preparation, digestion and analysis followed: EPA Mefhod 3052 - 
- Micmwave Assisted Atid Digestion of SiIic80us end Organically Based Matrices, 

Revision O, Dec. 1996, outlined by the US Environmental Protection Agency (EPA) at: 



Al, Ca, Ba, Sr, Li, Na, K, Rb, P, Ga were analysed on the Varian "Liberty 200  sequential 

Inductively Coupled Plasma Optical Emission Spectrorneter (ICP-OES). Cesium, with its 

relatively low ionization potential, was analysed on the Vanan "Spectra 300" AA (atomic 

absorption) spedrorneter, in emission mode. 

All results of wet-chemical analysis were found satisfactory relative to eartier data 

colledeci in different laboratories by the same or different methods, except Al and Ga for 

K-feldspars (albite was not analyzed). Aluminum determined in this study tumed out to 

be erratically excessive from the crystai-chernical viewpoint, and wuld not be used for 

calculation of AUGa. Gallium values pmved to be generally similar ta, but somewhat 

lower than, the data detemined for the Tanco K-feldspars and albie at the geochemical 

laboratory, Ecole Polytechnique, Montreal (analyst: P. Hébert) for P. Cemy in 1978 (see 

Figure 6.79. As shown in Figures 8.1q,r and Figures 8.2a1b1 the E d e  Polytechnique 

data are used here for the geochernistry of Ga of both feldspar categories. The present 

Ga data for K-feldspar will be cautiousty applied [to zones (80) and (90)) on the 

assumption that relative differences among the present data are correct, despite the 

absolute shift of apptoximately -20 ppm from the E d e  Polytechnique values (see Figure 

6.70. 

5.5 Electroninicroprobe anaiysis (EMPA) 

Albite and K-feldspar samples were analysed using EMPA, mainly to assess the crystal- 

chemistry of albite samples, and of the potassic phase of perthitic U-feldspar samples. 

Trace-element contents of perthitic albite lamellae were also determined in a limited 

number of cases. In general, trace-element contents (particularly in albae) proved to be 

of limited use because many were present at concentrations near their limits of detection 

(Appendix 1). 



EMP analyses of albite and K-feldspar were collected at identical conditions, except for 

the use of analytical standards for Si and Al (Table 5.1). The analytical procedure 

follows Teertstra (1 997). using wavelength dispersion (WûS) on a CAMECA SX-50 

eledron-microprobe operating al 15 kV and 20 nA, with a beam diameter of 5 Pm. Data 

reduction was achieved by the PAP procedure of Pouchou & Pichoir (1 985). At the 

presaibed conditions, Teertstra et al. (1  99813) detennined the precision of elemental 

weight percent measurements at a 4a confidence level to be about 1°h relative. By 

using a beam diameter of 5 Fm, and analyzing first for Na, Si, and K, alkali-loss from the 

analysed volume was insignificant. 

Statistical treatment of EMPA data 

All EMPA compositions in this thesis represent averages of a minimum of 2, to a 

maximum of 8 individual point compositions: albite compositions average 5 points, K- 

feldspar compositions average 3 points. Non-zero contents recorded below limits of 

detection were used in the averaging on the premise they do represent, at least, a 

semiquantiiative estimate of real values (Cemy, persona1 cornm.. 2001). Earlier 

cornparisons of K-feldspar compositions analyzed by bdh SIMS and EMPA (Cern9 et 

al., 1984; and unpublished data) justify this assumption. 



Table 5.1: EMPA analytical conditions, standards, and detection limits for K-feldspar. 

Standard Element Line Tirne Detedion Iimit 

(s) (wt%) 

Eifel sanidine 

anorthite 

Amelia albite 

1 RbLeucite 

1 fayalite 

2olivine 

pollucite 

SrTi03 

Albite analyses were colledeci under identical conditions, but with 

Amelia albite as the standard for Al and Si, instead of Eifel sanidine. 

Limits of detedion were calculated using 
L.D. = [3 (W.% oxide) (R&,)lR] / (f3,,-%) where & = backgfaund cuunt 

rate (countsls), fb = background count tim (s), R, = peak count rate. 

5.6 Cornparison of wet~hemical and EMPA data for Klfeldspar 

Cornparisons of same-sample wet-chemical and EMPA K-feldspar compositions indicate 

that resuîts obtained by the two techniques are not identical. There are a number of 



reasons for discrepanaes, but the rnost obvious is the invariable presence of perthitic 

lamelfae in bulk samples. For this reason, major element data show little or no 

correlation. On the other hand, minor- and trace-element contents, which are above 

EMP detedion limits (Appendix 1) in more than 90% of compositions, do correlate well; 

Rb, Cs, and P meet these criteria and are shown in Figures 5.4a,b,c. 

The correlation for rubidium is very good (Figure Ma ;  R~ = 0.87). and approaches an 

ideal 1 :1 correlation with a slope of m=1. l . Average Rb20 contents by wet-chemical 

analysis from zones (IO) (20) (40) and (50) (Figure 5.5a) are slightly lower than average 

EMPA-detemiined contents; however the situation is reverçed for R b 0  contents in 

zones (60) (80) and (90). The C e 0  correlation is also very good (Figure 5.4b; R~ = 

0.88), but the low dope (m=0.70) and the significant positive y-intercept (+ 0.07) suggest 

a less than ideal relation between resutts from the two techniques. In contrast ta Rb20, 

average C%O wntents by wet-chemical analysis from zones (10) (20) (40) and (50) 

(Figure 5.5a) are slightly higher than average EMPA-determined contents. In contrast, 

average C+O contents are comparable in zones (60) (80) and (go), between the two 

techniques. The phosphorus correlation is dose to ideal (Figure 5.4~; R* = 0.85, m=1 .OO, 

b=O.OS), however average wet-chemical data appear to be systematically higher than 

EMPA data (Figure 5.5~) .  

Other reasons for the analytical discrepanaes noted abwe indude: i) the use of different 

standards for the different techniques, and ii) hydrotherrnal remobikation, leaching , 

andlor aiteration leading to localized preferential element redistributions. 



Figure 5.4 Wet chernistry - EMPA correlation diagrams 
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Figure 5.5 Average oxiâe contents per zone - a cornparison between 
wet-chernical resuits and EMPA results. 



In studies on alkali feldspars from variably altered monzogranitic host rocks, Kontak and 

Martin (1997) found Rb to be relatively immobile compared to Li, Sr, Ba and Cs. 

Hawever, even Rb is to a certain degree subject to open-system behavior at a localized 

scale. Teertstra (1 997) found variations in Rb content typically between 0.3 to 0.5 wtO/o 

oxide, on microscopie scale, and up to 1 % variations in Tanco microdine veins in 

pallucite. Heterogeneous blotchy textures in BSE images, at a scale of several tens of 

microns, commonly comprise coexisting Rb-rich and Rbpoor microdine. Microprobed 

homogeneous areas may be sornewhat depleted in Rb, as it has a tendency to move 

toward cracks and grain margins (Teertstra. 1997, P. Cemy, personai comm., 2001). 

Mason (1 982) reported a tendency for higher than average Rb contents proximal to 

albite lamellae in perthite. 

During microprobe analysis, I specifically and wnsistently selected areas (points) that 

were homogeneous under BSE, and were approximately midway between albite 

lamellae. This point-selection-bias muid account for the relatively low EMPA Rb 

contents relative to wet-chernical resuits. 

Phosphorus (Figure 5.&, 5.5~) correlates well and the subtîe positive y-intercept can 

easily be justifid by the prevalenœ of minute secondary phosphate wntaminants. Five 

outliers œntered amund x= 0.10, y= 0.45 (Figure 5.4c), were removed from the data set, 

as they were suspect contaminateci by adjacent lithiophilite and secondary phosphates. 

Microscopie phosphate wntaminants may explain the spike in average wet-chemistry 

PÎOs contents for zones (80) and (90) (Figure 5 . 5 ~ ) .  Interesüngly, samples containing 

lithiophilite as an accessoiy mineral, either wntained excessive P (in cornpanson to 



EMPA resuits) or contained abnonnally low P concentrations suggesting that lithiophilite 

consumes most of the available P. 

5.7 X-ray powderdiffraction (XRD) 

X-ray diffraction work was done on a Philips PW1729 X-ray powder diffractometer at the 

University of Manitoba under conditions outlined in Table 5.2. Powder samples were 

prepared in the sarne manner as for the wet-chemical samples (sections 5.3, 5.4). 

Annealed BaFz was added to samples as an intemal standard at approxirnately 5% of 

the total sample volume. Standard sets of hW diffractions were selected for unit-cell 

refinements of both K-feldspar (Figure 5.6) and albite (Figure 5.7) samples. Unit-cell 

refinernents were determineci using the least-squares refinernent program induded with 

the JADEm 5.0.32 XRD pattern pracessing program. 

Table 5 2 :  XRD acquisition paramc 
1 K-feldspar 1 

Voltage (KV) 11 

5.8 Secondary Ion Mass Spectrometry (SIMS) 

CU K al (A) 
28 range (O) 

Step width (O) 

Step time (s) 

Eleven K-feldspar and twelve albite samples were analysed for Li, B and Be using a 

Cameca IMS 4f ion microprobe installed at CNR-CSCC in Pavia, Italy. Luisa Ottdini 

oversaw the analyses and provided the following description of the analytical conditions 

and procedures used. 

h = 1.54056 

19-51 

0.02 

4 



Oxygen gas with a purity of more than 99.99% was supplied to the duoplasmatron to 

generate a negatively charged pfimary ion beam which was subsequently filtered by a 

magnetic prism to provide 160- ions. The primary accelerating voitage was -1 2.5 kV. 

The bearn was focused onto the sample surface with a diameter of < 10 microns at a 

primary cunent intensity of about 5 nA. Counting times were 20 seconds for Li and 30 

seconds, each, for Be, B and Si over 10 analytical cycles. Steady state-sputtering 

conditions were achieved after 450 sec waiting time. 

Positive secondary ions were nominally accelerated through 4.5 kV. Secondary ions at 

masses 7, 9, 11 and 30 were colledeci under an ion imaged-field of 25-mimn diameter. 

The seleded contrast diaphragm and field aperture were the 400 and 1800 micron inner- 

diameter, respedively). Medium-tehigh energy ions were selected by ofketting the 

sample accelerating vokage H i le  keeping constant the settings of the electrostatic 

analyzer (ESA) vottages and the width and position of the energy SM. The energy-sri 

width was 50 eV (Le., +- 25 eV relative to the axis). For Li, Be and B measurements, a 

voltage offset of -1 00 V was applied to the accelerating voltage of + 4500 V at the 

maximum of the energy distribution (or equivalently. a voltage offset by -125 V was 

chosen relative to the voltage at which this latter distribution drops to 10% of the 

maximum). This implies analyzing secondary ions with emission energies of about 100 

+- 25 eV (Le., in the range: 75-125 eV). 

Matrix effeds affecting LW, BelSi and BISi ionization were rninimized using the 'energy 

filtering technique,' (Ottolini et al., 1 993). A set of well charaderireci samples 

(standards) was used for quantifyiing secondary ion signals as light-element 

concentrations (wt% oxides). Si was used as the inner referenœ element for the matrix 

and was monitored as &i' signal. The energy Sltered analyses were done at a mass 



resolving power of about 600 (Mldelta M) to discriminate the contribution of 9Be* 

(analytical ions) from nA13' interfering signal. 

Ceran glass was used as a calibration standard for Li, danalite for Be, and the synthetic 

glass Pyrexm for B. Accuracy is estimated in the range 5-10% for alt the Iight elements 

and detection lirnits are on the order of 10 ppb for Li and Be and about 15 ppb for 6. 



itn h k I 

Figure 5.6 Exampie of a K-feldspar unit-œll refinement. The set of hW reffedions and 
other conditions were mnsistenüy applied to al1 other K-feldspar mnements. 
Occasional peak omissions were made for pooily redved or weilapping peaks. Unit- 
cell dimensions and d-spacings are in Angstroms. Anguiar values are in degrees of # 

angle. 
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Figure 5.7 Example of an albite unit-cell refinement. The set of hW refledions and other 
conditions were consistently applied to all other albite refinements. Occasional peak 
omissions were made for poorfy resolved or overlapping peaks. Unit-cell dimensions and . 

d-spacings are in Angstrorns. Angular values are in degrees of angle. 
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CHAPTER 6: MINERALOGY OF TANCO K(RB)-FELDSPARS 

Based on crystal morphology, texture, and mineral associations, six different (K-Rb)- 

feldspar and six albite varieties are identifiable in the Tana pegma!ite (Table 6.1). The 

sequence of mineral types listed in Table 6.1 generally corresponds to a progression 

from high-temperature 'primary' to lower-temperature 'late', or 'vein', and 'cavity' mineral 

assemblages. The side-by-side arrangement of K-feldspar and albite varieties in Table 

6.1 is meant to convey temporal association; this does not, however, guarantee spatial 

association, except where specifically stated. 

General descriptions and distribution of 'primary' feldspar assemblages, as well as 

variations in crystal shape and size by zone, have been briefiy covered in section 3.3. 

Volurnetric compositions and common wntaminants were discussed in chapter 5. This 

chapter [6: K-(Rb)-feldspars] and the following chapter [7: albite] are largely descriptive, 

and elaborate on the physical attributes and compositional ranges of the different 

feldspar types listed in Table 6.1. 

6.1 Type 1 : blocky micmclinepedhite (1 0) (20) (40) (50) (60) (70) (80) (90) 

Blocky microdine-perthite can be found in essentially every zone of the Tanco 

pegmatite. However, only samples collected from zones (10) (20) (40) (50) (60) (80) 

and (90) have yielded statistically meaningful analytical data. Type-1 fetdspar is by far 

the most volumetrically significant K-feldspar type, comprising 22% of the pegmatite. 

Textural and chernical attributes do Vary by zone; some of these are discussed below. 



Table 6.1 : Tanco feldspar types. 
K(R b)-feldspar 

Blocky, grey-white-pink K-feldspar. dimensions up to 
10 m x 1.5 m, localty club-shaped. 

Type 2: granular non-perthitic microdine veins in (60) 

Medium-grained, beige to pale-grey, non-perthi 
microdine in veins 10 to 30 un across. 

v 

1 

Type 3: metasornatic microdine 1 1 replacement veins in pollucite (80) I 
Beige to rusty. anastomosing veins of non-pewthitic 
microdine (+/- lepidolite) in pollucite of zone (80); a 
few mm to 4 cm across. 

I 
Type 4: adularian (K-Rb) feldspar 1 ( metasomatic along vein-ke-3 in pollucite (80) I 
Pure K-feldspar transitional to Rb-rich compositions 
and Rb-feldspar along margins of metasomatic 
microcline (type 3) replacing polfucite (80) and 
microdine; generally microscopic. 

Type 5: adularian (KsRb) feldspar 
metasomatic clusten in pollucite (80) 

Occurs as crystal aggregates comprised of anhedral to 
subhedral individuals (<lrnm), within spherical dusters 
(1-3 mm in diameter). Clusters occur along contaas 
of sencitic veinlets in pollucite, and as apparenüy 
isolated spherical clusters within pollucite. 

Type 6: adulana crystals 
in leaching cavities (40),(50) 

Euhedral (K>Rb)-adularia m a l s  in leaching cavities, 
locally with darlrer outer zone in BSE. lndiidual 
crystals are generally less than 1 mm across. 

Very fine-grained. white-blue-purple; texture is variable 
from homogeneous to bandeâ ('lino rock') depending on 
abundance of accessory minerais. 

White-grey, aggregates of parallel to radiating lamellae 
up to 10 cm long. 

Type C: sacchamidal albite (40) (50) 

Very fine-grained a p l i  albiie, which displays 
metasmatized margins against neighboring lithologies. 
Locally replaces squi, K-feldspar. 

Type O: metasmatic albite 
veins in pollucite (80) 

white to da&-grey veins of albie in pollucite @O), X mm 
to 2 cm across 

Type E: anhedral albite 
metasomatic along vein-type-3 in pollucite (80) 

Associated with type-4 adularian (K-Rb) feldspar; 
generally microscopic. 

Type F: albite crystals 
in leaching cavities (40) (50) 

Associated with typ+6 adularia (40,6û). Individual 
crystals are significantly Iess than 1 mm across. 

I I 

Note: Order implies paragenetic sequence - see text for details. Types 1, A, and B are 
occasionally referred to as 'primary' in text, al1 other types fall under the g e m i  category, 'late'. 



Colour 

The majority of primary K-feldspar samples range in wlour from pink, beige, or white to 

various shades of grey. Most samples from zone (10) and (20) are pink to light-grey. 

Zone (40) contains mostly white K-feldspar with subordinate pinks and greys. Zones 

(50). and (80) contain mody white to grey feldspars with localized pink areas. cemy and 

Macek (1972) noted that many of the large K-feldspar crystals of zone (50) containeci 

stnped grey and white cores, grading into light-pink to beige rims. K-feldspar colours in 

zone (60) are more variable than in other zones: Iight-greys to beige is dominant, with 

lesser pinks; green aitered-looking assemblages are also locatly present. K-feldspar 

from zone (90) is grey-white, and locally lavender due to fine indusions of lepidotite. 

Diffuse to brick red staining by Fehydroxides is locally extensive, particularly near wall- 

rock contacts with amphibolite. 

C~ystal morphologies and shucture 

Individual crystals are blocky in character, with two excellent planes of deavage. There 

is an exceptional range of crystal sires, from subhedral, mm-sized grains or aggregates 

found in matix assemblages throughout the pegmatite, to giant aystals with dimensions 

in excess of 10 m x 1.5 m found mainly in zones (20) (40) and (50). ln many cases, 

larger crystals fom aggregate cornb-like structures with orientations nomal to major or 

local zone boundaries. Many of the large K-feldspar inâiiuals fom club-shaped 

crystals (Figure 6.1), with crystal-growth directions indicated by changes in girth from 

narrow to wide (Cerny et al.. 1998). 



Figure 6.1 Club shaped crystal of blocky K-feldspar (left), and 
aplitic albite 'line-rock' (upper right) [zone (24)], both in matrix 
of albite, quartz and white-micas. 



Perthitic lamellae 

Most Type-1 K-feldspars at Tanco are perthitic, except for a small number of samples 

from zones (60) (80) and (90). Non-perthitic samples from zone (60) appear to be 

associated with atteration assemblages wntaining quark, mica, feldspar and Ta/Nb 

mineralkation. Most but not al1 non-perthitic samples from zone (90) antain lepidolite 

inclusions. Some non-perthitic to perthite-poor samples showeâ evidence of alteration, 

in the fom of micropore development and fine micas or days, +/- imn suIfide (Figure 

6.2). 

Vein (Figure 6.3) and patch (Figure 6.4) perthite were the most cornman intergrowths 

observed; film (string) perthite was observed occasionally (Figure 6.5). Two 

rnorphological varieties of 'patch' albite are obsewed: i) large subrounded blebs 

overpnnted on poorly defined irregular vein perthite, and ii) discret munded to angular 

grains dispersed randomly throughout the K-feldspar phase. Although patch perthite is 

observed in al1 zones, it is more comrnonly observed in samples coiledeci from inner 

zones, and in samples with obvious signs of alteration. 

The average size of perthitic lamellae is variable by zone, with a notable decrease in the 

volume of albite from outer to inner zones (Table 6.2). The best-formed vein perthite 

occurs in zones (10) and (20) with average albite lamellae widths of approximately 100 

prn and a relative albielK-feldspar width ratio of 0.17. This ratio steadily decreases from 

outer to inner zones; zone (60) has a ratio of only 0.04. Perthitic samples from zones 

(80) and (90) appear to mntain only irregular, patchy, fine- to mi-vein perthite. 



Figure 6.2 Alteration of microcline from zone (80). Note distinct 
boundary between unaltered K-fddspar (top-left) and altered perthite 
(bottom-right). lrregular black albite lamellae persists in both volumes. 
Visible features in altered volume include micropores (small circular 
specks). pyrite, and CI, F, Na, K-rich micas or clays (sub-rounded bright 
specks). 

Figure 6.3 Coarse vein albite in microdine-perthite from zone (20). 



-- 

Figure 6.4 Fine and coarçe albite patches in microdine from zone (80). 
Heterogeneous BSE intensity in K-feldspar reflects variable Rb content. 

Figure 6.5 Different orientations of string albite (fine black streaks) and 
vein albite (coarse black veinlets) in microcline-perthite from zone (40). 



Table 62:  Average size and relative volume of albite lamellae in type-1 perthite 

Zone albite lamellae Kspar host relative width 
average width (pm) average width ( ~ m )  albitelKspar 

Graphie K-fèldspar and qua* 

Reported occurrences of graphic intergrowths of K-feldspar and quartz are extrernely 

rare at Tanco. Only one graphic sample (94-10-8) is noted from the present data set 

(see Appendix III). The sample was wllected from drill core which intersectecl the 

hangingwall part of zone (20) in the far SW corner of the pegmatite (Figure 3.4). Other 

rare examples have been reported from eastem (southeastem?) regions of the 

pegmaüte (P. Cemy, personal comrn., 2001). 

Chernical cornpositbn 

Representative compositions of Mocky K-feldspar of individual zones, induding atomic 

contents and crystal-chemical data, are surnmarized in Table 6.3. A complete listing of 

EMPA4etemined compositions is given in Appendix III, and of the resuhs of wet- 

chernical analyses in Appendix V. As noted in chapter 5 and Appendix 1, EMPA- 

deterrnined contents for Fe, Pb, Mg, Ca, and F were consistently below detedion. 

Subsequent analytical data listings and discussions of al1 K-feldspar types will be limited 

to the following suite of eiements: Li, Na, K, Rb, Cs, TI, Be, Sr, Ba, Al, Ga, B, Si and P. 

Histograms of select oxide contents are presented in Figures 6.6a-e. Average 

wm positions by zone are presented for wet-analyzed data in Figures 6.7a-e, and for 

EMPA-determined data in Figures 6.8a-c. Corresponding statistics for P20s, Li20, R w ,  



Cs20, and Ti20, induding maxima, minima, averages and 1-sigma variations by zone, 

are Iisted in Tables 6.4 and 6.5. 

Lithium contents range from a minimum of 25 ppm to a maximum of 4600 ppm (0.005 - 
0.191 wt% Lm). The frequency distribution (Figure 6.6b) is skewed heavily towards low 

Li contents with a maximum frequency peak between 0.02 and 0.04 wt% Li20. in ternis 

of average wmpositions by zone (Figure 6.7b), Li attains a distinct maximum in zone 

(50) with an average value of 0.095 wt% L i .  The large associated standard erra for 

this average results from a bimodal distribution of Li contents of samples from zone (50). 

The group of above average Li values consists of 5 data points, al1 greater than 0.16 

wt% Li20, with one composition as high as 0.191 WO. Note, however, that the SlMS 

data for Li (Table 6.6) are on average lower than those determined by ICP. 

Rubidium contents (EMPA) range from 0.73 to 3.19 wt% RbO. The Rb20 histogram 

(Figure 6 . 6 ~ )  indicates a bimodal distribution with maximum frequencies between 1 .O0 

and 1.50, and 2.25 and 2.50 wt% Rb20. 



Table 6.3: Representative compositions (wt%) and formula (apfu) of blocky 
K-feldspar (Type 1) (EMPA data) 

Sample SLE-18 94-10-8 C-045-Q 10-25-3a C-S 5 0-25-2 12-1 5-21 
Zone (1 2) (20) (40) (50) (60) (80) (90) 

P205 
SI02 
A U 0 3  
MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
NA20 
K20 
RB20 
CS20 

TOTAL 

Pb+ 
S14+ 
AL3+ 
MG2+ 
CA2+ 
MN2+ 
FE3+ 
SR2+ 
B U +  
PB2+ 
NA+ 
K+ 
RB+ 
CS+ 

ET 
TO& 
Si+2PIAI-P 
CM 
M+ 
W 0.012 0.008 0,010 -0.014 
-values listed represent averages of 34  data points each 
-atomic contents nomalized to 8 oxygens 



Table 6.4: Blocky K-feldspar (Type 1) statistics for selected elernents by zone 
(wet chemistry data in wt%) 

P205 
Zone (10) (20) (a) (50) (60) (80) (90) 
n 8 38 29 17 14 3 5 
max O. 39 0.64 0.76 0.62 0.51 0.49 0.43 
min 0.24 0.14 0.19 O. 18 0.08 0.47 0.29 
average O. 34 0.40 0.47 0.47 0.36 0.48 O. 38 
l a  O. 06 0.08 0.12 0.12 0.12 0.01 0.05 

Li20 
Zone (10) (20) (40) (50) (60) (80) (90) 
n 8 38 29 17 14 3 5 
max 0.022 0.067 O. 101 0.191 0.076 0.068 0.094 
min 0.009 0.005 0.024 0.01 9 0.023 O. 028 0.028 
average 0.014 0.032 0.048 O. 095 0.050 0.048 0.059 
1cr 0.005 0.01 3 0.020 0.056 0.01 6 0.028 0.032 

Rb20 
Zone (10) (20) (40) (50) (60) (80) (90) 
n 8 38 29 17 14 3 5 
max 2.1 1 2.19 3.10 3.28 3.79 3.43 3.37 
min 1.12 0.75 0.94 1.30 1.89 2.87 1 .51 
average 1.60 t .45 2.01 2.06 2.66 3.7 5 2.64 
l a  0.31 0.41 0.64 0.47 0.47 0.40 0.69 

Cs20 
Zone (10) (20) (a) (50) (60) (80) (90) 
n 8 38 29 17 14 3 5 
max O. 17 0.20 0.30 0.24 0.38 O. 30 0.44 
min 0.07 0.04 0.06 0.09 0.17 0.26 0.07 
average 0.1 1 0.11 0.15 0.14 0.27 0.28 0.25 
l a  0.04 0.04 0.07 0.03 0.06 0.03 0.13 

Tl20 
Zone (10) (20) (40) (W (60) (80) 
n 1 20 7 14 9 3 
max 0.01 7 0.01 6 0.033 0.031 0.014 
min 0.006 0.009 0.016 0.01 5 0.01 1 
average 0.01 1 0.01 2 0.01 2 0.025 0.020 0.012 
l a  O. 003 0.003 0.006 O. 005 O. 002 



Table 6.5: Blocky K-feldspar (Type 1) statistics for selecteâ elements by zone 
(EMPA data in wtoh) 

P205 
Zone (10) (20) (40) (W (60) 
n IO 12 12 9 3 7 

(80) 
15 

(90) 

max 0.47 0.54 O. 57 O. 53 0.43 0.45 O. 38 
min 0.18 0.08 O. 33 0.29 0.19 0.03 O. 1 O 
average 0.29 O. 34 0.45 0.45 0.31 0.30 0.28 
la 0.10 0.10 0.09 0.09 O- 07 0.24 0.11 

Rb20 
Zone (10) (20) (40) (50) (60) (80) (90) 
n 10 15 12 12 9 3 7 
max 2.65 2.54 2.90 3.19 2.73 2.92 2.83 
min 1.25 0.73 1 .O4 1 -64 2.21 2.36 1.46 
average 1 -69 1 -48 2. 'i 3 2.22 2.47 2.59 2.42 
10 0.47 0.59 0.61 0.48 0.16 0.29 0.45 

Cs20 
Zone (10) (20) ('w (50) (60) (80) (90) 
fl 10 15 12 12 9 3 7 
max O. 33 0.16 0.30 0.22 O. 37 0.34 O. 35 
min 0.02 0.00 0.01 0.05 0.24 0.14 0.04 
average 0.10 0.05 0.10 0.11 0.30 0.27 0.24 
la 0.09 0.05 0.08 0.05 0.04 0.1 1 O. 12 



Figure 6.6 Blocky K-feldspar (Type 1) histograms for selected elements. 
(a) EMPA data; (b) wet chemistry data 



Figure 6.6 Blocky K-feldspar (Type 1) histograms for seleded elements. 
(c) & (d) EMPA data; (e) wet chemistry data 



Cesium also has a distinct bimodal distribution (Figure 6.6d). The full range of data 

inctudes a minimum of 0.04 wt% up to a maximum of 0.38Oh C%0, with a low-value 

maximum frequency between 0.03 and 0.06 wt% and a hgh-value maximum frequency 

between 0.30 and 0.33 wt%. There is a distinct paucity of Cs& compositions between 

0.18 and 0.21 wt%. 

As expeded, Rb and Cs (Figures 6.7c1d; Figures 6.8b1c) exhiba analogous average 

trends by zone, with generally increasing compositions from outer to inner zones. On 

average, Rb20 is approximately 10x more abundant than C&O. Despite the general 

upward trends in Figures 6.7c,d and Figures 6.8b,c1 a few notable irregularities are 

apparent in the resuits of both wet-chernical and EMP analyses. For both elements, 

zone (10) has a higher average composition than zone (20). The same trend reversal is 

apparent between zones (80) and (90). Between zones (20) and (80), R b 0  increases 

at a relatively constant rate, whereas the rate increase for C m  is more irregular, 

especialty considering the steep increase between zones (50) and (60). 

A plot of K20 VS. R b 0  (Figure 6.9a) indicates a relativety tight inverse correlation (RG - 
0.88), with K20 varying from 14.50 to 16.04 wt% and a concomitant variation in Rb20 

from 3.1 9 to 0.73 w!%. Despite the broad spread of data points from individual zones 

along the trend in Figure 6.9a, sample points from outer zones tend to gmup towards the 

upper left of the diagram (low Rb), whereas sample points from inner zones tend to 

duster towards the bottom right (high Rb). The relation betwan K20 and C e 0  (Figure 

6.9b) is more mmplex. There are two distinct fields of data points; the first wnsists of a 

linear trend of samples mainly from zones (10) (20) (40) and (SO), with Cs20 contents 

varying between 0.00 to 0.22 wt%. The second field, which is non-linear, is shÎfted 

significantly to the right of the first field, and includes samples with elevated Cs20 



contents between 0.25 to 0.38 wt%. These samples are mostly from zones (60) (80) 

and (90). In general, there is a positive correlation between Rb20 and Cs20 (Figure 

6 .9~ )  and a similar bimodal distribution of sarnple points as in Figure 6.9b. For whatever 

reason, the uptake of Rb into the K-feJdspar structure, appears to taper off above 2.5 

wt% Rb20, whereas the relative rate of Cs uptake seems to increase. 

Thallium values range from 0.006 to 0.033 wt% TI20 (Table 6.4), with a more-or-less uni- 

modal distribution wntaining a maximum frequency between 0.01 5 and 0.01 8 (Figure 

6.6e). Average contents per zone (Figure 6.7e) rise and then fall in zonal succession, 

with a distinct maximum average of 0.025 wtYo TlzO attained in zone (50). 

The contents of Be are very low, and range from O. 1 to 5.8 ppm (Table 6.6) 

Strontium shows a good positive conelation with Rb (Figure 6.1 O), which wntradicts the 

normal fradionation process in granïic rocks. CalcuMion of radiogenic 87Sr generated 

by ' ' ~ b  in the Tana K-feldspar since the consolidation of the pegmatiie 2.64 Ga ago 

(Baadsgaanl and Cerny, 1993) yields a referenœ line which indicates that al1 present- 

day Sr in the Tana feldspars in radiogenic, and in most cases some of it was lost 

(Figure 6.1 0). This is in agreement with the resuhs of isotopic analysis of a few selected 

samples by Clarke and Cemy (1 987). 

Barium contents are relatively low wiai only 1 1 % of individual point analyses exceeding 

the EMPA lima of detedon of 0.087 wt% BaO. Sample values range between 0.00 and 

0.09 wt%. Averages by zone are consistently close to 0.006 wt% 8a0. 



Gallium shows a slight increase from 31 to 116 ppm with Al, with an apparently random 

scatter and overiap of data from original zones (see Figure 8.1 q). However, zonal 

averages show a modest increase in Ga from zone (1 0) to zone (60) (0.009 to 0.01 2 

wt% Ga203) in the E d e  Polytechnique data set (Figure 6.7f), relatively dosely 

paralleled, and extended to zones (80) and (90) by the present data (Figure 6.79. 

Boron is present in very low concentrations varying from 1 .O to 10.2 ppm (Table 6.6). 

This is in remarkable cantrast ta the B content of Tanco micas (Margison, 2001). 

The distribution of P2O5 contents (Figure 6.6a) is Gaussian, with a frequency peak 

between 0.30 and 0.35 wt% P2O5. Individual P contents (EMPA) attain values up to 0.57 

wt% P2O5, with 99% of EMP analyses above the detection limit of 0.073 wtOh, and 76% 

of analyses with more than 0.30 wt% P2O5. Average phosphorus contents by zone 

(Figures 6.7a, 6.8a) attain a maximum of about 0.45 wt% P20s in zones (40) and (50) 

and minimum EMPA-determined average values of 0.29 and 0.28 wt% in zones (1 0) and 

(90) respectively . 

Na20 and trace-eiement distnbuüons in perfhite 

Average bulk NazO content (Figure 6.1 1 a) decreases steadily from 2.5 to 1 .O wtOh from 

zone (1 0) to (80). This is in agreement with the observed decrease in volume of albite 

lamellae fmm outer to inner zones (Table 6.2). Average NaD contents determinad by 

EMPA are significantly lower than wet-chemical values (Figure 6-11 b,c). They also are 

more uniform. but süll Vary systematically from a high of 0.36 WO in zone (20) to a low 

of 0.21 wîOh in zone (80). 



Table 6.6: Individual K(Rb)-feldspar (Type 1,2.4,6) SlMS analyses. 

Sample grain Zone Type Li (ppm wt) B (ppm wt) Be (ppm wt) 

94-1 O-R 
94-1 O-R 
78-21 -H 
78-2 1 -H 
C a s - Q  
C-0454 
94-1 0-G 
94-1 O-G 
C-090-3 
C m - J  
1 0-25-1 
1 0-25-1 
12-1 5-1 O 
12-1 5-1 O 10-1 90 1 37 1.3 0.06 

max 21 4 10.2 5.8 
min 
average 
l a  



Figure 6.7 Average oxide contents per zone (wet-chemistry data) 
Bars represent 1 a deviations. 



-&- Albite 
Que. 

- - - .Kspar 
Que. - - O - ~Kspar 
U of M 

Figure 6.7 Average oade contents per zone (wet-chemistry data). 
Ban represent l a  deviations. (9 Cornpanson of albie and K-feldspar 
Ga203 contents analyzed at E d e  Polytechnique, Montreal. Que. 
to Keldspar contents detertnined at the University of Manitoba (this study). 
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Figure 6.8 Average oxide contents per zone (EMPA data) 
Bars represent 1 a deviations. 



Figure 6.9 K-feldspar (Type 1): EMPA-determined oxide contents per zone 
83 



Figure 6.9 K-feldspar (Type 1): EMPA-deterrnined oxide contents per zone 

Figure 6.10 K-feldspar (Type 1 - wet-chemistry). Rb-Sr plot indicating 
the radiogenic origin of Sr. 



Figure 6.H Average Na oxide content per zone. (a) wet-chemistry data. 
(b) EMPA data. Discrepency between the two analytical techniques 
in (c) is a wnsequence of perthite lamellae. 
Bars represent 1 o deviations. 
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Of al1 the trace-elements analysed by EMPA, only Rb, P, Sr and Ba occur in both co- 

existing K-feldspar and albiie phases of the perthitic intergrowths, in a sufficient number 

of samples at abovedetedion levels, to warrant statistically meaningful cornparison. 

From Figures 6.1 Za, b it is evident that Rb and P are strongly preferred by the K-feldspar 

phase. The Rb distribution coefficient (Rbwa) varies from 10.1 to 99.6 with 95% of 

values greater than 14. varies from 0.3 to 46.7 with 95% of values greater than 

1. Both Sr and Ba (Figures 6.12b,c) have distribution çoenicients greater than unity in 

69% and 62% of cases respedively, suggesting they are only slightly preferred by K- 

feldspar over albite. However, their contents are very low in both feldspars, and the 

apparent differences may be strongty affected by the large analytical errors involved. 

Radiogenic Strontium 

The distribution of Sr between albite and K-feldspar is wmplex, mainly because of 

differences in ionic potentials of Sr, Na, and K, but the coefficient is close to 1 in rnost 

environments (Cemy et al., 1985; Heier et al., 1959a; Smith and Brown, 1988). The 

behavior of Sr is made even more complex because of its radiogenic relation with Rb. 

Clark and Cemy (1 987) demonstrated how the decay of " ~ b  to 8 7 ~ r  significanfly boosts 

Sr contents above those nonnally attributed to petrological processes alone, especially 

in geotogically old, Rbennched pegmatites. In some samples of K-feldspar from Cross 

Lake, Tanco and Huron daim pegmatites in Manitoba, 35% to 96% of the analysed Sr 

was found to be radiogenic. Baadsgaard and çemy (1993) confinned this, and also 

found anomalous high contents of radiogenic Sr in albite. Consequently, al1 Sr contents 

of the Tanco feldspars are wnsidered suspect and will not be considered further. 



Figure 8.12 Oxïde contents in K-feldspar and coexisting albite larnellae. 
Dashed lines represerrt 1 : 1 ratio. 



Figure 6.1 2 Oxide contents in K-feldspar and coexisting albite lamellae. 
Dashed lines represent 1 : 1 ratio. 



Crystal-chemistry 

Figure 6.13a shows that the sum of Si+AI alone daes not fiIl the 4 tetrahedral sites per 

formula unit. Adding P via the bedinite substitutiin AIPSh alleviates most of the 

problern, atthough most of the data still show a slight d e f i  (Figure 6.13b). The main 

duster of data is centered on the ideal values of Si+2P = 3.000 and ALP = 1.000. Most 

deviations show higher AI-P and tower Si+2P values; a distinctly smaller number of 

compositions have a reversed relation. 

In the diagrams showing Si+2P vs. sum of monovalent d o n s  (Figure 6.14a) and AI-P 

vs. total M i o n  charge (Figure 6.14b), the data duster dose to ideal values of 3.000 

and 1.000, and 1 .O00 and 1.000, respedively. However, both diagrams show 

systematic trends away from the ideal values, which goes beyond the analytical error of 

+/- 0.01 atoms. In Figure 6. l4a, the trend foms a largely negative extension of the 

[7Si408 vector, suggesting excess monovalent cations over 1 .O00 and deficit of Si+2P 

below 3.000. In Figure 6.14b, the trend suggests excess M i o n  charge and excess of 

AI-P over 1.000. The excesses of monovalent M-cations and of the m i o n  charge are, 

for most of the data, distinctly greater than the exœss of AI-P: the main cluster of data 

extend to -0.025 over ideal M-cation occupancy of 1.000, but only to - 0.013 over the 

sarne ideal value of AI-P. 

In both Figures 6.14a and 6.14b, a mai l  number of data plot at low values of the US&Oe, 

along the light-element vectors 2 and 3, respedively. However, these data are weH 

within the limit of analytical error, and their signifiince m s  to be doubtful. Also, a 

very slight spread along the plagiodas&ype vedor [l] is observed in both figures. 



0.960 0.980 1 .O00 1 .O20 1 .O40 
AI-P (apfu) 

Figure 6.13 (a) Si and Al atomic contents in blocky K-feldspar (Type-1). 
(b) correction for berlinite substitution. In both diagrams, dashed diagonal 
represents sum of tetrahedral cations (CT = 4.000). 



monovalent M-caions (apîu) 

0.960 0.980 1 .O00 1 .O20 1 .O40 
M-cation charge (pîu) 

Figure 6.14 Stoichiornetry and charge balance in blocky microdine-perthite: (a) 
Si+2P vs. Z M ;  (b) ACP vs. M+, diagonal line indicates M+ -T02- = O; [1] Plagio 
dase substitution trend, [2] vacancy trend, [3] M-cation deficiency trend. 



In the viftual absence of Ca, this is at least in part real due to minor Ba and Sr, which do 

not collectively exceed 0.004 apfu. 

StmcturaI state 

Xray powder-cliffradion data for Type 1 blocky microdine are presented in Table 6.7, 

with mrresponding correlation matrix including unit-cell dimensions against 

compositional data, in Table 6.8. On the c-b plot (Figure 6.1 Sa), data points duster 

nearest the maximum-microdine end-member but are shifted upwards slightly towards 

the Rb-dominant fetdspar sedes. Data points from different zones within the ctuster 

(Figure 6.1 Sb) show no particular trends, with the possible exception of zone (40) data 

which, on average, indicate a greater degree of disorder than samples from other zones. 

A good correlation exists (R~=o .89) between unit-cell vdume and abmic Rb+Cs 

contents (Figure 6.16a); however, trictinicity and atomic Rb+Cs (Figure 6.16b) are poorly 

correlatecl (RL -0.37). 

6.2 'Late' K(Rb) - feldspars (Types 2 to 6) 

The other feldspar Types2 to -6 are described separately below in t e n s  of colour, 

texture, and composition. For the most part, these individual types are much less 

abundant than the blocky K-feldspar, and are found only in specific zones. They do, 

however, mver most of the spectrum of the general subsolidus paragenetic sequenœ of 

feldspan (e.g. temy, 1994; Teertstra. 1997). and some of them may share some 

degree of temporal, if not spatial, overlap. For this reason, and for the sake of easy 

cornpansons, the individual data series for each of the 'Iate' feldspar types are presented 

on the same compositional charts and tables. Table 6.9 lias reptesentative 



Table 6.7: Blocky K-feldspar (Type 1) unit-ceil parameters. 

Sample Zone a (A) b (A) c (Ai a ( O )  P (O> Y (S v (A") A 
94-1 O-R 10 8.589(3) 12.969(2) 7.224(1) 90.58(2) 1 l5.94(2) 87.81 (3) 723.1 0.91 4 
SLE-18 12 
SLW-1C 12 
12-15-28 20 
12-15-2C 20 
76-23-N 20 
76-23-0 20 
78-21 -H 20 
L-12-E 20 
86-07-T 40 
92-1 1 4  40 
94-10-K 40 
C-045-Q 40 
C-107-E 40 
10-254 47 
10-25-3~ 50 
12-15-1A 50 
1 2-1 5-1 AB 50 
94-104 50 
C-C 50 
12-154 60 
C-090-J 60 
C-096-I 60 
C-S 60 
C-M 63 
10-25-1 80 
10-25-2 80 
12-15-19 80 
12-15-10 90 
12-15-17 90 
96-11-B 99 

max 8.621 12.978 7.227 90.64 116.02 87.99 725.8 0.96 
min 8.579 12.965 7.220 90.47 115.94 87.70 721.7 0.84 
average 8.6û3 12969 7.224 90.58 115.98 87.83 724.0 0.92 
stdev 0.010 0.003 0.002 0.03 0.02 0.06 0.9 0.03 



Table 6.8: Correlation matnx of blocky K-feldspar (Type 1) compositions and 
unit-cell parameters. 

- 
a 
b 
C 

a 
P 
Y 
v 
A 

Ba 
Li 

WRb 
KINa 

RWCs 
wcs 

P205 
Si02 

AL203 
NA20 

K20 
RB20 
CS20 

Rb++Cs' 
Si+2P/AI+Fe-P 

A!-? 
Si+2P 

CM 
M+ 
M" 

East 



Figure 6.1 1 Blocky K-feldspar (Type 1 ) unit-cell dimensions. Open circles 
represent ideal ordered to disordered. and Rbdominant to K-dominant b-c 
parameters from Cemy et al.. l985b. Cross-hair represents average emr .  
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0.000 0.020 0.040 0.060 0.080 0.100 0.120 
Rb + Cs (apfu) 

Figum 6.1 6 Blocky K-feldspar (Type 1 ) unit-cell parameters 
(volume and tnclinicrty) vs. atomic contents (Rb + Cs) 
Cross-hair represents average standard analytical emr. 
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Table 6.9: Representative compositions (wt%) and formula (apfu) of late 
K-(Rb)-feldspar (Types 2-6) (EMPA data) 

Sample BL-jar2 LM-1 PM1 -8a pa101-26 A-10 pa101-10 pollC-2 pollC-4 ADPV-1 AD1 0 4  
Type 2 2 3 3 4 4 5 5 6 6 

PZ05 
SI02 
AL203 
MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
NA20 
K20 
RB20 
CS20 

TOTAL 

PS+ 
St4+ 
AL3+ 
MG2+ 
CA2+ 
MN2+ 
FE3+ 
Sm+ 
BA2+ 
PB2+ 
NA+ 
K+ 
RB+ 
CS+ 

ZT 
10 2. 

Si+OP/AbP 
C M  
M+ 
M' 
-atomic contents normalized to 8 oxygens 
Type 2: granular microcline veins (60) 
Type 3: metasomatic microcline veins in pallucite (80) 
Type 4: adularian (K-Rb) feldspar; metasamatic along vein rnargins of type 3 (80) 
Type 5: metasomatic clusters in pollucite (80) (unpub. data, Teertstra pre-1995) 
Type 6: adularia crystals in Ieaching cavities (40),(50) 



Figure 6.1 7 Bivariate oxide plots (EMPA) of late K-feldspars (Types 2,3,4,6). 
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Figure 6.1 7 Bivariate oxide plots (EMPA) of late K-feldspars (Types 2,3.4.6). 
99 

3 



0.950 0.970 0.990 1 .O10 1 .O30 
A13+ (apfu) 

0.960 0.980 1 .O00 1 .O20 1 .O40 
AI-P (apfu) 

Figuw 6.18 (a) Si and At atomic contents of late K-feldspars. 
(b) Corrected for berlinite substitution. In both diagrams, dashed diagonal 
represents sum of tetrahedral cations (al = 4.000). 1 O0 



monovalent Meafions (apfu) 

0.960 0.980 1 .O00 1 .O20 1 .O40 
M-cation charge (ph) 

Figure 6.19 Stoichiometry and charge balance in late K-feldspars. 
Diagonal line in (b) indicates M+ - T02- = 0; [l] Plagioclase 
substitution trend, [2] vacancy substitution trend, [3] M-cation deficiency trend. 



monovalent M-cations (apfu) 

0.820 0.860 0.900 0.940 0.980 
M-cation charge (pfu) 

Figure 6.19 Sarne data but greater range than in Figures 18a and 18b. 
Note extreme variations in the three adularia compositions along the 
vacancy and M-cation deficiency trends. 1 02 



Table 6.10: Some unit-cell dimensions for late K(Rb)-feldspar varieties. 
Sample Type a (A) b (A) c (A) a (9 flc? YO 
5 3 8.609(2) 12.971 (3) 7.225(2) 90.62(3) 17 5.98(2) 87.79(2) 

7 6 8.591 (1) 13.042(2) 7.169(1) 90 115.99(1) 90 

12 6 8.603(2) 13.050(4) 7.171(2) 90 1 t5.93(3) 90 

13 6 8.596(2) 13.040(3) 7.166(2) 90 115.97(2) 90 

15 6 8.597(2) 13.038(3) 7.172(3) 90 11 5.99(2) 90 

5.7 from Teertstra (1 997) 

12,13,15 from Cemy and Chapman (1 984) 

compositions of Types 2 to 6. Bivariate oxide-mntent diagrams for K, Rb, Cs, and Na 

are presenteâ in Figures 6.17a to d. Crystal-chernical data are presented in Figures 

6.18a1b and Figures 6.1 9 a&. A limited number of unit-cell parameters for Types 3 and 

6 from the literature are presented in Table 6.10. 

Type 2: granular non-pertfiitic micmcline veins in zone (60) 

Granular K-feldspar from zone (60) occurs in veins of varying sizes, as medium-grained 

beige to pale-grey subhedral to anhedral grains. The veins generally pinch and swell 

with thicknesses between 10 and 30 cm, and contain predominantly K-feldspar, locally 

lined with muscovite (sericite), quartz and various pink to orange quant phosphates, 

and minor TalNb oxides. Some of the grey samples (e.g. Figure 6.20) consist of matrix- 

supporteci pseudo-hexagonal prisms of K-feldspar, some larger than 5 un in diameter. 

The matrix mnsists of a dark-bluish-grey, fine-grained assemblage of quartz, sericite 

and local minor Bi-suliides. Most samples, except sample BL-Jar1 , are non-perthitic. 

Composition 

Only 4 EMPAdetermined compositions for this feldspar type are available; each 

composition represents an average of 2-5 analytical points. Potassium and rubidium 

Vary inversely (Figure 6.17a) with K a  varying from i 5-80 to 14.96 wtoh and Rb20 from 



2.20 10 2.36 wt%. This coincides with an increase in CszO from 0.10 to 0.41 wtOh (Figure 

6.17b,c). lndividual Na20 values are some of the highest in Figure 6.17d. Potassium 

and sodium appear inversely proportional, with NazO varying between 0.15 and 0.33 

wt%. 

Phosphorus incorporation via the bedinite substitution is signifiant (Figures 6.18a.b) 

with P205 varying between O. 12 to 0.31 wt%. Si+2P/AI-P varies from 2.972 to 3.027. 

Taking analytical emr into account. the distribution of data points in Figures 6.1 9a.b 

indicate that the type-2 feldspars are dose to ideal stoichiometry. A slight shift along the 

vacancy substitution vedor (2) is well within analytical emr. 

Type 3: metasomatic micmline veins in pollucite (80) 

This K-feldspar type (Figure 6.21) occurs as pink deaveable, or occasionally 

microcrystalline microcline in veinlets and veins up to 4 mm wide, which fiIl fractures in, 

and replace pollucite in zone (80). The veins also commonly contain variable quantities 

of grey to white albite, quartz, and muscovite or lepidolite; the latter giving the vein a 

purplish hue. Other minerals observed in BSE images indude apatite, spodumene, 

calcite, and local TaINb (Sn) oxides. 

Composition 

Twenty-one non-averaged EMPA-âetennined compositions are available for this 

feldspar type. Potassium and rubidium Vary invenely (Figure 6.17a) with K20 varying 

from 15.25 to 13-20 wt%, and Rb20 from 1.80 to 6.15 wt%. This coincides with an 

increase in C m  from 0.10 to 0.41 Wh (Figure 6.17b1c). lndividual N e 0  contents 

(Figure 6.1 74) show a wide spread of generally low values between 0.03 and 0.28 wt%. 



Phosphorus incorporation via the berlinite substitution is significant (Figures 6.1 8a, b), 

with P2O5 varying between 0.00 and 0.5 1 wtO/o. Si+2P/AI-P varies from 2.938 to 3.056. 

There is a relatively wide distribution of data points in Figures 6.1 9 a,b, with the mid- 

point of the trends roughly centered over the ideal stoichiometric values. The relatively 

shallow trends in Figures 6.19a.b. along vedors [2] and [3], suggest the presenœ of 

both vacancy and light M i o n  substitutions. The average Mi=ation deficiency (Ma) is, 

however, only 0.000 +1- 0.01 0, with individual values as low as -0.026. 

Stmctutal state 

Only one unit-celi refinement for this feldspar variety was encountered in the relevant 

Merature for Tanm (Table 6.1 0). Teertstra (1 997) reportecl this sample as a vein 

microdine in pollucite, and detemined unit-cell dimensions by Rietveld refinement. 

Type 4: adularian (K-Rb) feldspar 

This feldspar type occurs as micmscopic selvedges, which seem to have locally 

reccystallized from the type-3 K-feldspar (Figure 6-22). and partially replaced pollucite 

along the rnargins of the type-3 veins (Teertstra, 1997). 

Composition 

Thirty individual compositions are available for this feldspar type. Potassium and 

rubidium Vary inversely (Figure 6.1 7a) and exhibi the greatest range of contents 

compareci to al1 the other feldspar types. K20 varies fmm 16.83 to 1.79 wt% with a 

concomitant increase in RbzO from 0.00 to 24.84 UV&%. This coincides with a general 

increase in C e 0  from 0.00 to 1.43 wt% (Figure 6.17b), along a relatively steep R b 0  vs. 

C w  trend (Figure 6.1 7c). With one exception, individual N@ contents (Figure 6.174) 

are very low, with values between 0.00 and 0.1 1 wt%. 





Phosphorus incorporation via the beriinite substitution is not significant (Figures 6.1 8a,b) 

with 90% of samples wnbining less than 0.05% P2O5. Si+2P/AI-P varies from 2.963 to 

3.133. There is a wide distribution of data points in Figures 6.19 a, b, with the trends 

more-or-less passing through the ideal stoichiometric values. Similarities are observed 

with the Type-3 trends in Figures 6.19a,b, along vectors [2] and [3], suggesting the 

presenœ of both vacancy and light M-cation subtiiutions. The extent of the 

substitutions (particularly along vedor [Z]) is greater than for al1 other feldspar types. The 

average M-cation deficiency (M*) is 0.003 +/- 0.01 1, with individual values as low as - 
0.021. 

Type 5: metasomatic clusters of adularian (K> Rb) feldspar in poilucite (80) 

This feldspar type occurs within metasomatic dusters in zone (80), as microscopie 

aggregates of su bhedral adularian crystals assoaated with minor quartz and day 

minerals (Figure 6.23). In most cases, the clusters are closely assaciated with sericitic 

veinlets, which cross-cut pollucite, and contain minor quantities of anhedral spodumene 

and day minerals. 

Composition 

Compositional data on the Type-5 feldspar is limited to unpublished data of Teertstra 

(pre-1995). An analysis of crystal-chemical results indicates significant analytical error 

as a resuit of poor EMPA standard calibration (P. Cerny. personal comm., 2001). 

Resuits are however, useful qualitatively. R b 0  varies between O and 15.4 wt%, and 

C e 0  varies between O and 0.71 wt%, indicating similarly high (albeii not as extreme) 

contents in cornparison to Rb and Cs bearing feldspar of Type-4. 



Type 6: adularia crystals in leaching cavities 

cerny and Chapman (1 972, 1984) define adularia as a morphologically distinct variety of 

end-member K-feldspar, characteristic of low-temperature hydrothennal or diagenetic 

paragenesis. The M d  definition of adularia specifies a euhedral crystal fom, with Na- 

poor composition dosely approaching Orloo. For the purposes of this thesis, I adhered 

to the strict morphological definition of adularia, which applies only to milky-white ta pink, 

sub-millimeter, euhedral crystals colledeci from drusy aggregates in leaching cavities 

from zones (50) and (40) (Figure 6.24). These feidspar aggregates are commonly 

associated with cookeite, cesian analcime, montmorillonite-illite, and rarely sulfides, and 

sulfosalts. Adularia locally foms oriented overgrowths on albite (cemy, 1972), and 

radial coatings on relict spodumene. A few crystals appeared zoned under back- 

scatîered electrons (Figure 6.25). Teertstra (1 997) reported outer dark margins up to 

5Opm wide, and found them to be msiderably M-cation deficient as far as EMPA- 

detemineci compositions were concerned. 

Composition 

Eleven wmpositions are available for this feldspar type; of these, 5 wmpositions are 

averages of 2-5 point deteminations. Rubidium and Cs contents (Figures 6.17a,b,c) are 

consistently below detection, except for one heterogeneous sample which contained an 

average of 4.28 wt% Rb20, and 0.06 wt% CeO. K20 varies from 17.1 5 to 14.09 wt%. 

NazO contents (Figure 6.17d) are very low, with most values between 0.00 and 0.03 

wt%; one sample attained a value of 0.07. 

Phosphorus content is essentially nil. SVP varies from 2.987 to 3.323 (Figure 6.18). 

There is a relatively wide scatter of data points in Figures 6.19 a,b. In Figure 6 . 1 9 ~ ~  

extreme displacements of three points along vedors 121 and [3) are observed. The two 



Figure 6.22 BSE image of (K-Rb)-feldspar veining polfucite in zone (80). Dark rnottled 
microcline (Type 3) indicates low to variable Rb contents. Brighter regions indicate 
increasing Rb (Cs) contents in adularian (Rb-K)-feldspar (Type-4). (Image from 
Teertstra, 1 997) 

Figure 8.23 Hand sample of pollucite from zone (80) containing adularian (Type-5) 
clusters (white). Most clusters occur along network of white sericite-albite veinlets. 
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Figure 6.24 Photograph of drusy overgrowths of adularia +/- Cs analcime, plus very- 
fine-graineâ micas and days, on albite or relict spodumene in a vug from zone (50). 
Field of view is about 4mm. 

Figure 6.25 BSE image of zoned euhedral adulana crystal from zone (50). Oark rim 
is representative of low average atomic weight, probably indicative of elevated H+ 
(see text for further information). 



extreme compositions along vector (31 are the results of analyses of a dark, outer rim of 

a zoned adularia sample (e.g. Figure 6.25). M'values for these two samples are 4.100 

and 4.145,  indicating very signifkant M-cation deficiency. Teertstra (1 997) speculated 

that the outer dark rims on adularia crystals, observed in BSE images, wuld be 

indicative of H+ substitution in the Absite; follow-up analysis by SlMS or hydrogen-ion 

extraction are still required to support this hypothesis. 

Structura/ state 

Cemy (1972) and Teertstra (1997) refined unit-cell dimensions of Type4 adularia. which 

conesponded to the high-sanidine structure with virtually total (Si, Al) disorder (Table 

6.1 O). 



CHAPTER 7: MlNERALOGY OF TANCO ALBITE 

Based on morphological and texiural characteristics, six different types of albite are 

recognized in the Tanco pegmatite (Table 6.1 ; Types A-F). The first two types, aplitic 

albite (Type A) and deavelanditic albite (Type B), are essential rock-forrning mineral 

varieties, which collectively comprise 26% of the vdume of Tanco (Stilling 1998). The 

remaining types have very low abundances, and generally occur as significant 

components of replacement or metasomatic assemblages. 

Representative compositions of albite (Types A,B) of individual zones, are surnmarized 

in Table 7.1. A complete listing of albite compositions detemined by EMPA is found in 

Appendix IV. As noted in chapter 5 and Appendix 1, analytical results for Fe, Ti, Mg, Cs, 

and F were consistently below detection. Subsequent listings of analytical data and 

discussion of ail albite types will be limited to the foltowing suite of elements: Na, K, Rb, 

Ca, Sr, Mn, Al, Ga, Si, and P. Histograms illustrating the contents of selected oxides 

and average compositions by zone for both aplitic albie and deavelandite are presented 

in Figures 7.1-7.3 and Figures 7.4, 7.5. Conesponding statistics for P&, Cao, and K20 

are listed in Table 7.2. 

Type A: aplitic albite (1 O,ZO,36,4O,SO,6O,iO,8O) 

Aplitic albite typically comprises a mosaic of very fine-grained, equidimensional, 

subhedral aystals (Figure 7.6) intimately associatecl with a variety of accessory 

minerals, and is found in al1 zones except (90). There are three general morphological 

occurrences: 1) Large tenses (meters to 10's of meters) of massive bluish or purplish to 

white aplitic albite containing significant disseminated to coarse-grained quartz [e.g. al1 

of zone (3011, and minor, randomly dispersed to weakly banded (Li)-muscovite, apatite, 

tourmaline, and (Ta, Nb, Sn) oxide minerals. 2) Moderate-size lenses [e-g., in zones (20) 



and (60)). decimeters to meters thick, of white to bluish or purplish aplitic 'line rock' 

composed of linear to bulbous arrays of accessory-rich and accessory-free layers. 

Accessary minerals include significant mm-sized, quant, euhedral apatite and/or bluish- 

black, 1-2 mm long, euhedral tourmaline mlumns, muscovite or lepidolite, and minor Ta- 

Nb, andlor Sn oxides. Subhedral, cm-scale tourmaline and white cesian-beryl crystals 

commonly occur in contact with smoky quartz (Figure 7.7). 3) Small lenses (mm's-cm's) 

of white, bluish, greenish, or orange-hue aplitic albite as part of matrix assemblages in 

al1 zones. Colour refiects type and quantity of accessory rninerâls. Local orange 

staining may be caused by Fe-hydroxide staining. 

Phosphorus in aplitic albite ranges from 0.03 ta 0.38 wt% P2O5 (Table 7.2). The overall 

distribution (Figure 7.la) is bimodal, with a distindly higher frequency between 0.09 and 

0.1 2 wtoh PzOs, and a srnaller peak between 0.30-0.33 ~ 1 % .  Ninety-one percent of al! 

individual EMPA-determiried compositions are above the detection limit of 0.073 wt%, 

with 11 % of compositions greater than 0.30 wt% &O5. Average P2O5 by zone (Figure 

7.5a), does not Vary significantly above or below 0.15 wt % exœpt for zones (40) and 

(80), which attain average values of 0.20 and 0.21 wt%, respedively. 

Calcium ranges from 0.02-0.1 9 wt% Ca0 (Table 7.2). The overall distribution (Figure 

7.2a) is close to Gaussian, with a broad profile and a maximum frequency between 0.03 

and 0.05 wt% Cao. There is a paucity of values between 0.12 and 0.16 wt%, and onfy 

two sarnples with compositions greater than 0.16 wt%. Average Ca0 contents by 



Table 7.1 : Representative compositions ( ~ 1 % )  and formula (APFU) of albite from 
Tanco, Manitoba (EMPA data) 

Sample SLW-3C L-12-M C-096-U C-033-0 C-E 92-1 1 -H 92-1 1 -P Poil4 12-1 5-22 
Zone (1 2) (20) (30) (40) (50) (60) (70) (80) (90) 

PZ04 
SI02 
AL203 
MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
NA20 
K2O 
RB20 
CS20 

TOTAL 

PS+ 
S14+ 
AL3+ 
MG2+ 
CA24 
MN24 
FE34 
SR24 
BA24 
PB24 
NA+ 
K+ 
RB4 
CS+ 

C T  

f0 2- 
Si+2PIAI-P 
ZM 
M4 

. . . .  . . .  . . . -  

-atomic contents normalized to 8 oxygens 
-each value represents average of 3 4  data points 



12 (a) 

apîitic albiie (EMPA) 
10 - -  

12 
(b) 

deavelandite (EMPA) 

Flgum 7.1 Albïe histograms for seledeci oxides: (a) Type-A; (b) Type-B. 



1 deavelandite (EMPA) 1 

Figure 7.2 Albite histograms for selected oxides: (a) Type-A; (b) Type-B. 



aplitic albite (EMPA) 
14 

Figure 7.3 Albite histograms for select oxides: (a) T y p A ;  (b) Type-B. 



Table 7.2: Selected oxide (wt%) statistics, per zone, for albite (Types A & 6) 
P205 - aplitic albite 
Zone 10 20 30 40 50 60 70 80 90 
n 5 11 14 13 4 11 3 
max 0.30 0.31 0.31 0.38 0.25 0.31 0.29 
min 0.03 0.08 0.05 0.04 0.10 0.04 0.15 
average 0.15 0.15 0.13 0.20 0.14 0.15 0.21 
STOEV 0.1 1 0.07 0.07 0.12 0.08 0.07 0.07 

P205 - cleavelandite 
Zone I O  20 30 40 50 60 70 80 90 
n 1 15 21 10 3 2 3 2 
max 0.32 0.35 0.35 0.24 0.23 0.16 0.17 
min 0.02 0.01 0.06 0.02 0.00 O. 03 0.05 
average 0.30 0.17 0.18 0.18 0.12 0.11 O. 07 0.11 
STDEV 0.09 0.10 0.09 0.1 1 O. 16 O. 08 0.09 

Ca0 - aplib'c a l b i  
Zone 10 20 30 40 50 60 70 80 90 
n 5 11 14 13 4 11 3 
max 0.17 0.19 0.10 0.10 0.04 0.11 0.08 
min 0.03 0.03 0.03 0.02 0.03 0.03 0.07 
average 0.08 0.07 0.06 0.06 0.03 0.07 0.07 
STDEV O 0.04 0.02 0.03 0.00 0.03 0.00 

Ca0 - cleavelandite 
Zone 10 20 30 4Q 50 60 70 80 90 
n i 15 21 10 3 2 3 2 
max 0.20 0.17 0.11 0.05 0.06 0.05 0.06 
min 0.01 0.01 0.02 0.02 0.05 0.01 0.03 
average 0.09 0.08 0.07 0.07 0.04 0.06 0.03 0.05 
STDEV 0.06 0.04 0.03 0.02 0.01 0.02 0.03 

K 2 0  - aptiüc albite 
Zone 10 20 30 40 50 60 70 80 90 
n 5 11 14 13 4 11 3 
max 0.12 0.10 0.11 0.13 0.08 0.13 O. 13 
min 0.05 0.04 0.04 0.04 0.06 0.03 0.05 
average 0.08 0.08 0.07 0.07 0.07 0.07 0.09 
STDEV 0.03 0.02 0.02 0.02 0.01 0.03 0.04 

K2O - cleavelandk 
Zone 10 20 30 40 50 60 70 80 90 
n 1 15 21 10 3 2 3 2 
max 0.12 0.13 0.11 0.06 0.0s 0.07 0.07 
min 0.04 0.03 0.04 0.05 0.05 0.05 0.06 
average 0.03 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
STDEV 0.02 0.02 0.02 0.01 0.02 0.01 0.00 



Figum 7.4 Average oxide oontents per zone (EMPA data) 
collectively for al! albite Types A+B. Deviation: +/- 1 a 



+ aplitic 
albite 

+ cleav. 

It- aplitic 
albite 

-h- cleav. 

-t- aplitic 
albite 

+ cleav. 

Figure 7.5 Average oxide contents per zone (EMPA data) 
for aplitic albite (Type A). and cieavelandite (Type 6). 



zone (Figure 7.5b) drop steadily from a maximum of 0.08 wt% in zone (10) to a minimum 

of 0.03 wtYo in zone (50). Subsequent Ca0 averages increase irregularîy inwards from 

zone (50), with a second maximum average of 0.07 wt% attained in zone (80). 

Potassium ranges from 0.03-0.13 wt% K20 (Table 7.2), with a Gaussian distribution 

(Figure 7.4A) and steadily declining average K20 from outer to inner zones (Figure 7.52). 

Only the maximum average of 0.09 wtO/o K20 in zone (80) is inconsistent with this trend. 

Type 6: cleavelandite (1 0,20,40150,60,70,80190) 

Cleavelandite occurs as white to light-grey, subparallel to radiating plates up to 10 cm in 

length, that fom aggregates consisting almost entirely of albite, locally with minor 

muscovite, lithiophilite, and Sn-Ta-Nhxide minerals. In zone (20), cleavelandite like 

platy albite is commonly in contact with quartz, euhedral schorl, and books of euhedral 

muscovite to form the diaraderistic 'leopard-rock' texture (Figure 7.8). A similar mineral 

assemblage and texture is found in zone (40), commonly with lithiophilite but almost 

always without schod. In zones (40) and (SO), radial rims of deavelandite commonly 

fom in contact with large amblygonite-rnontebrasite crystals, microdine-perthite and 

spodumene + quartz intergrowth after petalite. Cleaveiandite in zones (60) and (90) is 

commoniy associated with lepidolite. In zones (70) and (80), deavelandite is only found 

in transitional mineral assemblages with adjacent zones. 

Chernical Composition 

Phosphorus in cleavelandite ranges from below detedion to 0.35 wtO/o P20s (Table 7.2). 

There is a remarkably uniform frequency distribution in Figure 7.1 b. Twelve percent of 

cleavelandite compositions are greater than 0.30 wt% P2O5. 



Figure 7.6 BSE image of aplitic albite shawing individual subhedral grains 
of relatively uniforrn sizes. Field of view is 500 Fm. 

Figure 7.7 Line rock with bulbous aplitic albite apophyses and haloes of black tourmaline 
(schorl) and fine grained Ta/Nb oxides, in contact with smoky quartz and white euheâral crystals 
of cesian-beryl. Upper-right corner consists of white cleavelandite, intergrown with radiating 
tourmaline partially altered to mica. Location: near contact between zones (60) and (30). 
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Figure 7.8 Hand sample of 'leopard rock' from zone (20). Assemblage 
comprises coarse columnar black schorl, coarse blebs of grey quartz, and a 
network of medium-platy white cleavefandite, plus minor fine-grained 
muscovite, aplitic albite (top left), and K-feldspar (pink patches). 



Averages in Figure 7.5a attain a maximum of 0-18 wt% P2O5 in zones (40) and (SO), and 

then graduafly dedine towards inner zones. 

Calcium ranges from 0.01 to 0.29 wt% Ca0 (Table 7.2). The distribution (Figure 7.2b) is 

dose to Gaussian, œntered on a distinct frequency peak between 0.05 and 0.06 wt%. 

Calcium averages by zone (Figure 7.5b) decrease steadily fmm 0.09 wt% Ca0 in zone 

(1 O), to 0.04 wt% in zone (60). Subsequent averages Vary irregularly, with a minimum 

average of 0.03 occumng in zone (80). 

Potassium ranges from 0.03 to 0.13 wt% K20 (Table 7.2), with a tight Gaussian data 

distribution (Figure 7.3b). and constant average compositions by zone (Figure 7.5c), 

close to 0.06 wt% K20. 

Other trace4ement contents in albite (Types A,B) 

Lithium content of albite, detemineci by SIMS, is considerably lower than that of Type1 

K-feldspar (Table 7.3). with a range between 0.1 1 to 1.66 ppm. 

Average Sr and Mn contents (Appendix IV) in 'primary' albite are invariably below EMP 

detection limits (Appendix 1:  Sr0 = 0.059 wt%, Mn0 = 0.025 wt%). Twenty-three percent 

of individual point values for Srû were above this limit (K-feldspar: 47%), and 34% of 

point values for Mn were above this limit (K-feldspar: 4%). Existing data for Sr0 range 

from 0.00 to 0.06, averaging 0.02 wt%; Mn0 varies between 0.00 to 0.02, averaging 

0 .O 1 wt?40. Most if not al1 Sr can be assumed radiogenic, migrated from Rb-rich phases 

(see cumments on Sr in Chapter 6). 



Berylliurn is very low in atbite (0.2 to 6.7 pprn; Table 7.3). comparable to concentrations 

in blocky K-feldspar (Table 6.6). 

Gallium was detemined at EaAe Polytechnique for deavelandite and comparable 

coarse varieties. Gallium values slightiy increase from 46 to 125 ppm with increasing Al, 

but average zone contents var' erratically (see Chapter 8, Figures 8.2a.b, 8.3i). 

Boron concentration is very low, ranging from 0.8 10 t 0.2 ppm (Table 7.3). The spread 

of data overlaps with that detemined for Type-1 K-feldspar (Table 6.6). 

Crysta l-c hem istry (aplitic albite and deavelandite) 

Deviation from ideal SUAI ratio, due to the berlinite substitution (Figure 7.9). is not as 

prominent as in K-feldspar (Figures 6.12a.b). Atomic ranges of Si and Al (Figure 7.9a) 

are also smaller with Si ranging from -3.00 to 2.955 apfu, and Al ranging from 1 .O0 to 

1 .O3 apfu. Correctjng for the berlinite substitution resufts in almost perfect stoichiometry 

(Figure 7.9b) with average Si+AI+P = 4.000 +1- 0.002. The (Si+2P)/(ACP) ratio varies 

from 2.928 to 3.044, with an average of 2.974 +l- 0.020. The tetrahedral framework 

charge (TC?-) detennined as AI-P (Figures 7.9b.7.l Oa,b), ranges from 0.995-1 .O18 apfu 

with an average of 1 .O06 +Io 0.005. This is nearly perfectly balanced by the M o n  

charge (Ad+) (Figures 7.1 1 b, 7.13a,b), with a range of 0.984 to 1 .O27 pfu, and an 

average of 1 .O05 +/- 0.007. 

The distribution of data points pamliel to vedor [2] in Figures 7.1 1, 7.12, and 7.13 

suggests possible vacancy substitution. Shifts along the M o n  detîciency trends, 

vector [3], are generally not signifint. The average Mcation deficiency as detemined 



Table 7.3: Individual albite SlMS analyses. 

Sample grain Zone Type Li (ppm wt) 6 (ppm wt) 843 (pprn wt) 

1C-IO 10-2 90 
max 1.66 10.2 6.7 
min 
average 
l a  



by the equation (Me = A f  - T@-) is -0.002 +/- 0.007; minimum Mois 4.017 pfu. Both 

the - :Si40R and M-cation deficiency trends are within the limits of analytical error. 

However, a significant shift is observed along the plagioclase-type substitution vector [Il. 

This is consistent with slightly elevatad contents of divalent Mcaüons (Ca2' = 0.000 to 

0.010. = 0.003 apfu +/- 0.001 ; am) Ca+Ba+Sr = 0.001 to 0.01 1. = 0.004 +/-.002). 

Figures 7.10, 7.12, and 7.4 3 each amtain two mutually complementary diagrams {a, b}, 

one depicting variations in crystal-chemistry by zone, the other, variations in crystal- 

chemistry by mineral type (Le. aplitic albite vs. deavelandite). Data shown in Figures 

7.1 Ob, 7.12b, and 7.13b indicate that there are no significant crystal-chernical differences 

between aplitic albite and deavelandite, except that aplitic albite, in general, exhibits a 

slightly greater range of values. 

Stmctura l state (aplitic albite and ckavelandite) 

X-ray powder-diffraction data for albite Types A+B are presented in Table 7.4. On the c- 

b plot (Figure 7.14) data points duster tightly around the ideal low-albite endpoint. Data - 

points within the duster differentiated by zone (Figure 7.14b), and by albie vatiety 

(Figure 7.14~) show no significant trends. la-standard deviatÎons of the albie unit-cell 

dimensions (Table 7.4) fall within average analytical emrs and preciude any meaningful 

correlations amongst the different unit-cell dimensions, or in cornparison to trace- 

element contents. 

Type C: sacchamidal albite (40,50) 

Sacchamidal albite is defined as a very fine-grained parageneticafly late va- of albite 

that typically foms in the interior parts of pegmatite dykes, and displays metasomatic 

contacts with neighboring pegmatite minerais. To date, no unequivocally identifiable 



sacchamidal albite has been found in the Tanw pegmatiie. Aplitic albite from zone (30) 

can be texturally similar, and occasionally displays replacement-like em bayments into 

minerals of adjacent zones. Also, somewhat coarser-grained albite locally replaces K- 

feldspar and spodumene + quartz pseudomorphs after petalite in zones (40) and (50). 

However, sorne bulbous masses and embayments resembling metasomatic 

replacement could also be generated by inwardly moving crystallization fronts, that 

reacted and partly resorbed adjacent mineral assemblages. by magmatic processes 

involving constitutional zone refining (Morgan and London, 1 999). 

Distinguishing between aplitic albite and saccharoidal albite in the field can be difficult, 

particularly when the only samples available are from drill core. For these reasons, 

saccharoidal albite was not sampled as a separate category in this study, but samples 

resernbling this variety were ranked with the perceptually and spatially closest type, A or 

B. 

Type D: metasomatic albite veins in pollucite zone (80) 

Off-white to medium-grey veins of granular to tabular albite, a few to 20 mm acmss, form 

locally a polygonal network in pollucite of zone (80), texturally similar to the network 

composeci of the non-peilhitic microdine veins (K-feldspar, Type 3) (Cemy and 

Simpson, 1978). This generation of albite, assoàated with minor quartz, was so far not 

analyzed. 



A13+ (apfu) 

0.960 O. 980 1 .O00 1 .O20 1 .O40 
A19 (apfu) 

Figure 7.9 (a) Si and Al atomic contents in albite (Types A+B). 
(b) corrected for berlinite substitution. In both diagrams, dashed diagonal 
represents sum of tetrahedral cations (C T = 4.000). 129 



0.980 1 .O00 
Al-P (apfu) 

1 .O00 
AI-P (apfu) 

Figure 7.10 Tetrahedrally coordinated cations in albite: (a) designated by zone 
(Types A + 6); (b) designated by mineral variety (Types A,B). Compare scale 
change to Fig. 7.9. Diagonal line represents ( Z T  = 4.000). 



O. 960 0.980 1 . O 0 0  1 .O20 1 . O 4 0  
monovalent Mcations (apfu) 

O. 960 0.9 O 1 .O00 1 0  0 
&cation charge 

1 .O40 

Figure 7.1 1 Stoichiornetry and charge balance in albite (Types A+%): (a) Si+2P vs. ZM; 
(b) AI-P vs. M+, diagonal line indicates M+ - T02- = 0. [l] plagioclase substitution 
trend. [2] vacancy substitution trend. [3] M -cation deficiency trend. 131 



0.970 0.990 1 .O1 O 1 .O30 
monovalent M-cations (apfu) 

'"j 

0.970 0.990 1 .O1 0 1 .O30 
monovalent M -cations (apfu) 

Figure 7.12 Stoichiometry in albite: (a) designated by zone (Types A + B); 
(b) designated by mineral variety (Types A, 6). Compare scale change from Fig. 7.1 1. 
Substitution vectors as in Figure 7.1 1 a. 1 32 



0.970 0.990 1 .O1 0 1 .O30 
Mcation charge (pfu) 

0.970 0.990 1.010 1 .O30 
Mcation charge (pfu) 

Figura 7.13 T-cation charge (TO~'=AI-?) vs. M-cation charge (M') in albite (Types A+B). 
(a) designated by zone; (b) designated by mineral variety. Compare scale change 
from Fig. 7.1 1. Substitution vectors as in Fig. 7.1 1 b. 133 



Table 7.4: Albite (Types A,B) unit-cell parameters. 

Sample Zone Type a(A) b (A) c (A) a ("1 P ("1 Y (3 V (A3) 
SLW-3C 8.138(1) 12.787(1) 7.1 589(9) 94.223(8) 1 16.59(2) 87.76(1) 664.3 
SLE-24 
76-05-H 
L-12-M 
9548-N 
L-12-0 
76-23-3 
C-096-U 
1 2-1 5-1 1 
12-1 5-1 3 
L-12-K 
C-033-O 
C-033-x 
C-045-S 
86-07-P 
L-12-G 
6-06-6 
C-E 
C-045-M 
C-107-F 
92-1 1 -H 
C-033-U 
C-K 
C-F 
12-1 5-1 5 
Poll-4 

max 8.147 12.792 7.166 94.30 116.65 87.80 665.3 
min 8.133 12.782 7.155 94.19 116.57 87.67 663.7 
average 8.139 12.787 7.160 94.25 116.61 87.73 664.4 
stdev 0.003 0.003 0.002 0.03 0.02 0.03 0.3 



Figure 7.14 Albite (Types A,B) u n i t d l  parameters. AA-analbite, LA-low albite 
(open circîe parameten frorn Cerny et ai., 198513) 



JU aplite 
- cleav. 
0 Na 

Figure 7.14 Albite (Types A.6) unit-cell dimensions. (b) designated by zone 
(c) designated by mineral type (A or B) 
Cross-hain represent average standard emr  (+Io 1 a). 



Type E: anhedral albite associated with Type4 K-Rb-feldspar 

This albite is closely associated with Type-4 K-Rb-feldspar, metasomatic after microdine 

Type-3 and adjacent pollucite along the contacts of these two phases in zone (80). 

However, the abundanœ of its anhedral to dendritic grains is much lower than that of the 

K-Rb phases. This feldspar was not quantitatively analyzed, but identified as such by 

Teertstra (1 997, Fig. 4.20A, 4.20B) 

Type F: albite crysfals in leaching cavities zones (40) (50) 

Tiny tabular crystals of albite, flattened parallel to {OIO} and less than 2mm in maximum 

dimension, are associated with Type-6 adularia, cookeite, cesian analcime, apatite and 

clay minerals in leaching cavities of zones (40) and (50). P. Vanstone (personal comrn., 

2001) reported the occurrences of two cavities in the upper portions of zone 50 (45?), 

'Both cavities were lined with albite crystals, quartz crystals, and an irregular overcoaîing 

of brown apatite. There were apatite textures rerninisœnt of possibly petalite and 

tourmaline or spodumene. In both cases, the cavities were in a mass of deavelandite 

and the albiie crystals may have ben, in part, teminations of the endosing 

deavelandite Mades.' cemy (1972) observed that. 'Albite is rather rare. and is found 

only where the matrix surrounding the secondary assemblage mntains deavelandite. 

Thus, it seems to be fonned only by recrystallization, more or less in situ. Albite fotms 

platy crystals flattened on (01 O}. with (00A) and { l  O 7) predominant over prismatic faces. 

Simple albite twins are most common, occasionalty lamellar twinning parallel to {O1 O} is 

also observed, and the extinction angles of these polysynthetic twins on {O1 O} suggest 

the possible presenœ of other twinning t-. The crystals are usually etched and 

exhibit a silky dull luster. Oriented overgrowths of aduiaria on {OOl} and {IO 1) are 

cornmon.' 



Unit-cell dimensions and optical properties from a single sample indicate essentially pure 

low albite (Cerny. 1972). with the fdlowing cell parameten: g = 8.138(3) (A). b = 

12.786(4) (A!. = 7.158(1) (A). a = 94.24(2)08 f? = 116.62(1)0. y= 87.74(2)' . V (A3) = 

664.0 (0.2). 



CHAPTER 8: GEOCHEMICAL EVOLUTION 

This chapter presents bulk-geochemical considerations beginning with those of blocky 

K-feldspar (Type 1) and albite (Types A and B), followed by late K-(Rb)-feldspars (Types 

2-6). For the Type-1 K-feldspar. emphasis is placed on the spatial distribution of minor 

and trace-elements by: i) comparing average compositions in the different individual 

zones, and ii) assessing cornpositional variations within single zones along north-south 

and east-west transects, and finally iii) assessing compositional variability within single 

large crystals. For albite (Types A and B), and K(Rb)-feldspar (Types 2-6), emphasis is 

placed on the compositional ranges of the respective types. 

Geochemical variations by zone for blocky K-feldspar (Type 1). and albite (Types A.6) 

are presented in Figures 8.la-r. and Figures 8 . 2 A ,  respedively, followed by a 

summary of average elemental ratios by zone, in Figures 8.3a-k. Variations in K- 

feldspar compositions and element ratios, within individual zones, along the 9700N east- 

to-west transect, and along the two north-to-south transects (10200E, 91 OOE), are 

presented for zone (20) (Figures 8.4a-h, 8.5a-hl 8.6a-h), and for zone (40) (Figures 8.7a- 

h, 8.8a-h. 8.9a-h). Finally. Figures 8.10a-f, show composlional variations within single 

K-feldspar crystals: one from zone (20), and two from zone (50). 

8.1 Geochemical evolution across pegmatite zones 

BIocky K-feldspar (Type 1) 

The distribution of minor and trace-elernents in bulk K-feldspar of Type 1 changes 

gradually throughout the primary zonal sequenœ from (10) to (90). Tables 8.1 and 8.2 

list data for some of the ratios, Le. K/Rb, WCs, RbICs, KtNa, m a ,  BaiRb, Rbm, CmI, 

and AI/Ga, which are particularly useful in characterizing the geochemical evolution of K- 



feldspar from highly evolved granitic pegmatites. The behavior of KIRb in granitic 

systems is well understood, and especially useful. Barring significant metasomatism or 

other atteration, a smwth decreasing WRb trend is a universal indicator of progressive 

fractional crystallization at a muttitude of -les (Cemy et al., 1985, Cemy, 1994). 

At Tanco, individuat values range from 0.68 to 3.47 wî% Rb, and 371 to 4170 ppm Cs 

(Figure 8.1 a). Average WRb, for individual zones at Tanco, vary between 8.2 and 3.8 

(Table 8.1) with individual samples ranging from 14.2 to 2.8 (Appendix V). Average 

K/Cs per zone varies between 117 and 39, with individual samples ranging between 262 

and 23.5. Compositions from individual zones duster rather tightly in Figures 8.1 b,c. 

Significant overlap among the different zones is evident, especially with compositions 

from zones (10) and (20); but, on average, compositions from outer- to inner zones pbt 

sequentially along decreasing KIRb and WCs trends (Figures 8.1~- 8.3a1b). From zone 

(10) to (50), RWCs (Figures 8.ld, 8.3~) remains refatively constant at 14.4 +/- 3.1 ; 

however, the ratio drops significantly and attains a distinctly lower average of 10.3 +/- 

2.7 for zones (60) to (90). 

Bulk K-feldspar contents of P and Li in Tanco are 400 to 3300 ppm, and 40 to 900 ppm, 

respectively, and show somewhat similar trends men plotted against K R b  (Figures 8.1 

e.9. Maximum contents (and averages, Figure 6.7) are enwuntered for P in zone (40), 

and for Li in zone (50). The P distribution (Figure 8.1e) is noteworthy; compositions from 

zones (20) (40) and (50) forrn an eady arcuate increase, followed by a broad flat-lying 

trend, mmpnsed mosüy of compositions from zones (50) (60) (80) and (90). which 

extends to P amtents much lower than those from zone (20). This indicates that P- 

depletion occuned sometime during, or shortly after, the consolidation of zone (50),  



Table 8.1: Blocky K-feldspar statistics for selected ratios (bulk cornposrtion) 

KIR b 
Zone (1 0 )  (20) (40) (50) (60) (80) (90) 
n 8 38 29 17 14 3 5 
max 12.3 14.2 11.0 6.6 6.4 4.0 7.0 
min 5.4 4.8 3.5 3.4 2.8 3.3 3.5 
average 7.2 8.2 6.2 5.7 4.6 3.8 4.6 
l a  2.4 2.4 2.2 0.9 0.7 0.4 1.4 

wcs 
Zone (10) (20) (W (50) (60) (80) ( 90) 
n 8 38 29 17 14 3 5 
max 1 52 262 17 8 117 7 1 44 157 
min 65 54 37 49 29 37 24 
average 111 117 85 84 45 39 65 
10 32 5 1 34 18 11 4 53 

n 8 38 29 17 14 3 5 
max 20.6 22.3 17.6 17.8 17.4 11.2 22.3 
min 1 O. 1 9.3 9.0 12.0 6.5 9.3 5.7 
average 14.7 14.2 13.6 15.0 10.2 10.5 12.9 
la  3.7 3.6 2.6 2.0 2.8 1 .O 6.1 

KiNa 
Zone (10) (20) (40) (50) (60) (80) (90) 
n 8 38 29 17 14 3 5 
max 7.6 14.6 17.1 14.2 50.1 15.6 43.3 
min 3.6 3.6 3.7 6.1 6.1 10.8 6.1 
average 5.5 7.3 8.8 9.5 15.0 13.3 16.0 
10 1.5 2.6 3.5 2.0 10.0 2.4 1 5.6 

KiBa 
Zone (10) (20) (40) (50) (60) (80) 
n 

(90) 
8 38 29 17 14 3 5 

max 1768 20025 52051 301 84 12582 51 75 81 78 
min 386 465 772 1154 31 1 472 1029 
average 91 7 4664 10510 9381 291 9 2053 3212 
l a  538 471 7 1 1634 9248 3252 2703 2870 

n 8 38 29 17 14 3 5 
max 0.0284 0.0206 0.0072 0.0046 0.0135 0.0079 0.- 
min 0.0040 0.0003 0.0001 0.0001 0.0003 0.0008 O.ûW5 
average 0.01 16 0.0049 0.0021 0.0016 0.0043 0.0052 0.0026 
ta 0.0078 0.0055 0.0023 0.0015 0.0042 0.0039 0.0025 
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Table 8.2: Blocky K-feldspar staüstics for selected raüos (bulk composition) 
(unpublished data, P. Cemy) 

n 1 20 7 14 9 3 
max 1 88 1 36 146 148 287 
min 82 1 02 54 75 148 
average 118 119 126 9 1 1 03 215 
la  21 12 22 24 70 

n 1 20 7 14 9 3 
max 14.7 8.0 14.6 15.4 25.1 
min 3.2 5.3 2.6 8.3 16.8 
average 9.7 6.9 7.0 7.9 12.1 19.8 
la  3.1 1.1 2.8 2.5 4.6 

n 1 13 7 14 8 
max 21 56 2935 3342 1303 
min 993 1 2 6 1 '  906 897 
average 1478 1417 1671 1680 1116 
la  288 581 806 1 64 



which incidentally corresponds to the sudden stabilization of large volumes of 

amblygonite-montebrasite in zones (40) and (particularly) (50). A similar but less 

conspicuous depletion in Li, also apparent in compositions from zones (60) (80) and (90) 

(Figure 8. lf), could be relateci to the extensive crystallization of petalite and spodumene 

which culminated in zone (50). Cesium does not generally occur in petalite or 

spodumene in appreciable quantities (Stilling 1998), and evidently exhibits independent 

geochemical behavior, relative to Li, in the presence of these minerals (Figure 8.1g). 

Cesium increases in K-feldspar f m  zone (10) to (50); the latter of which contains huge 

accumulations of pllucite (80). and continues to increase in zones (60), (80), and (90). 

Thallium contents in K-feldspar increase steadily from 60 pprn to 320 pprn (Figures 

8.1 h,i, k), in a zonal sequenœ from (1 O) to (SO), followed by a decreasing trend through 

(60) to a minimum of about 100 pprn in (80). K-feldspar from zones (60) and (80) 

contains considerably less Tl than the maximum, averaging slightly less than 200 ppm. 

Rbm values from zones (20) and (40) increase along overlapping trends with 

decreasing WRb (Figure 8.1 j) in K-feldspar. This is followed by an abrupt change to 

decreasing Rbm with constant to slightly decreasing KIRb in zone (50). and a retum to 

increasing Rbm in (60) and (80). In terms of zonal averages, Rbm is relatively constant 

in zones (1 O), (20) and (40) with values of 118, 1 19, and 126 pprn respedively, but 

values drop in zones (50) and (60) with averages of 91 and 103 pprn (Figure 8.3e, Table 

8.2). Data are not available for zone (90). From Figures 8.1 h,i.k it is evident that TI 

attains maximum values in zone (50). Wnh decreasing WRb. the relative increase in 

ni bidium is greater than Ti in zones (20) and (40). as is evident by the negative slope in 

Figure 8.lj; however, the reverse is true in zones (50) and (60). Cs and Ti increase 

synchronously in zones (20) (40) and (50). however, Ti decreases in zones (60) and (80) 

at about constant Cs (Figures 8.1 h). CorisequenUy, Csnl is about constant at 



decreasing KIRb in zones (20). (40) and (SO), but increases in zones (60) and (80) 

(Figures 8.1 1, 8-39. 

The ranges of the low Ca and Ba contents are consistently broad in most zones (Figure 

8.1rn,n), and show virtually no correlation with KRb. KIBa values of most zones 

significantly overlap with each other (Figure 8.10)~ however, zonal averages (Figure 

8-39) indicate an overall increase in WBa from zone (10) to (20) and (40). followed by a 

decrease in the succession (50) (60) and (80). The BalRb average-per-zone profile 

(Figure 8.3h) is a welldefined mimr image of the K/Ba profile (Figure 8-39). with high 

BaJRb average values in zones (10) and (80), and conesponding low values in zones 

(40) and (50). 

There is a systematic increase in WNa with decreasing KIRb (Figure 8.1 pl Table 8.1), 

with maximum individual values of 50 and 43 accurring in zones (60) and (go), 

respedively. The calculateci zonal averages (Table 8.1, Figure 8.3d), are consistent with 

the observed decrease in volume of albie lamellae in perthite from outer to inner zones 

(Table 6.2), and with the decrease in Na in the K-feldspar phase (Figure 6.1 1 b). 

Gallium contents in Tanw K-feldspar samples from zones (1 0) (20) (40) (50) and (60) 

range from 31 to 116 ppm Ga (Figure 8.lq), with AUGa varying between 3300 and 900 

(Figure 8.1 k). Considering compositions from al1 zones, the Al vs. Ga distribution seems 

to be random (Figure 8.1q); however, Al and Ga values from zones (10) (20) and (40) 

appear to fom a bmad sublinear trend with a positive slope. Average AUGa values per 

zone increase in zonal sequenœ from zone (20) to (50): 1417,1671,1680, followed by a 

drop to a low of 1 1 16 in zone (60) (Figure 8.3i, Table 8.2). 



Albite (Types A,B) 

Cornpositional variability in Tana albite is much fess pronounced than in K-feldspar: 

consequently, relatively few geochemical plots are presented. 

Gallium contents in Tanco albite samples from zones (1 0) (20) (40) (50) and (60) range 

from 46 to 1% ppm Ga (Figure 8.2a), with AIlGa varying between 2220 and 828 (Figure 

8.2b). There is a sornewhat pronounced linear Al vs. Ga trend (figure 8.2a) with 

maximum Al and Ga values occurring in zone (60). For bath the deavelanditic albite 

and blocky K-feldspar varieties, the seif-aligning AVGa vs. Ga trends are simple and to a 

degree overlapping, with the albite data showing generally lower AVGa values, and at 

the lower end of the range, slightly higher Ga values, as shown in Figures 8.2b and 8.1 r. 

These figures also show that the progress from high to low AVGa does not follow any 

simple zonal sequence. lndividual zones show extensive mutual overlaps and local 

reversais. The data for albite and K-feldspar show the same pattern of average zonal 

variations, with AUGa decreasing frm (IO) to (20) and from (50) to (60), but increasing 

from (20) to (50) (Figure 8.3i). There is no simple explanation for this trend, as 

competing minerais such as petalite, amblygonite, and pollucite have the same or lower 

AUGa values, and the abundanœs of Ga-rich micas are very low in zones (40) and (50) 

(Cemy, 1982; Cemy et al.. 1998). 

Calcium and P are the only other traceelements that occur above detedion limits in a 

statistically meaningful number of albite sampies. A plot of NaCa vs. P (Figures 8.2c,d) 

shows a very poor inverse relation, with no particular systematic shifts in favour of any 

given zone or mineral variety. 



8.2 Geochemical variations within individual zones 

This section describes the distribution of minor- and trace-elernents within individual 

zones (20), (40) and (60) along east-west and north-south transects (Figure 3.4). A 

standard set of elements and element ratios has k e n  selected for mutual cornparison of 

al1 sections; this includes WRb, WCs, RbICs, WNa, P, Li, WBa and 8a/Rb. A suffident 

number of samples from zone (20) (Figure 8.4) were available, allowing for comparisons 

between hangingwall and footwall compositions. In Figures 8.4-8.8, 1 have preserved 

the original caordinate system (measured in feet) used by Tanco mine geologists and 

engineers. 

Zone (20): East- West fence (9 7OON) 

Figures 8.4a-h depict geochemical variations in zone (20). along a 1 km length of the E- 

W transect (9700N). The most obvious variations are observecl in a general west-to- 

east decrease in WRb and WCs; two compositions at the eastemmost limit break this 

trend with significantly above-average values. From a statistical vievupoint, the spread of 

data (standard deviations) along the KlRb and WCs trends (Figures 8.3a.b) is relatively 

consistent. Pl Li, and WNa trends are perceptibly concave-down (Figures 8.4e,f,ci). The 

KIBa and Ba/Rb trends (Figures 8.4g,h), suggest a slight easterly enrichment in Ba. 

Zone (20): North-South fences (1 02ûûE, 9 1ûûE) 

The two parallel north-south fences, 10200E (Figures 8.5 a-h) and 9100E (Figures 8.6 a- 

h), stretch over the length of 370 m and 350 m, respectively. In practically al1 cases, 

geochemical trends are either flat, or consist of highly variable and randomly distributed 

values. 



Zone (20): Hangingwal vs. Fooiwall geochemistry 

In almost al1 cases, hangingwall and footwall compositions rnutually overlap to such an 

extent that no significant differences are suggested (Figures 8.4, 8.5, 8.6). However, 

one exception is apparent: RWCs hmgingwall values, along the north-to-south 10200E 

transect (Figure 8 .5~)~  are significanüy lawer than footwall values. This transect is the 

only one that passes thmgh a lengthy section of the pollucite zone (80). from 9350N to 

9800N. 

Zone (40): East-West &me (9700N) 

Compositions along this fence are presented in Figures 8.7a-h. WRb, WCs, and RbICs 

trends are alrnost horizontal, but a slight downward trend to the west might be indicated. 

If so, these trends are opposite to those indicated for zone (20) (Figure 8.4). WRb and 

KtCs trends could be considered slightly concave-up, whereas WNa and P are notaMy 

concave-down (Figures 8.7d,e). The overall shapes (Figures 8.7dle) are simihr to the 

respective configurations in zone (20) (Figures 8.4d,e). Li, KIBa, and BalRb (Figures 

8.7e-h), all exhibit randorn, 'shot-guns-like patterns. 

Zone (40): North-South knœs (IOZOOE, 9 100E) 

Compositions along the 10200E, and 9100E fenœs are presented in Figures 8.8a-h and 

8.9a-hl respectively. WRb, KCs, and RbICs trends are essentially flat but with relatively 

low averages and small variations relative to the other trends so far discussed. The 

WRb and KCs trends, along 102WE (Figures 8.8a.b), are distinctly lower than the same 

trends along the 9100E fence. P contents along the 10200E transect (Figure 8.8e) are 

highly variable relative to those along the 91 00E transe (Figure 8.9e). The reverse is 

true for Li, which has relativety consistent values along the 10200E transed (Figure 

8.89. 



Zone (60): East- West fente (9 7ûûN) 

Twelve data points at 5 different locations were available from zone (60). K/Rb and 

WCs trends are flat, with KJRb averaging 4.7 +/- 0.9 and KICs averaging 42 +/- 8. The 

only other notable trend is Ba/Rb, which shows a steady increase from west to east, 

from approximately 0.001 ta 0.01 2. 

8.3 Evolution of single crystak of K-feldspar 

Figures 8.10a-f show cornpositional variations along the length of three giant K-feldspar 

crystals: one from zone (20), and two from zone (50). 

Four samples (1A-1 D) were çallected aiong the mid-section length of a vertically 

oriented club-shaped K a s p a r  (cfystal 12-1 5-2, Appendix V) from zone (20). Sample 

1A was collected near the bottom, narrowest section of the crystal(1 cm width); sample 

1 D was collected 4m higher near the 80 cm wide termination. The matrix surrounding 

the crystal consisted of a mineral assemblage of fine-medium grained albite, quartz, 

tourmaline and muscovite, with localized aplitic albite. The proportion of muscovite 

seems to increase upwards in the matrix adjacent to the crystal. 

Five samples (2A-2E) came from a vertically oriented 5m-long K-feldspar in zone (50) 

(crystal 12-15-1, Append'i V) with a unifom width of 60 cm. Both sides of the crystal 

were in contact with coarse-grained spodumene + quark intergrowth (squi), and minor 

assemblages containing fine to medium-grained albite, amblygonite, quartz and TaiNb 

oxides. The crystal was brgely continuous except for a small horizontal fracture near 

the middle sample, which facilitateci a 20 cm dextral offset. 



The other five samples (3A-3E) were collected from a horizontal Sm-long K-feldspar from 

zone (50) (crystal 1 0-25-3, Appendix V). Width variation is slight along the 5m length, 

with a maximum width of 1 m observeci near sample 3E. Small fractures cornmonly 

cross-cut the crystal at near right-angles. Fine, euhedral albite Iaths along deavage 

faces were widespread, and were particulariy abundant near samples 3B and 3C. 

In terms of compositional trends, only WRb varieci systematically along the length of the 

3 crystals (decreasing trends in Figure 8.1 Oa). Crystal(10-25-3) is the only one that has 

sirn ilar KIR b and KlCs profiles. For the two crystals from zone (50). concave-down 

profiles are comrnon in the single element plots of P, Li, and Ca. The trends of Ca are 

reciprocal to those of WNa, suggesllig a dependency of Ca on the albite content 

(substantial in K-feldspar as exsolved perthitic lamellae, andlor as granular 

contamination). 

8.4 Geochemistry of the late K(Rb)-feMspat (Types 2-5) (EMPA) 

The range of KlRb for the late feldspar types is extreme (Figure 8.1 1a,b). Rubidium in 

most adularia samples (Type 6) is very low resutting in extremely high to undefined KIRb 

ratios. The granular microcline and metasomatic microdine (Types 2,3) have moderate 

to low K/Rb ratios, and Cs contents similar to those of the blocky K-feldspar (Type 1). 

Adularian (K-Rb)-feldspar (Type 4) amtains low to extremely high Rb, resuking in KiRb 

values between 6 and 0.07, and low to extremely high Cs (b.d.1. to 13500 ppm). Six out 

of twenty Type-4 samples contained no detectable Rb, and essentially no Cs. 

Phosphorus generally decreases with decreasing WRb (Figure 8.1 1 b). Maximum P 

values occur in Types-2 and -3 (Type 2: 500-1400 ppm), (Type 3: 50-2200 ppm). Type- 

4 contents are generally low, with 90% of values below 150 ppm, and 50% of values 



below detedion. Type-6 sarnples have the lowest overall P contents, with nine out of 

eleven values below detection. 



Figure 8.1 Bulk chemistry of microdine-perthite (Type 1) designated by zone. 
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Figum 8.1 Bulk chemistry of microclineperthite (Type 1) designated by zone. 
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Figure 8.2 Bulk chemistry of albite (Type B) designated by zone 



Figure 8.2 Bulk chemistry of albite (Types A+B): (c) designated by zone, 
(d) designated by type 



Figure 8.3 Average bulk chemistry of microdine-perthite (Type 1) 
designated by zone. Deviations: +/-1 o 
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Figure 8.3 (g),(h) Average bulk chemistry of microdine-perthite (Type 1) 
(i) AVGa bulk chemistry in K-feldspar (Type 1) and albite (Type B). 
Deviations: +1-1 a 
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Figure 8.1 1 Geochemistry (EMPA) of late K (Rb)-feldspar (Types 2,3.4,6) 



CHAPTER 9: DISCUSSION 

F eldspars in highly evdved granitic pegrnatites are notoflously understudied, despite the 

fact that they comprise the majotïty of the modal volume of pegmatites, and represent a 

significant geochernical resewoir of major-, minor- and trace-elements. The feldspar 

paragenetic sequenœ (Figure 6.1) records geochemical and textural variations 

throughout the entire cooling history, from high-temperature primary crystallization, to 

subsolidus readjustments, and finally hydrothermal alteration and replacement stages. 

The relative modal abundances of the different feldspar types in the different zones 

(Figure 9.1) link the feldspars to the volumetric parameters of the individual zones, and 

to the bulk composition of the pegmatiie. 

9.1 Paragenetic relations of the feldspars 

The author has purposely avoided the use of genetic terrns such as 'primary' and 

'secondary', because rock-foming processes in Tanco inevitably involved a series of 

complex and overlapping events, starting with primary magmatic crystallization, followed 

by superposed processes involving late-stage fracture filling and local solution- 

reprecipitation; and finaily by metasomatic to hydrotherrnal aiterations invohring 

recrystallization, leaching and replacement. For the most part, overall textural features 

and contact relations of minerals in zones (20) (40) (50) and (80) indicate genesis by 

primary magmatic crystallization. More problernatic are the distinctive textural and 

mineralogical features observed in zones (30), (70), (80), and (90). There is a long 

history of debate conœming intemal pegmatite units, and whether they fomied as 

replacement assemblages (Crouse et al., 1979, Bumham and Nekvasil, 1986), from 

supercritical hydrous fluids (Jahns and Burnham, 1969; Jahns, 1982, Thomas et al., 

1 988). or by primary magmatic crystallization from H20-undersaturatecl melt (London, 



1987; London et al.. 1989; Cemy. 1992). In consideration of textural and paragenetic 

features observed at Tanw, the more recent experimental and petrological 

investigations by the latter group support a predorninantly primary magmatic origin of 

Type-1 feldspars at Tanw. 

Table 9.1: Paragenetic sequence and modal abundanœs of feldspar types per zone. 
Zone 1 K(RB)-bkîspar modal ] Albite modal 

10 
0.1% 

20 
30.8% 

TY+ abundance 

1 blocky microdine- penhite 0.1 % 

I 

28.8% 1 1 8 deavelandite 20% 

Types abundance 

A aplitic albite 63% 
B cleavelandite 3% 

1 blocky microdine- perthite 15% 

30 
2.7% 
40 

A aplitic albite 10% 
B cleavelandite 30% 

1 A aplitic albite 67% 

1 blocky microdine- perthite 2 4 O h  

50 
13.1% 

A aplitic albite 5% 

! 

1 blocky microdine- perthite 50% 
13.6% - -  

granular non-perthitic O.XOh 
microdine 

1 I 

80 1 1 blocky microdine perthite 2.5% 1 A aplitic albite 1 YO 

1 blocky microdine- perthite 25% 

..-a--.- 

6 adularia crystals 0.1% 

A aplitic albite 1 5% 
B cleavelandite 5% 

70 
7.5% 

~-&e~eéjndite ' -'% b i m t a i m a t i c  rniuDdine 
42h - . - - - -  

O.X=%O 1 D metasomatic albie 0.3% 

A aplitic albite 2% 
B deavelandite 5% 
C saccharoidal albie 0.1-1 % - 
F albite crystals ~0.1% 

4 adularian (K-Rb) feldspar O.OX% 
5 adularian (K>Rb) feldspar O.OX% 

1 blocky microdine perthite 2.0% 

E anhedral albite 0.1% 

A aplitic albite 0.1% 
B cieavelandite 0.2% 

I 

-Percentages in column 1 refer to volume % of each zone within the pegmatite. 
-Zona1 volume %, Type-1 and Type-A+B abundanœs from Stilling (1998). 

90 
2.1 % 

1 blocky microdine- perthite 10% B cleavdandite 8% 



Of al1 the feldspar types so far discussed, blocky microcline-perthite (Type 1) displays 

features most consistent with a primary authigenic origin. Based on crystal rnorphology 

and typical phenocrystic occurrenœs relative to associated albite-rich matrix 

assemblages, K-feldspar fomed first in the feldspar paragenetic sequence (Table 6.1). 

Textural features, in most cases, suggest aplitic albie and deavelandite also fomed as 

major components of primary mineral assemblages; however, sporadic occurrence of a 

mineral assemblage contairiing albite and significant abundanœs of fine-grained micas, 

quartz and rare acœssory minerals also exhibit replacement-like features, suggestive of 

a metasomatic ongin. 

The fine grain-size of aplitic albite is inevitably a product of rapid nucleation, the onus for 

which is thought to be related to the removal of silicate-network-modifying components 

[i-e. B, F, Li, H20, (P); 'chernicaiquench', London, 19871. Jahns and Burnham (1969) 

proposed a 'pressure-quench' mechanism for the generation of line-rock, in which rapid 

nudeation occuned as a result of sudden and periodic chamber depressurization related 

to the rupture of host lithologies under pressure from an exsolved hydrous-fluid phase. 

Kleck (1996) advocated gravitational settling as a viable mechanism. Recent studies 

and experimental work conœming textural aspects of pegmaütes of the Pala district 

favour the development of line-rock by diffusion-controlled oscillatory nudeation, 

involving the progression of a crystallization front through liquid melt (Webber, 1997), or 

a crystallizafan front that drives foiward a highly fluxed, hydrous-melt boundary layer 

through a solid or semi-solid precursor (constitutional zone-refining; Morgan and 

London, 1999). 

The variable textures and associations of aplitic albite in Tanco (Chapterç 3,7) pmbably 

represent more than one mode of genesis. Textural features of large to medium sized 



aplite bodies are suggestive of a pnmary origin, however, the origin of smafler, more 

localized occurrences of 'sacctiaroidal' albite are less certain. 

Despite the common occurrence of deavelandite in pegmatites. hardly any work has 

been done on its distribution or morphdogy. This variety of albite is found almost 

exclusively in pegmatites, in a wide range of associations. induding large-volume matrix 

assemblages in wall and interior zones. and substrate platfoms for rare gem minerals in 

gem-bearing miarolitic cavities (e-g- Pala district, elbaite, morganite). Laurs et al. (1 998) 

interpreted deavelandite associatee! with F-rich mica and elbaite in miaroliic cavities of 

granitic pegmatites in northem Pakistan as the result of local rupture of miarolitic 

cavities. The other reported occurmce of non-pegmatite deavelandite involves a 

peralkaline complex [i-e. Khibiny Alkaline Complex, Kola Peninsula (Yakovenchuk et al., 

1999)l; here, deavelandite, consisting of subparallel and radiating Iaths up to 1-2 cm 

long, is associateci with microche, astrophyllite, loparite and aegirine. Textural relations 

between deavelandite and the primary aluminosilicates indicate its metasomatic ongin 

involving Na-rich fluid interaction with a primary nepheline syenite (A. Chakhmouradian, 

personal comm., 2001). 

The distribution of deavelandite as a major rock-foming mineral throughout Tanco 

suggests that it is contemporaneous to slightly Mer than aplitic albiie in the sequence of 

primary crystallization. In rare cases where aplitic albite and deavelandite coexist, 

deavelandite Iaths wmmonly nudeate and radiate outward from within an aplitic 

substrate, although in some cases the reverse is observed, with apllic albite capping 

terminations of cleavelandiüc laths. Except for the differenœ in texture, reiatively few 

general statements can be made about the mineralogical afîïnities of aplitic albite vs. 



cleavelandite, nor does there seem to be a discemible pattern of relative abundances of 

the two vaneties from zone to zone. 

Modal abundances of early albiie and K-feldspar throughout the zonal sequence (Table 

9.1 and Figure 5.3) indicate a general increase in K-feldspar from outer zones (10) and 

(20) through (40) and (50) to zone (60), with a concurrent relative decrease in albite 

modal compositions. Zones (30) (70) (80) and (90) generally do not adhere to this trend; 

zone (30) is particularly notable because it is carnposed almost entirely of aplitic albite. 

Zone (60) is also distinctive because the modal abundance of K-feldspar is higher than 

expected for inner-intemiediate zones of highly evolved granitic pegmatiies. It also has 

characteristically variable and irregutar textural features. Some sections are similar in 

texture to parts of zones (40) or (SO), with warsegrained K-feldspar or amblygonite or 

petalite, enveloped by typical medium-grained rnatrix assemblages. However, cornmon 

occurrences of green to yellow to lavender, fine-grained microdine-, quartz- and mica- 

rich assemblages (MW), usually associatecl with Ta-Nb rich mineralkation, occur as 

rnetre-sale bands, and large inegular bodies dispersed throughout the more typical 

medium-twoarse-grained liîhologies. Textural relations between the different 

assemblages are ambiguous, and difficult to explain in ternis of primary magmatic 

crystallization processes alone. Textural complexities are campoundecl along 

transitional boundary layers between zone (60) and lepidolite zone (90). Detailed 

petrographic and isotopic studies are warranted to adequately describe and interpret the 

variable features of zone (60). and its relation to adjacent zones, particularly (90). 

The majority of highly evohred rare-ment pegmatites, which contain petalite or 

spodumene in their most evohled zones, also contain considerably higher proportions of 

albite, rather than K-feldspar, associateci with the Li-Absilicate minerals (e.g. Separation 



Rapids pegmatite field, Ontario, Breaks and Tindle, 1997). This is one reason why zone 

(60) is of notable interest. Descriptions in the Iiterature of similar units, from other 

pegmaüte localities of the same family and type, are rare. Minerai-assemblage 

classification systems conceived by Camemn et a/. (1 949) and Norton (1 983) do not 

dearly distinguish a pegmatite assemblage containing predominantly K-feldspar, with 

subordinate to minor mica, quartz, albite, and petalite (spodumene). Norton (1983) 

assigned the Tanco zone (60) to his assemblage 7, which he called a perthite-quartz 

unit. Other localities within wtiich he recognized assemblage 7 (e.g. Bikita, Zimbabwe, 

Peerfess, South Dakota) lacked many of the subordinate minerals present in Tanco zone 

(60)- 

Similar mineral assemblages within central portions of pegmatite bodies have been 

describeci in the Mongolian Aitai pegmatite No. 3 (Wang et al., 1981), and the Hugo and 

Tin Mountain pegrnatites in South Dakota (Walker et al., 1986; Norton, 1983, 1994). 

The second intermediate zone of the Tin Mountain pegrnatite is composeci primanly of 

large crystals of Or-nch perthite, with a medium-grained math containing albite, 

muscovite and quartz. Maximum reported Cs, Rb and Or contents of bulk K-feldspar 

from this pegmatite (1 500, 10400 ppm, and Or&b&no respectively) occur in this zone, 

a feature analogous to K-feldspar compositions from zone (60) of Tanco, and dose to 

those from zone IX of the Mongolian Aitai No. 3 pegmatite (see Table 9.2 below). No 

data are available for the Hugo pegmatite. 

Late K(Rb) feldspar sequence 

To the best of my knowledge, the late veins of non-perthitic granular microdine (Type 2) 

in zone (60) have not been previousiy recognized or studied at any other locality. 

Chernical compositions are not tao dissimilar from run-of-the-miIl blocky K-feldspar 



(Type-1 ) of zone (60). but it is clear that this feldspar and associated mineral 

assemblages fonned as tate-stage fracture fillings. Based on textural and chernical 

charaderistics, it is interpreted as a locally derived late K-feldspar; however, with the 

information gathered so far, it is not possible to speculate on the characteristics or 

nature of its parent medium. 

The metasomatic microdine (Type 3) veins in pollucite in zone (80) and the intimately 

associated adularian (Type 4) (K-Rb)-feldspars are known from several other tocalities 

(Teertstra, 1997), but are generally not well understwâ. The intirnate CO-existence of K- 

and Rb- dominant feldspar (Figures 6.18,6.19) within the vein assemblages described 

previously by Teertstra (1 997) is likely a produd of both exsolution and recrystallization 

by hydrothemal alteration from a proximal Rb-bearing host. Evidence is generally 

lacking for derivation from long-range migration of a Rb-nch aqueous fluid (Teertstra, 

1997). Based on relatively high-temperature expenmental work in the temary Na-K-Rb 

feldspar system, Lagache (1 998) found no apparent thennodynarnic evidence for 

microdine-rubidine immisability at subsolvus conditions below 450°C at 100MPa; 

however, she did speculate that substantial Cs could promote irnmiscibility. 

The association of the adulanan clusters (Type-5) and adularia crystals (Type-6) with 

va rious secondary minerals (calcite, cookeite, œsian analcime, montmorillonite-i llite, 

apatite) indicates a hydrothemal origin within the eucryptite stability field (-350 to 200 

OC, and 2 to 1 kbar, Teertstra, 1998; Cemi, et al., 1998). Adularia composition 

charadensticaliy approaches pure end-member K-feldspar, of which samples analysed 

in this study are no exception. The Orloo composition is expected at Tc300 OC, based 

on extrapolations of experimentallydenved sdvirs cuwes (Bachinski and Muller, 1971 ; 

Smith and Parsons, 1 974). 8esides minute substitutions of Ba and Sr into the structure, 



the only other significant stoichiometric deviation from KAISi,08 is due to the C!Si,Os 

substitution (Teertstra, 1997). Coprecipitated minerals, including cookeite, Cs-analcime, 

and a variety of Rb and Cs rich micas and day minerals, indicate widespread subsolidus 

activity of Rb and Cs (Teertstra, 1997) at the time of adularia formation. 

9.2 General chernical composition of Tanco feldspars 

Chernical compositions of feldspars from other similar pegmatites belonging to the same 

family and type are spotty in the literature. Nevertheless, a survey of Tanco K-feldspar 

compositions indicates that microdine-perthite (Type 1) attains some of the highest rare- 

alkali contents ever recorded in similar feldspars from other rare-element granitic 

pegmatites (Table 9.2). At tetrahedral sites, P and Ga also attain significant contents in 

both K-feldspar and albite. Specif~c references and cornparisons to feldspars from other 

localities, as well as compositional contrasts to granite-hosted feldspars, are presented 

below . 

9.2.1 Composition of microcline-perthite (Type 1) 

Lithium 

Granitic rocks typically çontain less than 100 pprn Li (Cemy et al., l98Sa). Lithium 

contents in feldspars from a variety of petalite- or pollucite-bearing pegmatites are 

presented in Table 9.2. The highest values of 469 and 418 ppm were reported from 

Siberia (Makagan and Shmakin, 1988) and Red Cross Lake, Manitoba (cerny et al., 

1994). respectively; however, more typical values range from 100 to 200 pprn (Table 9.2; 

Cemy et al.. 1 985). 



Table 9.2: Rarealkali contents in K-feldspar fmm various rare-element cornplex 
pegmatites (spodumene or petalite subtype), locally pollucite-bearing. 

111 75 0.32 260 41 34.1 Mongolian Altai 
I Il-IV 120 0.25 14û 34 41 -6 Pegmatite No. 3 
I Il-IV 110 0.32 200 44 33.1 (Shmakin, 1992) 
IX 240 0.66 2700 95 16.5 
IX 130 0.62 2200 190 17.6 
V 107 0.64 1226 18.8 Mongolian Altai 

- 
IX 130 O 2547 18.9 (Wang et al. 1 98 t ) 
II 0.153 60 10 69.1 153 Mongolian Altai 

0.289 50 25 36.3 1 16 ~ e ~ m a t i t e  No. 3 
0.550 2580 61 20.4 90 (Soldov, 1962) 

petalite upper 21 100- 1.12- 1360- I O -  9.0- Siberia (Makagon 
500 3.00 3920 3.66 5.6 and Shmakin, 

1988) 
petalite lower 10 175- 0.94- 460- 12.2- 27.6- 

390 1.90 1670 6.5 11.3 

Ta-Cs- 256 1.62 3300 6.8 4.9 
Li 469 2.18 1700 4.7 12.8 

petalite 81 50- 0.10- 40- 15- 106- 54.2- Russia (Shmakin, 
208 2.08 2970 238 5.2 3.7 1997) 

with 30 81- 0.47- 450- 89- 21.9- 13.7- 
polucite 317 2.64 2287 1155 3.7 2.0 

petalite 17 11.5- 41- Uto, Sweden 
(W. poll.) 5.8 15 (Smeds and Cerny, 

1 989) 
petalite 51 00- 8.6- VanrtrWc. Sweden 
(W. poil.) 5600 3.4 (Smeds and Cemi, 

1 989; Quensel, 
1956) 

Spod-  2 3 0.89- 957- 12.1- 9.7- Tin Mountain, 
(W. ~011) 1.04 1500 9.8 6.7 South Dakota 

( Wal ker et al., 
i!386) 

average spod. 19 53 1.08 1282 9 9 Tot Lake, NW 
data (W. poli) Ontario (Breaks, 

1 989) 
extreme pet. 418 4.98 4244 402 1.9 122 Red Cross Lake, 
data (W. poil) NE Manitoba 

(Cern9 et al., 1 994) 
average spod. 3 148 2.59 786 4.2 Volta Grande, 
data Brazil (Lagache and 

Qubm6neur, 1997) 



Lithium contents determined by ICP range from a minimum of 25 pprn to a maximum of 

1600 pprn (0.005 - 0.34 wt% &O), but most data fall between 180 to 420 pprn. A series 

of seven or eight sarnples extend to Li contents greater than 980 pprn; only one sample 

contains more than this value. These are some of the highest Li contents ever reported 

in K-feldspar, aithough same of the extreme contents are likely influenceci by 

microindusions of Li-bearing micaceous minerals and day partides wntained within 

bulk sampks (Cemy et al., l98Sa; Cemy , 1 994). 

Individual Li contents detennined by SlMS (37-214 ppm) are, on average, considerably 

lower than those detemined by ICP. This supports the contention that contamination 

from indusions or alteration may have baasted the Li values deterrnined by wet-analysis 

on bulk sarnples. 

Sodium 

Consdidation of hydrous and volatile-rich pegmatites at subsolvus conditions is 

generally conducive to the development of perthite texture to such an extent that nearly 

al1 available Na is inmrporated into the plagioclase phase. Under such conditions. Na 

in the K-feldspar phase does not seem to exceed traçe-ekrnent concentrations. 

Bulk compositions of Tanm microdine-perthite (Type 1) range from 0.31 to 3.6 wt% 

Na20 with an overall average of 1.8 wt%. EMPA-determined compositions of the K- 

feldspar phase range from 0.15 to 0.78 wt% Nafl and average 0.32 wt%. 

Rubidium 

Granites typically average fmm 190 to 276 pprn Rb. with WRb between 300 and 160 

(Cerny et el., 1985a). Cemy (1994) repoited that Rb contents routinely attain 



concentrations between 10000 to 25000 pprn (1 .l-2.7 wt% R b 0 )  in K-feldspars of 

cornplex rare-element pegrnatites. The highest recorded value of 5.87 wt% Rb0 (4.98 

wt0/0 Rb), came from a blocky perthitic microcline from the poilucite-bearing Red Cross 

Lake pegmatite. NE Manitoba (Cemy et al., 1985b; TaMe 9.2). 

Rubidium contents at Tanco (0.73-3-19 wtYo R k 0 )  are at the higher end of the 'normal' 

range for similar pegrnatites (Table 9.2). 

Cesium 

Cesium contents in granitoid rocks are poorly documented, but are significantly lower 

than Rb contents. Estimates of 4 to 10 ppm, and WCs close to 3000 have been 

suggested for granitoid rocks (including batholithic biotite granites) (Cemy et al., 1995a). 

cemy (1994) reported that Cs routinely attains concentrations of 2000-3000 pprn (0.21- 

0.38 wt% C M )  in K-feldspars from cornplex rare-element pegmatiies. The highest 

values of 5600 and 4244 ppm (Table 9.2) were reported from Varutriisk, Sweden 

(Quensel, 1956). and Red Cross Lake, Manitoba (Cemy et al., 1985b). respectively. 

The distribution of Cs contents at Tanco is distinctly bimodal, with maximum peak 

frequencies occumng between 0.03 and 0.06, and 0.30 and 0.33 wt% C m ;  the highest 

single value is 0.38 wt Oh (3580 pprn). 

Thallium 

Thallium contents in K-feldspar from granites typically range from 0.7 to 5.0 ppm, with 

reported values up to 30 pprn (Sahl, 1974). Data for the Mongolian Aîtai No. 3 pegmatite 

(Table 9.2) typically are in the range 10-1 00 ppm. Extreme values indude 1 155 pprn 



from a poHucite-bearing pegrnatite in Russia (Shmakin, 1997), and 402 ppm from Red 

Cross Lake, MB (Cerny et al., 1994). 

There is a continuous range of TI contents in the Tana K-feldspar from 80 to 330 ppm. 

BeryîiÏum 

The range in Be values (O. 1 - 5.8 ppm) in bbcky K-feldspar (Type 1 ) at Tanco, falls 

within the rnid- to lower-end of typical m g e s  of Be contents found in K-feldspars from 

various granitoids and pegmatites compiied in Smith and Brown (1988). 

Calcium 

Similarly to sodium, there is a disparity between bulk and rnicroprobe-deterrnined 

analyses of calcium in K-feldspar, wtiich can be attributed to albite having a greater 

affinity for Ca. 

Butk analyses of Tanm microdine-perthiies (fype 1) yielded 0.034 to 0.26 wt% Ca0 

with an overall average of 0.095 wt%. Only 4% of EMP analyses of the K-feldspar 

phase are above the detedion limit of 0.025 wt%. 

Stmntium 

Strontium is considered relatively compatible with the K-feldspar structure, having a 

crystakmeit distribution coefficient greater than 3 in granitic systems (lcenhower and 

London, 1996). Under simple ftadional crystallization, one would expect Sr ta be 

çonsurneâ early in the sequence of ptimary feîdspar crystallization, wtiich should be 

observed as a decreasing trend from outer to inner zones. However, a plot of Sr vs. Rb 

of Tanco K-feldspar (Figure 6.10) indicdes that total presentday Sr is radiogenic (see 



pg. 77). All Sr was apparently fractionated out before the beginning of consolidation of 

the Tanco pegmatite. 

Barium 

Whole-rock Ba contents in granitoid rocks Vary over 3 orders of magnitude, with higher 

contents associateci with more primitive rocks. Late granitic differentiates commonly 

contain 900 to 300 ppm. with K-feldspar as the primary Ba-bearing mineral phase (Cemy 

et al., 198Sa). Appreciably differentiated granitic pegmatites consistently contain less 

than 100 ppm Ba, but variations amongst different localities suggest that bulk Ba values 

are largely regionally specifii (Cern3 et al.. l98Sa). 

Barium values in the Tanco K-feldspar range between 2 and 340 ppm, with 80% of 

values below 100 pprn. 

Manganese and Lead 

Mn and Pb contents of the Tanco K-feldspar both fall far below EMPA detection limits, 

with only 4% and 14% of individual point analyses above detection Iimits of 0.025 and 

0.04 1 oxide wt%, respedively. 

Bomn 

Boron is present in very low concentrations varying from 1 .O to 10.2 ppm (Table 6.6). 

This is in remarkabie contrast to the B content of Tana  micas (Margison, 2001). 

Gallium 

Gallium in most igneous rocks varies between 4 and - 40 ppm, with AVGa in granitic 

rocks varying from 8000 to about 2000 (çemy et al., 1985a). The highest Ga content in 



K-feldspar from Red Cross Lake, MB (Wang et al., 1988) was repotted as 140 ppm, with 

an AI/Ga value of 812. 

T a n a  K-feldspars range from 46 to 125 ppm Ga. with AUGa varying between 2220 and 

828. 

Phosphoms 

Granitic rocks typically contain between 0.01 and 0.21 wt% P2O5 (London et al., 1990). 

London et al. (1 990) reporteci P contents for 1500 feidspar analyses colleded from 59 

peraluminous pegmatite localities. The sample distribution was bimodal, with peak P205 

contents of 0.2 wt% and 0.4 wtoh. Individual wmpositions ranged from below detection 

to 1.20 wt% P2O5, with approximately 60°h of the data greater than 0.30 wtoh. 

The distribution of Tanw P20s contents (Figure 6.6a) is Gaussian, with a peak 

frequency between 0.30 and 0.35 wt% P205. Individual P contents attain values up to 

0.57 wt% P20s, with 76% of contents greater than 0.30 wtoh ?& 

9.2.2 Compositions of late K-Rb bklspar (Types 4,5,6) 

Teertstra (1 997) reported several dozen campositional ranges of vein and duster 

adularian (K-Rb) feldspars in pollucite bodies from various localities around the wofld, 

including Maine, Connedicut, Massachusetts, Colorado, California, Quebec, Ontario, 

Zimbabwe, Namibia, Finland, Sweden. Madagascar. Siberia, Nova Ves u Ceského, 

Krurnbva and China. 



At Tanco, the Type4 adularian Rb-K-feldspar exhibied the greatest range of Rb 

contents, varying from 0.00 to 24.84 wt% Rb20. The highest ever Rb content in a 

feldspar (26.2 wt% Rb20) was reported by Teerîstra (3997) in a Type-4 feldspar from the 

Kola Peninsula. 

The distinctive morphology, composition and range of structural state of adularia is 

discussed by Cemy and Chapman (1986,1984). Compositionally, adularia is generally 

distinguished by low to subordinate trace-element contents: N a 4  .S. Rbc0.37, Sr<0.25, 

B a 4  -7 woh. Compositions of Tanco adularia crystals (Type 6) are considerably below 

these maxima. Non-ideal stoichiometry suggests substantial vacancy substitution, and 

possiMy lig ht-element su bçtitution in the fom of H B  (OH)-, or (H30)+ (Teertst ra, 1 997). 

9.2.3 Albite compositions 

Compositional data for pegmatitic albite are even more scarce than K-feldspar data, 

presumably because traœ-eiements contents are rnuch iess prormunced, thus Iimiting 

their usefulness as indicators of petrologic processes. 

Potassium 

KzO contents in 8 albite samples from interior zones of the Mongolian Altai No. 3 

pegmatite range from 0.10 to 0.75 wt% (Wang et el., 1981). 

K g  in the Tanco albie ranges from 0.03 to 0.13 wt% with an overall average of 0.07 

wt%. 



BeryIliurn 

Smith and Brown (1988) rernarked that, in general, plagioclases tend to wntain more Be 

than CO-existing alkati feldspar. The range in SIMS-âetermined Be in Tanco albite (0.2 

to 6.7 ppm; Table 7.3) largely overlaps with the range of K-feldspar contents (Table 6.6). 

Calcium 

Ca0 contents in 8 albite samges from interior zones of the Mongolian Aitai No. 3 

pegmatite range from 0.1 1 to 0.30 wt% (Wang et al., 1981). 

Ca0 in the Tanco albite ranges from 0.01 ta 0.20 wt% with an overall average of 0.06 

wt%. 

Strontium 

Strontium is somewhat ennched albie of primitive pegmatites, but very low in highly 

fractionated ones. 

In the Tanco pegmatite, Sr in albite is suspected excess radiogenic (see pg. 77) 

Barium 

Cemy et al. (1984) reported up to 330 pprn Ba in albite from the geochemically primitive 

Veha pegrnatite in the Czech Republic. Average Ba contents in albite from 

spodumene-bearing pegmatites in Russia range from 3 to 6 ppm (Shmakin, 1997). 

Ba values in the Tanco albite ranges from 4 and 51 5 ppm, with an overall average of 

151 pprn. 



Manganese, Lead, Gallium 

Data on these elernents are difficult to find. Ga and Mn tend to be slightly enriched in 

albite as opposed to K-feldspar. 

Mn and Pb contents in Tanco albie detennined by EMPA exceede the respective limits 

of detection of 0.025 and 0.041 oxide WWO, in only 34% and 20% of individual point 

analyses. Maximum average sampie values obtained indude 0.02 wt% MnO, and 0.03 

wt% Pbo. 

Ga in Tana albite of zones (10) (20) (40) (50) and (60) was determined by wet- 

chemistry and ranged between 46 and 125 ppm, with an overall average of 92 ppm. 

Boron concentration in Tanco albite is very low, ranging from 0.8 to 10.2 pprn (Table 

7.3). The spread of data overlaps with that determined for Type-1 K-feldspar (Table 

6.6). 

Average P2O5 contents in albite from granitic bodies in Cornwall, England (London, 

1992a) range from 0.1 84 wt% (biotite granite), to 0.099 wt% (tourmaline muscovite 

granite), and 0.351 wtOh (topaz lithium mica granites). Phosphorus contents from more 

than 200 plagioclase feidspars from variaus peraluminous LCT pegmatites, are reported 

by London et al. (1 990); values range from below detedion to 0.57 wtoh P20S, and form 

a distindly bimodal distribution. The hqhest content recordeci to date is 1 .O6 wt% P2O5 

(Martin et al., 1993). 



P2O5 contents of the Tanco albite range from below detection to 0.40 wt% P2O5, with 

aplitic albites exhibiting a bimodal distribution. 

9.3 Trace4ement distributions in K-feldspar vs. albite 

Of the minor and traœ-eiements listed and analysed in both prirnary K-feldspar and 

albite, PI Rb and Cs are relatively enrkhed in K-feldspar, whereas Ca, Ga and possibly 

Mn are more enricheci in albite. Ba and Sr seem to be slightly enriched in K-feldspar but 

cover similar ranges of values for bath minerais. 

The SIMSdetermined data indicate that B and Be are equally distributed between K- 

feldspar and albite, but Li strongly prefers the former. 

At the present limits of detection, and at al1 spatial scales examined, traceelement 

composition in albie does not Vary significantly, except for the zonal variations in Ca, K 

and P. HoweYer, geochemical variation in the K-feMspar types is highly significant, 

particularly variation between zones. Ca, Mg, Ti, Mn and F are consistently below limits 

of detedion. Strontium is radiogenic in origin, and of no petrdogic signif'tkance (cf p.77, 

û6; also Clark and Cemy, 1987). Ba is hiihly vafiable, but generally close to the limit of 

EMPA detection in al1 zones exœpt (10) and (80). Due to the relatively h ~ h  distribution 

coefficient of Ba [ D ( B ~ ) ~ ~ ~ ~  =15-20 for Or-rich feldspar in peraluminws meit 

(Icenhower and London, 199611, it is fractinated from the melt eariy, and occurs at 

detedion Iimit throughout most of the zonai sequence. 



9.4 Spatial trace-element distributions in K-feldspar 

The distribution of rninor and traceelements within individual zones [(ZO) (40) and (60)J 

along east-west and norîh-south transects generally leads to ambiguous, andlor 

contrâdictory conclusions. The most statistically sound and persuasive trends occur 

along the zone (20)-9700N transed, and show a general west-to-east dectease in iURb 

and WCs. There is also evidence in zones (20) and (60) for an easterly increase in Ba. 

Also, concave-down trends are suggested for P, Li and WNa in zone (20), and for P and 

KINa in zone (40). No systematic trends were observed along the north-south transects. 

Only one hangingwalt-footwall compositional difference in zone (20) is signifcant: RbfCs 

hangingwall values are signfintly lower than footwall values along the f0200E 

transect, which cuts across the iargest area of the main pollucite body. 

9.5 Trace-element dMûutians in single K-feldspar crystak 

Singte-crystal compositions indicates a systematic decrease in K/Rb with growth of giant 

K-feiâspar crystak in zones (20) and (50). The trends of Ca are reciprocat to those of 

WNa, suggesting a dependency of Ca on the atbite content. Overall, compositionat 

variations akmg the three crystats examined are generally insignificant, and are close to 

being random for eiements other than Rb. 

9.6 Geochemicat trends of Li, P, Rb, Tl and Cs 

Variation of traceelement contents in K-feldspar is wntrolled by a variety of intrinsic and 

extrinsic factors. Distribution coefficients D[X]~'-"O~ a given traceelerrent (X) 

between K-feklspar and the evohring meH are controiled mainly by intrinsic factors 

reiatd to the relative incornpatibility of the substituting efement. In the case of Li. Rb, Tl 

and Cs, diïerences in ionic radii and electninegativity (relative to K) are the most 

important considerations (Table 9.3). In the case of phosphofus, incorporation of P is 



controlled by the berlinite subtiiution (p5* +AP = 2Si4+). This mechanism requires 

availability of excess At, thus partly explaining high P wntents of K-feldspars from 

peraluminous intrusions (London et d., 1990). 

TaMe 9.3: tonic radii -and dedrOnegafjvjfies of amimon M-caüon traœ-dements m K- 
feldspar. 

Rb' 37 1.75 0.82 

TI' 81 1-73 1 -62 

Cs' 55 1.88 0.79 

Source: WebElementsTM Professional ediïon, 

Extrinsic factors which couid aanint for trace-elemant variabi)ity indttde i) 

heterogeneous mdt canpositii dunng primary crystallization. i i )  changes in 

distribution EoeRnients Hi response to euohhg P,T,x conditions duhg primary 

crystaltiratim. iii) precipitatim of other minerals which effectiwly remove the trace- 

eiement at local to scales. aml iv) reequilibratm/recrystal1ization at subsdidus to 

hydrothemai conditions. 

The generat trends of inaeasing Li, Rb. TI and Cs from aiter to inner zones (Figure 8.1) 

generally r e m  the relative inwmpalibility differences with respect to K as a function of 

differences in ionic radii and electmnegahity (Table 9.2). Speafc details of the 

geochemical behavior of different tmœ-dements in feldspars from pegmaütes are 

discussed by Cern y et al. (1 985a) and Cemy (1 994). Geochemical plots involving these 



elements (Chapter 8) are consistent with a relative incampatibility sequenœ Rb < TI z Li 

< Cs. However, a detailed survey of the plots involving K, Li, Rb, TI and Cs in chapters 6 

and 8 reveals more complex trends, not explainable by ditferences in compatibility alone. 

Simple fradional crystallizatÏÏn should result in steady sequential increase in rare-alkalis 

and P. Analysis of the compositional data reveals obvious bimodal distributions for Li 

and Cs, and possibly for Rb. Phosphorus is essentially unimodal for K-feldspar, but 

distinctly bimodal for albie. Divergent geochemical trends and inflections also are 

common and are indicative of episadic changes in the behavior of the evolving 

paragenetic sequenœ in time and space. 

i) Hetemgeneous melt compositions 

In tenns of extrinsic factors (mentioned above) which affect the trace-element signatures 

of the evolving compositions of meit and feldspar, the first (heterogeneous mett 

composition), is beyond the s a p e  of the present work. Explaining the large-scale 

spatial distribution of zones in the pegmatite requires a joint understanding of the bulk 

composition, mineralogy and petrology of the pegmatite as a whole- 

ii) Etfecfs of evohring P, T,x on the primaty crystallization sequence 

Changes in P, T and x conditions indude a mmplex and interconnedecl series of 

factors, which, for the most part, operated within a closed system at Tanco. Primary 

crystallization, initiated at the interface between host rock and meft, would have occuned 

at some degree of undercooling, and would have progressed inward at variable rates of 

crystallization and degrees of undercwling (London, 1992; Cemy, 1998). lt is well 

known that many distribution coefficients are partial fundions of temperature, aithough 

rscent work by lcenhawer and London (1 996) predudes a significant D[x)-'"'~ 

dependence on temperature in peraluminous me#, where X = Ba, Sr, Rb, and Cs. 



The degree of undercooling is an important parameter that prornotes pegmatitic textures 

by disequilibrium ctystal growth, faalitated by increasing H20 and fluxing components 5, 

F, Pl and Li in the meit (London, 1992). London (1990) reparteci that the latter fluxing 

components are not requisite for disequilibrium crystal growth, 'but that they do promote 

zoning by expanding the liquidus field of quartz, and migration of projected residual melt 

compositions toward the NaAISi30e apex (pg. 46).' Eventual saturation with respect to 

H20 occurs by 'chemical quench' whereby fluxing components are removed by 

stabilization of late minerals such as tourmaline, which results in devolitization, followed 

by rapid nucleation from residual melt-fluid components. Periodic shifts from vapour- 

undersaturated, disequilibrium growth mechanisms to vapour-saturated conditions can 

occur at a variety of scales and at different stages of pegmatite consolidation, and would 

probably have a significant effect on trace-element distributions. Pressure changes are 

not considered an important parameter driving magmatic consolidation of Tanco, as 

pressure mostly reflects the depth of emplacement (London, 1986), and consolidation 

probably occurred very rapidly; Le. < 1000 years (Cemy et al., 1998). Local 'pressure- 

quench' may have operated in association with the development of miarolitc cavities, but 

these structures are quite rare at Tan- . 

The exact relations between the above-mentioned theoretical cansiderations, and 

anomalous chemical trends observed in figures from chapters 6,7, and 8 are not 

completely clear. A good example is the distinct ciustering of Cs-enriched K-feldspar 

compositions from zone (60) +/- (80) and (90) (Figures 6.9b1c). Examination of 

geochemical data (Figures 8.1f,gIh) shows an accumulation of Cs and Rb in zones (60) 

(80) and (go), relative to feldspars from zone (50). which are conversely enriched in Li 

and 1. The three-stage Rbiïï trend (Figure 8. ij) is also of considerable interest, but is 



presentiy not understood. Thallium and Rb have almost identical ionic radii, but the 

distinctly higher electronegativity of TI has a destabilizing effect on the tetrahedral 

frarnework, effecüvely making Tl more incompatible than Rb (Shaw, 1952). Under 

conditions of normal fractional crystallization, Rbm is expeded to progressively 

decrease; however, this is dearly not the case, as shown in Figure 8.lj. A gently 

decreasing trend is shown by zona1 averages (Figure 8.3e). but with a prominent 

increase in zone (80). Large-scale incorporation of Tl into pollucite (Cemy 1982). which 

composes -75 vol. % of this zone, may possibly explain the TMepleted composition of 

the K-feldspar. 

London (1992b) stressed the importance of Yhe divergence in compositions of residual 

mek and crystalline phases with increasing concentrations of B, P, and F (p. 531)." 

Interaction of these elements with alkalis and H20 lowers Iquidus and solidus 

ternperatures, enhances silicate-liquid H20 rniscibility, and controls partitioning and 

concentration of groupl elements and higher-fiebstrength cations. 

Alternatively, the radical departure of Li and Cs contents in K-fetdspar from zone (50) vs. 

zones (60) and (80) (Figure 8.19). could be refated to crystal-chemical constraints. In 

the case of significant Li incorporation, a shift in lattice parameters to accommodate the 

much smaller M i o n ,  could wnœivably reduœ the size of proximal 8-fold Msites, 

effectiveiy inhibiting incorporation of the very large Cs ion. A corollary to this is related to 

the suspeded Cs-induced theoretical immiscibiîty gap in the system albie-orthoclase- 

(Rb-feldspar) (Lagache, 1998). A detailed anaiysis of unit-cell data in relation to EMPA 

and SIMS data is needed to ascertain if there is a link between the incorporation of Li 

and Cs and unit-cell dimensions of K-feldspar from Tanw; however, the contents of both 

elements in the Tanco feldspars are too low to induœ measurable change. 



iii) Trace-element variability in relation to the precipitation of cornpeting minerals 

The most tangible of the extrinsic factors relates to the precipitation of other trace- 

elernent-consuming minerals. The stabilization of amblygonite-montebrasite (40) (50), 

petalite (spodumene) (50) (60). lepidolite (50) (60) (90). and pollucite (80) (60) at 

different locations and times in the primary crystallization sequenœ would have had a 

distinct effect on the availabiiity of Pl Li, Rb, TI and Cs, not anly in relation ta local co- 

precipitating feldspar, but also on the overall trace-element budget for the remainder of 

the primary sequence of crystallization. Table 9.4 lists average contents of Rb, Tl and 

Cs in different minerals in different zones. 

Solodov (1962) reported that at low concentrations of Rb, TI and Cs in the melt, white 

micas incorporate proportionally greater quantdies of these elements in cornparison to K- 

feldspar; however, the reverse seems to be true at high concentrations. In consideration 

of this, and of the low modal abundances of micas in most of the outer zones at Tanm, 

muscovite probaMy had a limited affect on the distribution of these rare-alkali elements 

relative to K-feldspar. 

On the other hand, lepidolite is highly enriched in Rb, TI and Cs in cornparison to other 

white micas and K-feldspar. Lirniteû local accumulations of lepidolite in zones (50) and 

(60) might mntrol the local distribution of these elements in K-feldspar, as is suggested 

by the decrease in rate of Rb incorporation relative to rates of Cs ami TI consumption by 

K-feldspar in zones (50) (60) (80) (Figures 8.1a,i). Zone (90) is predominantly lepidolite 

and Li-muscovite, and represents a substantial resewoir of Rb, Cs and Ti. 



Table 9.4: Trace-element contents in potentially competing mineral phases from Tanco. 

Zone mode* R b20 mi0 CsiO 
(vol. %) (wt%) ( l a i % )  (*%) 

K-feldspar 50 25 2.22 0.024 0.1 1 
(this study) 60 50 2.47 0.020 0.30 

80 2.5 2.59 0.024 0.27 

Muscovite" 50 0.1 1 -74 0.01 1 0.22 
60 12 1.93 0.01 2 0.34 
80 2.0 2.67 nd 0.25 

Beryl* 50 0.1 0.07 nd 2.92 
60 1.0 0.07 nd 2.92 
80 O - - - 

Pollucite* 50 1.0 0.83 0.01 0 32.1 9 
60 O - - - 
80 75 0.83 0.01 0 32.19 

Volume and TI data, and al1 Beryl and Pollucite contents from Stilling (1 998) 

Rb and Cs data for muscovite and lepidolite from Margison (2001) 

iv) Re-equilibration/recrystallization at subsolidus to hydmthennal wnditions. 

Localized redistribution of K, Rb, Cs, P, Li and Na are well-established in relation to the 

late K(Rb) -feldspar types 3,4,5, and 6 (Teertstra, 1997, Teertstra et al., 1998a). There 

is also no doubt, based on the omnipresent abundanœs of maximum microdine- 

parthite, that very extensive subsolidus reequiiibration has arxirred at Tanco. Apatite 

rnicrMnclusions and fracture fillings in K-feldspar from many zones also suggest 

substantial subsolidus reworking and significant P mobility at low temperature. 

However. no direct textural proof is available for long-range, mss-zone migration of 

secondary K. Na or albite. 



9.7 Crystal-chemistry 

Figures 6.12b, 6.1 3a and 6.13b show that the K-feldspar matrix of bfocky microcline- 

perthite displays three slight but persistent deviations from ideat stoichiometry of a 

victually W-free alkali felâspar, A f  AISi308: (i) slight defiuency in tetrahedrally 

coordinated (Si+AI+P), (ii) apparent excess of alkalis over the single ~ t ~ d u f a l l y  

available site (as much as -0.025 aplb for the main cluster of data), and (iii) a lesser 

excess of AI-P over the ideal value of 1 .O00 (less than -0.01 3 apfu for most of the data). 

(0 The deficit of tetrahedrally coordinated cations is minor, and within the analytical 

emr. However, it leaves a possibility open for the presenœ of additional cations. 

Substantial Ge is highly improbable in frarnework silicates. Gallium is present 

but in negligible quantifis (Appendix V). Boron was not analyzed for and 

remains a distinct possibility, although the few data on this element in feMspars 

from peraluminous pegmatites are not encouraging (tens of pprn, Shearer and 

Papike, 1986; a few to 600 ppm, Smith and Brown, 1989 from various sources). 

The recent discovery of substantial B in pegmatitic muscovite (-1 00 to -450 pprn 

B. Shearer and Papike. 1 986; 0.04 to 1.1 0 W.% B203, Cemy et al., 199S), and in 

muscovite from the Tanco pegmatite investigated here (0.1 1 to 0.33 W.% &O3, 

Margison, 2001), suggests the possibility of higher boron concentrations in 

pegmatitic feldspars. However, our data indicate that the B content of the Tanco 

feldspars does not exceed 10.2 ppm. 

(ii) The apparent excess of Mations and &&cation charge rnay be caused by 

calibration e m  if the Eifel sanidine standard has a higher degree of 0Si40s 

substitution than established by Teertstra (1997), the plots in Figure 6.14a will 



shift along vector 2 and the alkali excess would be eliminated; for example, a 

current composition of 

representative of the alkali-excessive part of the main duster of data in Figure 6.14a. 

would change to 

by increasing the 0Si40s by 0.01 5 apfu (Figure 9.1 a). 

(iii) This substitution would also more than eliminate the apparent exœss of AI-P 

(Figure 9.1 b), but it will not affect the apparent surplus of alkalis over the AI-P 

value and the slight defica of T-cations (see formula 2 above and Figure 9.1 b). 

These irnbalances may be elirninated if adequate quantities of 6 are present in 

the feldspars examined; 0.12 wt.Yo &O3 is sufitient ta cornplement the T cations 

to full occupancy. and to balance the T ~ +  content of the formula (2) with the M 

cations and their charge: 



monovalent M -cations (apfu) 

0.960 0.980 1 .O00 1.020 1 .O40 
M cation charge (pfu) 

Figura 9.1 Proposed crystakhemical data corrections: (i to ii) vacancy shift to 
correct for possible calibraüon emr of the Eifel sanidine standard; (ii to iii) addition 
of 0.01 apfu B in place of Si. Solid oval (i) represents field of current data. 
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Altematively, solid solution of ~~+- f ree alkali silicates in the feldspar structure might be 

considered, such as the alkali tetrasilicate (Linthout and Lustenhouwer, 1993), 

andlor Kû(0Si2) Oa7- (Kuehner and Joûwiak. 1996). However, solid solution of these 

(and similar) compnents are not docurnented strudurally, and their potential presence 

seems to be facilitated by rapid non-equilibrium growth in volcanic rocks of p a l  kaline 

composition (Smith and Brown, 1989, Linthout and Lustenhouwer, 1 993). 

Consequently, there is no unambiguous interpretaüon available at present for the slight 

deviations of the blocky feldspar from ideal stoichiometry. The problem requires further 

experimental study. 

9.8 Structural States of alkali feldspars 

The duster of albite unit-cell data about the ideat law-albite point on a _b- plot (Figure 

7.14) indicates that al1 of the Tanco albie attained the maximum degree of order. 

Vanations about the ideal are essentially within error and negate the possibility of 

discerning variability amongst the two albite types (A or B), or by the effects of different 

tra-ment contents, or by tonal provenance. 

Unit-cell dimensions of K-feldspar offer slightly more variability than albite. A -b..C plot 

(Figure 6.16) indicates that al1 Type4 fefdspars are essentially maximum microdine, but 

with a slight shift in the diredion of increased Rb+Cs contents, as is suggested by larger 

than anticipated unit-cell values. This is supported by a good correlation between unit- 

cell vdume and atomic Rb+Cs content. The degree of order is slightly reduced by 

increasing contents of Rb+Cs. 



CHAPTER 10: CONCLUSIONS 

Trace-element contents in K-feldspar Vary significantly, and effectively record relative 

compositional changes of the evolving meit during primary crystallization. ln general, Rb 

contents increase steadily throughout the sequence of magmatic crystallization. 

Average KIRb values per zone decreases steadily, except tM, zones affected by the 

preserice of substantial arnwnts of micas, from a maximum of 8.2 to a minimum of 3.8; 

values for zones (10) and (90) are 7.7 and 4.6, respectively. Individual values range 

between 14.2 and 2.8. With decreasing WRb, the Rb, TI, Cs contents, and Csl'll and 

K/Na increase, whereas WCs and RbICs decrease; Ba, Ca, and Ga Vary inegularly. 

Rbm exhibis a three-step fradionation sequence in which the ratio increases from zone 

(20) to (40). but decreases from (40) to (50). and increases again to (60) and particularly 

(80). This iast step is possibly influenced by large-scale incorporation of TI into polucite. 

Phosphorus and Li attain maximum average contents in zones (40) and @O), 

respedively. lncreasing contents from zone (20) to (40) and (50) reflect increasing 

activity of both components in the residual pegmatite melt, which climaxed early in the 

primary sequenœ with the precipitation of amblygonite-montebrasite and petalite in 

zones (40) and (50). Stabilization of these minerals removed rnost P and Li from the 

melt; feklspars in subsequent zones are consequently depleted in Li and P. 

SlMS data suggest that some of the Li detennined by ICP may be slightly exaggerated, 

due to impurities and alteration. The X-ppm contents of 8 and Be are in agreement with 

those detemined at other localities. 



Trace-elernent contents in albite show relatively insignifcant variation, not only spatially, 

but also between the two varieties - aplitic atbite and cleavelandite. A steady decline in 

average Ca content from outer to inner zones is the only notable trend. By a small 

margin. average K content in aplitic albite seems to be uniformly higher than in 

deavelandite, refkcting the higher crystallization temperature of apîitic albite, and the 

reduced seledivity of cations during nucleation and growth. The contents of Li, B and 

Be al1 are very minor. 

Of the minor and trace-elements Iisted and analysed in both K-feldspar and albie, Rb 

and Cs each attain extrerne contents in K-feldspar relative to albite, P is modefately 

higher in K-feldspar, whereas Ca, Ga and Mn are higher in albite. Ba and Sr are 

marginally higher in K-feldspar but generaPy exhibit similar ranges of values in both 

minerals. The Sr content of K-feldspar is radiogenic in origin, partly lost, and probably 

partially incorporatecl into albite. A strong preferenœ for K-feldspar is shown by Li, 

whereas B and Be are about equally distributed between K-feldspar and albite. 

Crystal-chernicat data for K-feldspar and albite indicate almost perfect tetrahedral 

ocwpancy and stoichiometry when taking into account the berlinite substitution. 

However, the stoichiornetry of M o n s  is significantly disturbed, possiMy by the 

presenœ of light elements and calibration problems (ahhough the deviations are dose to 

analytical error). Of the three substitution-types examined (plagiodase-type, vacancy- 

type, and apparent light W o n ) ,  K-feldspar exhibiis a signifkant shift along the 

vacancy trend only. Albite exhibits a possible slight vacancy shift, but plagidase 

substitution proved to be much more significant. 



The distribution of rninor and trace-elements within individual zones [(20) (40) and (60)J 

along east-west and north-south transects, generally leads to ambiguous, andior 

cantradictory condusions. The ma t  statistically sound and persuasive trends occur 

along the zone (20)-9700N transect, and show a general west to east decrease in WRb 

and KICs. There is also evidence in zones (20) and (60) for an easterly increase in Ba. 

Also, concavedown trends are suggested for P, Li and KJNa in zone (20), and for P and 

KiNa in zone (40). No systematic trends were observed along the north-south transects. 

Only one hangingwall-footwall compositional difference in zone (20) is signifiant: RbJCs 

hangingwall values are significantly lower than fwtwall values along the 10200E 

transe, which cuts across the largest area of the main pollucite body. 

Single-crystal geachemistry indicates a systernatic decrease in WRb with growth of giant 

K-feldspar crystals in zones (20) and (50). The trends of Ca are reciprocal to those of 

WNa, suggesting a dependency of Ca on the albite content. Overall. compositional 

variations along the three crystals examined are generally insignificant, and are dose to 

being random for elernents other than Rb. 

Of the five 'late' K(Rb)-feldspar types examined, both granular non-perthitic microdine in 

zone (60) (Type 2) and metasomatic microdine in zone (80) (Type 3) have 

compositional ranges similar to those of blocky K-feMspar (Type 1). but they (virtually) 

Iack perthitic albite and their Rb contents tend to be slightly higher. The adulanan (K- 

Rb) feldspar (Type 4) exhibit the greatest range of Rb and Cs contents, attaining 

maximum values of 24.84 wt% R b 0  and 1.43 wt% C&O. K vs. Rb, K vs. Cs, and Rb 

vs. Cs al1 show well-defined positive mrrelations. Phosphorus and Na contents are 

significantly lower than in the Type-2 and -3 feldspar types. Adularia crystals (Type 6) 



are almost pure K-feldspar; in al1 cases except one Rb20, C e 0 ,  and P2O5 contents are 

below detection lirnits, and NazO contents are less than 0.03 wt%. 

Crystal-chernical data for the 'late' K(Rb)-feldspar types indicate near-ideal tetrahedral 

occupancy and stoichiometry. The negative-vacancy trend is almost as pronounced as 

the Type-1 deviation fom ideal M-cation stoichiometry. However, the spread of data 

along the vacancy trend is much greater than the Type-1 fetâspar, particularly for the 

adularian (Type 4) and adularia (Type 6) varieties. T m  adularia (Type 6) compositions 

show extreme Wcation deficiencies. Plagioclase-type substitutions are insignifrcant. 

Unit-cell dimensions indicate highly ordered, near-maximum microcfirie for al1 blocky K- 

feldspar, and for Types-2 and -3 K-feldspar, fully ordered low-albite for Types A, B, and 

F, and totally disordered high-sanidine structure for adularia crystals of Type-6. (K,Rb)- 

feldspar of the Types-4 and -5 cannot be examined by conventional methods because 

the they are found essentially at microscopic scale, intennixed wÎth other mineral 

species. 
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Appendix 1: Anaiytical techniques and statistics 
Elements 3 

Mineral 
Statistic 
Analysis 

Si02 
AI203 
Ti02 
Fe203 
Fe0 
Mn0 
Mg0 
Ca0 
Ba0 
Sr0 
Li20" 
Na20 
K20 
Rb20 
Cs20 
PZ05 
8203" 
Beo" 
H20+ 
HZO- 
F 
Sc203 
Sn02 
Nb205 
Ta205 
U02 
Pb0 
W03 
Zn0 
Zr02 
Hf02 
~ 1 2 0  
Ga203 
Sb203 - 
' percent ( 

ught, limits of detectia 
All 

.OD Precision 
EMPA EMPA 

0.025 1% 
0.010 1% 
0.025 1% 
0.087 1% 
0.059 1% 

!1 ppb 10% 
0.049 1% 
0.036 1°h 
0.057 1% 
0.032 1% 
0.073 1°h 

15 ppb 10% 
!7 ppb 10% 

.OD Precision 
CPIAA ICPIAA 

M.% +/- 

. and detection* 
Albi te Kspar Kspar 

k detection O h  detection O h  detection 
ZMPA EMPA ICPfAA 

tedion refers to the pekntage of individual an iytical contents that surpassed 
the limit of detection (LOD) for a given oxide. 
" Left justified elements analysed by SIMS. 



Analysis 

Mode 
n 
Si02 
A1203 
Ti02 
Fe203 
Fe0 
Mn0 
Mg0 
Ca0 
Ba0 
Sr0  
Li2W' 
Na20 
K20 
Rb20 
Cs20 
PZ05 
B203" 
Beo" 
H20+ 
H20- 
F 
Sc203 
Sn02 
Nb205 
Ta205 
U02 
Pb0 
W03 
Zn0 
m 2  
Hf02 
n 2 o  
Ga203 
Sb203 
Totals (%] 

Appendix II: Average mineral cor 
Mineral Al bite Albite 

E 

m m  

EMPA 
3rown (2001) Stillinq (1 998 

66.0% 
6 

67.66 67.61 
19.53 20.1 2 

-al1 values in wt.% 
'unpublished data from P. Cemy 

positions in zone 1 O 
K-feldspar K-feldspar K-feldspar 

ICPtAA EMPA" 
Brown (2001) Brown (2001 ) Stilling (1 998) 

O.O0h 
8 10 

63.63 
18.39 

" Left justifid values colleded by SIMS. Each value represents average of 2 data points. 



zone 

Anal ysis EM PA*' 
Brown (2001 ) Stilling (1 99û 

40.7% 
26 

68.38 67.E 
19.74 20.a 

-al1 values in W.% 
*unpublished data from P. Cemy 

K-feldspar K-feldspar K-feldspar 
ICPIAA EMPA" 

Brown (2001 ) Brown (2001) Stilting (1 998) 
1 5.0°h 

38 15 
63.62 64.65 
18.36 18.93 

" Left justified values collecteci by SIMS. K-feldspar values represent average of 
2 data points. Albite values represent average of 4 data points. 



Anal ysis 

Mode 
n 
Si02 
AI203 
Ti02 
Fe203 
Fe0 
Mn0 
Mg0 
Ca0 
Ba0 
Sr0 
~ i 2 0 * *  
Na20 
u20 
Rb20 
Cs20 
P205 
8203" 
BeO'* 
HZ* 
HZO- 
F 
Sc203 
Sn02 
Nb205 
Ta205 
U02 
Pb0 
W03 
Zn0 
Zr02 
Hf02 
n 2 o  
G e 0 3  

EMPA"' 
3rown (2001) Stilling (1 9981 

X 

14 
68.32 67.55 
1 9.57 20-08 

-dl values in W.% 
"unpublished data from P. Cemy 

. - -  

K-feldspar K-feldspar K-feldspar 
ICPIAA EMPA" 

Brown (2001) Brown (2001) Stilling (1998) 
O 

O O 

" Left justied values collected by SIMS. Each value represents average of 2 data points. 
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Anal ysis EMPA" 

Made 
n 
Si02 
Ai203 
Ti02 
Fe203 
Fe0 
Mn0 
Mg0 
Ca0 
Ba0 
Sr0 
Li20m* 
Na20 
K20 
Rb20 
Cs20 
P20S 
8203" 
BeO'* 
H20+ 
H2O- 
F 
Sc203 
Sn02 
Nb205 
Ta205 
U02 
Pb0 
W03 
Zn0 
Zr02 
Hf02 
TI20 
Ga203 
Sb203 
Totals (%) 

3rown (2001) Stilling (1998' 
25.W 

Appendix 
Mineral 

-ail values in wt.% 
*unpublished data fram P. Cemy 

II: Average mineral con 
Albite Albite 

E 

I L  

C 

C 
C 

C 

positions in zone 40 
K-feldspar K-feldspar K-feldspar 

ICPIAA EMPAm* 
Brown (2001) Brown (2001) Stilling (1 998) 

24.0% 
29 12 

" Left justifieci values coilected by SIMS. K-feldspar values represent average of 
2 data points. Albite values represent average of 4 data points. 



A ~ ~ e n d i x  II: Avemae mineral con 

Analysis 

Mode 
n 
Si02 
Al203 
Ti02 
Fe203 
Fe0 
Mn0 
Mg0 
Ca0 
Ba0 
Sr0 
Li20" 
Na20 
K20 
Rb20 
Cs20 
PZ05 
6203" 
Beo" 
H20+ 
H2O- 
F 
Sc203 
Sn02 
Nb205 
Ta205 
U02 
PM) 
W03 
Zn0 
Zr02 
Hf02 
n2o 
Ga203 
Sb203 
Totals (%] 

EMPA" 
3rown (2001) Stilling (19981 

7.0% 

- - - 
Mineral Albite AJMte 

t 

mm 

C 

C 
C 

* 

-al1 values in wLoh 
*unpublished data from P. Cerny 

mitions in zone 50 
K-feldspar K-feldspar K-feldspar 

ICPIAA EMPA*' 
Brown (2001) Brown (2001) Stilling (1998) 

25.0% 

" Left justifid values collecteci by SIMS. K-feldspar values represent average of 
2 data points. Albite values represent average of 4 data points. 



Anal ysis 

Mode 
n 
Si02 
AI203 
Ti02 
Fe203 
Fe0 
Mn0 
Mg0 
Ca0 
Ba0 
Sm 
Li20" 
Na20 
K2O 
Rb20 
Cs20 
PZ05 
B203*" 
Beo" 
H20+ 
H20- 
F 
Sc203 
Sn02 
Nb205 
Ta205 
U02 
Pb0 
W03 
Zn0 
Zr02 
Hf02 
Tl20 
Ga203 
Sb203 
Totals (%] 

EMPA" 
3rown (2001) Stilling (1 998; 

20. O0A 

-al1 values in wt.% 
*unpublished data frorn P. Cemy 

wsitions in zone 60 

ICPIAA EM PA*' 
3rown (2001) Brown (2001) Stilling (1998) 

50.0% 

" Left justified values collected by SIMS. K-feldspar values represent average of 
2 data points. Afbite values represent average of 4 data points. 



Analysis 

Mode 
n 
Si02 
AI203 
Ti02 
Fe203 
Fe0 
Mn0 
Mg0 
Ca0 
Biao 
Sr0 
Li20 
Na20 
K2O 
Rb20 
Cs20 
P205 
8203 
Be0 
H20+ 
HZ09 
F 
Sc203 
Sn02 
Nb205 
Ta205 
U02 
Pb0 
W03 
Zn0 
Zr02 
Hf02 
n 2 o  
Ga203 
Sb203 
Totals (%] 

Appendix II: Average mineral corn1 
Mineral Al bite Al bite 

E 

m I 

EMPA 
3rown (2001) Stilling (19981 

0.1% 
2 

68.38 68.47 
19.51 19.62 

mitions in zone 70 
K-feldspar K-feldspar K-feldspar 

ICPIAA EMPA 
3rown (2001 ) Brown (2001 ) Slilling (1 998) 

2.0% 
O O 

-al1 vaiues in M.% 



Anal ysis 

Mode 
n 
Si02 
AI203 
no2 
Fe203 
Fe0 
Mn0 
Mg0 
Ca0 
Ba0 
Sr0 
Li 20.' 
Na20 
u20 
Rb20 
Cs20 
PZ05 
B203** 
BeO" 
H2O+ 
H20- 
F 
Sc203 
Sn02 
Nb205 
Ta205 
U02 
Pb0 
W03 
Zn0 
Zr02 
Hf02 
Tl20 
Ga203 
Sb203 
Totals (%] 

EMPA" 
Brown (2001) Stilling (1 99û) 

5.0% 
6 

68.38 67.64 
19.58 19.97 

-al! values in wt.% 
*unpublishd data from P. Cemy 

msitions in zone 80 
K-feldspar K-feldspar K-feldspar 

1C PIAA EMPA*' 
3rown (2001) Brown (2001) Stilling (1998) 

2.5% 
3 3 

62.54 63.95 
18.27 18.60 

" tefî justifid values collecteci by SIMS. Each value represents average of 2 data points. 
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Amendix II: Average mineral cot 

Anal ysis 

Mode 
n 
Si02 
AI203 
Ti02 
Fe203 
Fe0 
Mn0 
Mg0 
Ca0 
Ba0 
Sr0 
LiZO*' 
Na20 
K20 
Rb20 
Cs20 
PZ05 
B203" 
Beo" 
H2O+ 
HZO- 
F 
Sc203 
Sn02 
Nb205 
Ta205 
U02 
Pb0 
W03 
Zn0 
m 2  
Hf02 
Tl20 
G a 0 3  
Sb203 

Albite Al bite 
EMPA" 

3rown (2001 ) Stilling (1 998 
8.O0A 

2 
68.57 67.64 

m 
Totals (96) 100.11 '100.00 

-al1 values in wtoh 
'unpublished data from P. Cemy 

positions in zone 90 

ICP/AA EMPA" 
Brown (2001) Brown (2001) Stillinq (1998) 

1 O.O0h 
5 7 

" Left justified values colleded by SIMS. Each value represents average of 2 data points. 

248 



Appendix III: K-feldspar sample compostions (EMPA data) 
Sample 94-10-R TAN-3 SLE-18 SLE-19 SLW-OA SLW-OD SLW-1B 
Zone 10 10 12 12 12 12 12 
Type 1 1 1 1 1 1 1 

p2or 
sio, 
AbOs 
MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
NA20 
K2O 
R b 0  
Cs20 

TOTAL 

pb* 
si" 
AL% 
MG" 
CA" 
 MN^+ 
FE" 
SR" 
BA'+ 
PB" 
NA4 
K+ 
RB' 
CS+ 

ET 
TO z- 
Si+2P 
Si+2P/Aî-P 
C M  
M+ 
ICir ... 0.01 1 0.01 4 
Note: ZT = Si+AI+P; TO" = AI-P 

XM = Na+K+Rb+Cs; M' = 2*(Ca+Sr+Ba)+Na+K+Rb+Cs 
M*= M ' - T O ~ -  

-al1 compositions are averages of 2-5 analyses 249 



Appendix III: K-feldspar sampie compostions (EMPA data) 
Sample SLW-1 C SLW-2A2 SLW-2B 12-1 5-2A 12-1 5-28 12-1 5-2C 12-1 5-2E 
Zone 12 12 12 20 20 20 20 
Type 1 1 1 1 1 1 1 

pi06 
sio, 
AbOs 
MG0 
CAO 
MN0 
=ta 
SR0 
BA0 
PB0 
NA@ 
K2O 
RB20 
Cs20 

TOTAL 

pb* 
si@ 
AL* 
 MG^' 
CA" 
MN'+ 
FE* 
SR'* 
BA" 
PB'+ 
NA* 
K+ 
RB+ 
CS+ 

C T  
~ 0 %  
SI+2P 
Si+2PIAl-P 
C M  
Mt 

0.01 3 0.01 9 0.01 8 0.01 1 
Note: 



Appendix III: K-feidspar sample compostions (EMPA data) 
Sample 7665-A 76-23-N 76-23-0 78-2 1 -G 78-2 1 -H 94-1 0-8 C-045-V 
Zone 20 20 20 20 20 20 20 
Type 1 1 1 1 1 1 1 

p 2 0 6  

SIO2 
AL203 
MG0 
CAO 
MN0 
FE201 
SR0 
BA0 
PB0 
NApO 
K20 
RB& 
Cs20 

TOTAL 

pb+ 
sr" 
AL* 
MG'* 
CA'+ 
MN" 
FE* 
SR" 
 BA^' 
PB~+ 
NA4 
K+ 
RB+ 
CS* 

Zr 
TO* 
Si+2P 
Si+2PIAI-P 
CM 
M' 
M" 0.01 7 1 

Note: 



Appendix III: K-feldspar sample compostions (EMPA data) 
Sample C-090-8 C-096-A L-12-E L-12-F 76-05-G 76-23-8 86-07-T 
Zone 20 20 20 20 40 40 40 
Type 1 1 1 1 1 1 1 

SIO* 
AbOs 
MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
NA20 
K20 
R b 0  
Cs20 

TOTAL 

p6* 
sr" 
AL=* 
MG'* 
CA- 
MN'* 
FE- 
SR'* 
BA'+ 
PB'+ 
NA+ 
K' 
RB4 
CS+ 

Cr 
70 " 
Si+2P 
Si+2PIAI-P 
xh¶ 
M+ 

Note 



Appndix [Y: K-feldspar sample compostions (EMPA data) 
Sample 92-1 1 -L 94-1 O-K C-022-V C-03344 C-045-Q C-107-E AD48-J 
Zone 40 40 40 40 40 40 40 
Type 1 1 1 1 1 1 6 

P206 
SlOi 
AL203 
MG0 
CAO 
MN0 
FE203 

SR0 
BA0 
PB0 
N 4 O  
K t 0  
RB20 
Cs20 

TOTAL 

P* 
SI'+ 
AL=* 
MG" 
CAZ' 
MN'+ 
FE- 
SR" 
BA?' 
PB" 
NA' 
K+ 
RB4 
CS' 

ZT 
TO* 
si+* 
Si+PPIIU-P 
CM 
M* 
--- 0.005 4.004 - 

Note: 



Appendix Ill: K-feldspar sample compostions (EMPA data) 
Sample 95-08-K C-045-Ha 1 0-254 10-25-3a 10-25-3b 10-25-3c 1 0-25-3d 
Zone 45 45 47 50 50 50 50 
Type 1 1 1 1 1 1 1 

p206 

SIO2 

MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
NAiO 
K20 
R b 0  
Cs20 

TOTAL 

ph 
sr" 
AL'* 
 MG^+ 
w 
 MN^+ 
FE=+ 
SR" 
 BA^+ 
peZ+ 
NA' 
K+ 
RB* 
CS+ 

CT 
70% 
Si+* 
Si+PPIAI-P 
au 
M' 

- - -  0.009 0.003 -0.014 -0.010 -0.003 
Note: 



ApwMix UI: K-feldspar sample wmpostions (EMPA data) 
Sample 10-25-3e 12-1 5-1 A 1 2-1 5-1 AB 12-1 5-1 0 86-07-C 94-1 O-G B-06-C 
Zone 50 50 50 50 50 50 50 
Type 1 1 1 f 1 1 1 

P208 
SIO, 
AL203 
MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
NAIO 
K20 
R W  
Cs20 

TOTAL 

P* 
sr+ 
AL'* 
 MG^+ 
CA2+ 
MN" 
FE* 
SR'* 
BA- 
PB'+ 
NA+ 
K+ 
RB+ 
CS' 

Zr 
TO* 
Si+W 
Si+PPIAI-P 
C M  
M+ 
M* 
Note: 



Appendix III: K-feldspar sample compostions (EMPA data) 
Sarnple C-C ADPV-1 ADPV-2 AD-86-S 1 2-1 5-1 2 1 2-1 5 4  12-1 5 4  
Zone 50 50 50 50 60 60 60 
Type 1 6 6 6 1 1 1 

PZo6 
sio* 
AL203 
MG0 
CAO 
MN0 
FE203 

SR0 
BA0 
PB0 
NA20 
K20 
RB20 
Cs20 

TOTAL 

P& 
sr" 
AL'+ 
 MG^+ 
CAz+ 
MN'+ 
FE=' 
SR" 
BA'+ 
PB'+ 
NA+ 
K+ 
RB' 
CS+ 

ZT 
TO " 
Si+2P 
Si+PPIAl-P 
CM 
M' 
W 0.01 7 0.01 8 0.014 0.008 0.017 0.014 0.01 1 
Note: 



A p p d i x  IN: K-feldspar sample compostions (EMPA data) 
Sample C-022-J C-022-K C-090-3 C496-I C-S TA-A-3 EL-jar1 
Zone 60 60 60 60 60 60 60 
Type 1 1 1 1 1 4 2 

pios 
SlO2 
Ab03 
MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
N 4 O  
K20 
R b 0  
Cs20 

TOTAL 

P'* 
sP 
AL'+ 
MG'+ 
CA1* 
MN'+ 
FE- 
SR'* 
BA'+ 
PB'+ 
NA+ 
K+ 
RB* 
CS* 

Zr 
TO* 
si+= 
Si+PPIAI-P 
CM 
M+ 
M+ 



AppeM* Ill: K-feldspar sample compostions (EMPA data) 
Sample BLjar2 BLM-506 LM-1 C-M 10-25-1 10-25-2 12-1 5-1 9 
Zone 60 60 60 63 80 80 80 
Type 2 2 2 1 1 1 1 

pios 
SIO, 
AL201 
MG0 
CAO 
MN0 
FEI03 
SR0 
BA0 
PB0 
NA20 
K2O 
-20 

CG0 

TOTAL 

pm 
s r  
AL- 
MG'* 
CAz+ 
MN'+ 
FE* 
SR'* 
BA'+ 
P@+ 
NA+ 
K+ 
RB+ 
CS* 

CT 
TO* 
si+- 
SI+PPIAI-P 
CIU 
M' 



Appendix MI: K-feldspar sample eomposlions (EMPA data) 
Sample A-1 O Poll-ôa PMl-ûa PMx-d PMI-3 10-254 72-15-10 
Zone 80 80 80 80 82 90 90 
Type 4 4 3 3 3 1 1 

p 2 0 ~  
SlO* 
A L 2 0 1  

MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
NA20 
K2O 
RB20 
C%O 

TOTAL 

P~ 
si" 
AL=+ 
MG'+ 
CA2+ 
 MN^+ 
FE'+ 
SR" 
 BA^+ 
PB'+ 
NA' 
K+ 
RB+ 
CS* 

CT 
10 " 
Si+2P 
Si+PPIAI-P 

M+ 
. - .  0.01 5 0.01 9 o. 005 0.01 5 0.01 0 

Note: 



Appendix 111: K-feldspar sample compostions (EMPA data) 
Sample 12-1 5-1 7 12-1 5-21 12-1 5-23 P-26 96-1 1-6 
Zone 90 90 90 96 99 
Type t 1 1 1 1 

Pt06 
s i 0 2  

A b G  
M W  
CAO 
MN0 
FE203 
SR0 
BA0 
P80 
NA20 
K20 
R b 0  
Cs20 

TOTAL 

p6+ 
s r  
 AL^ 
MG'* 
CA'* 
 MN^+ 
FE=+ 
SR'* 
BA'+ 
PB'* 
NA+ 
K+ 
RB* 
CS* 

ET 
TO " 
Si+= 
Si+PPIAI-P 
CM 
M+ 
w 0.022 0.004 0.01 5 0.01 5 0.01 0 
Note: 



Appendix N: Albite (Types A 8 8) sample compostions (EMPA data) 
Sample SLW4B SLW-3C SLE-20A SLE-11 SLE-27 78-21 -C C-096-Z 
Zone 12 12 12 12 12 20 20 
Type A A A A A A A 

P206 
s1o2 
AL203 
MG0 
CAO 
MN0 
FE203 
SR0  
B A 0  
P B 0  
NA20 
K2O 
RB20 
Cs20 

TOTAL 

pm 
SI'+ 
 AL^+ 
MG'+ 
CA" 
MN'+ 
FE- 
SR'+ 
BA'+ 
PB'+ 
NA+ 
K+ 
RB* 
CS* 

C T  
10 " 
SI+ZP 
Si+ZPIAbP 
C M  
M4 
w .-- 0.001 
Note: CT = Si+AI+P; TO " = AI-P 

CM = Na+K+Rb+Cs; M = Ze(Ca+Sr+Ba)+Na+K+Rb+Cs 
Me= ~ ' - f o ~ -  

-al1 compositions are averages of 3-8 analyses 261 



Appendix N: Albite (Types A & B) sample compostions (EMPA data) 
Sample 76-05-R 76-05-H C-23 C-O.15-W L-12-A L-12-M 76-23-T 
Zone 20 20 20 20 20 20 20 
TJpe A A A A A A A 

P206  
sto, 
AL203 
MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
NA20 
K20 
R b 0  
Cs20 

TOTAL 

P~ 
si+* 
AL- 
MG'+ 
CA'+ 
MN'+ 
FE* 
SR'+ 
BA'+ 
PB" 
NA' 
K4 
RB+ 
CS' 

ET 
10 " 
Si+2P 
Si+2PIAI-P 
C M  
M + 

M" 0.007 0.011 4.006 -0.005 -0.003 -0.002 -0.005 
Note: 



Appendix N: Albite (Types A 8 B) sample compostions (EMPA data) 
Sample 76-23-M C-096-B 76-23-G C-0964 C-096-T C-096-U ABMA 
Zone 20 20 30 30 30 30 30 
Type A A A A A A A 

Note: 



Appendix IV: Albite (Types A 8 6 )  sample compostions (EMPA data) 
Sample P-30 22-F 7&23-J C-096-L C-096-M 12-1 5-1 1 12-1 5-1 4 
Zone 30 30 30 30 30 30 30 
Type A A A A A A A 

p 2 0 6  
SI02 
AL203 
MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
NAzO 
KzO 
R W  
-20 

TOTAL 

pb* 
s r  
AL- 
MG?* 
CA" 
 MN^+ 
FE" 
SR'+ 
BA?+ 
pe2+ 
NA' 
K+ 
RB+ 
CS' 

Zr 
TO " 
Si+2P 
SI+PPIAI-P 
CM 
M' 





AppndU< IV: Albite (Types A 8 B) sarnple compostions (EMPA data) 
Sample C-107-C 86-074 86-07-1 C-V C-090-P C-045-P C-096-V 
Zone 40 40 40 40 40 40 40 
Type A A A A A A A 

Pt01 
Slo, 
AbOs 
MG0 
CAO 
MN0 
FE201 
SR0 
BA0 
PB0 
NAtO 
K2O 
RB20 
C S 0  

TOTAL 

P" 
si" 
AL'* 
MG'' 
CA'* 
MN'* 
FE* 
SR'* 
 BA^+ 
PB'* 
NA+ 
K+ 
RB* 
CS' 

ZT 
TO " 
SI+2P 
Si+ZP/AI-P 
C M  
M+ 

0.004 
Note: 



Appendix IV: Albite (Types A 8 B) sample composüons (EMPA data) 
Sample 1 0-25-5 L-12-G 86-07-P 86-07-E C-096-K C-045-M C-107-H 
Zone 47 50 50 50 57 60 60 
Type A A A A A A A 

P206 
sio* 
AL201 
MG0 
CAO 
MN0 
FE203 
SR0 
B A 0  
PB0 
N 4 O  
K2O 
RB20 
Cs20 

TOTAL 

pS' 
sr 
AL" 
MG" 
CA'* 
MN'+ 
FE* 
SR'' 
BA'+ 
PB" 
NA' 
K' 
RB4 
CS' 

C T  
Tor- 
Si+2P 
Si+PPIAI-P 
C M  
M' 

Note: 



Appendix IV: Albiie (Types A 8 8) sample compostions (EMPA data) 
Sample C-107-5 C-107-F 76-234 C-R C-045-B 76-23-R C-N 
Zone 60 60 60 60 60 60 63 
Type A A A A A A A 

p 2 0 ~  

SQ 
Ab03 
MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
NAzO 
K20 
R h 0  
Cs20 

TOTAL 

pm 
st+ 
AL- 
 MG^+ 
CA'+ 
 MN^* 
 FE^ 
SR" 
 BA^* 
PB- 
NA' 
K4 
RB* 
CS' 

ZT 
TO " 
Si+PP 
Si+2PJAl-P 
C M  
M+ 



Appendix IV: Albite (Types A 4% 6 )  sample compostions (EMPA data) 
- - 

Sample 86-07-H C-045-J Poll-2 Pol14 Poll-5 
Zone 64 67 80 80 80 
Type A A A A A 

p206  

SIO, 
A m  
MG0 
CAO 
MN0 
FE203 

SR0 
B A 0  
PB0 
NA20 
K 2 O  

R W  
C S 0  

TOTAL 

pm 
s r  
AL* 
MG'* 
 CA^* 
M N'+ 
FE* 
SR'* 
BA'+ 
PB'+ 
NA+ 
K+ 
RB* 
CS* 

ZT 
roa 
Si+2P 
Si+2PIAI-P 
CM 
na+ 
M" -0.003 - - -  

Note: 



Apwndix IV: Albite (Types A & B) sample compostions (EMPA data) 
Sample L-12-0 94-1 O-Q 95-08-C 76-23-L C433-A 96-08-JJ C-022-A 
Zone 20 20 20 20 20 20 20 
Type 8 8 B 6 B B B 

p205 
S102 
AC203 
MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
NA20 
K20 
R b 0  
Cs20 

TOTAL 

pW 
sr+ 
AL'+ 
MG'+ 
CA" 
MN'+ 
FE* 
SR" 
BA'* 
pe2+ 
NA+ 
K+ 
RB+ 
CS' 

XT 
10 " 
Si+2P 
Si+ZPIAI-P 
ZM 
M+ 



Appendix N: Albite (Types A 8 6) sample compostions (EMPA data) 
Sample L- 1 2-N L-12-8 86-07-Y 78-21 -D 95-08-N M-17-1 C-022-22 
Zone 20 20 20 20 20 20 20 

Pt06 
sio* 
AL203 
MG0 
CAO 
MN0 
FE2OI 
SR0 
BA0 
PB0 
NA20 
K20 
R b 0  
Cs20 

TOTAL 

P* 
s r  
AL* 
MG'+ 
CA'* 
MN'+ 
FE'+ 
SR'* 
BA'+ 
es2+ 
NA+ 
K+ 
RB+ 
CS+ 

CT 
10 z- 
Si+2P 
Si+PPIAJ-P 
C M  
M+ 
M' . . - 0.002 4.006 -0.003 -0.001 - - -  - - -  

Note: 



Appendix N: Albite (Types A & 8) sample compostions (EMPA data) 
Sample C-033-I C-107-8 C-033-X C-033-W C-107-N 92-1 1 -N C-107-A 
Zone 40 40 40 40 40 40 40 
Type B B 8 B 6 B B 

p 2 0 ~  
SIO2 
A W a  
MG0 
CAO 
MN0 
FE203 

SR0 
BA0 
PB0 
NA20 
KzO 
R b 0  
C S 0  

TOTAL 

P* 
si" 
AL- 
MG'+ 
CA- 
MN'+ 
FE" 
s R'+ 
BA'' 
PB'+ 
NA+ 
K+ 
RB4 
CS+ 

C f  
TO " 
Si+PP 
Si+PPIAI-P 
C M  
M+ 

Note: 



Apmndix IV: Albite (Types A & B) sample compostions (EMPA data) 
Sarnpie C-096-F 92-1 1-A 92-1 1-M C-Y C-U C-022-0 92-1 1-6 
Zone 40 40 40 40 40 40 40 
Type 6 8 B 8 B 6 B 

pz01 
SIO* 
AL203 
MG0 
CAO 
MN0 
FE201 
SR0 
BA0 
PB0 
NAiO 
K t 0  
mzo 
Cs20 

TOTAL 

p6+ 
sr" 
 AL^' 
 MG^+ 
CA'* 
MN'+ 
FE- 
SR'+ 
 BA^+ 
PB** 
NA* 
K* 
RB* 
CS' 

CT 
TO* 
Si+2? 
Si+2PIAI-P 
CM 
M + 

m" . . - 4.012 -- - - -  - - -  

Note: 
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Appendix IV: Albite (Types A 8 8) sampie compostions (EMPA data) 
Sample C-045-S C-022-N C-033-0 M-17-F 96-08-51 95-08-8 C-033-Q 
Zone 40 40 40 40 45 45 45 
Type B B 8 B 0 B B 

pz01 
sio, 
AL203 
MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
NA20 
K20 
-20 

Cs20 

TOTAL 

pb+ 
sr* 
AL* 
MG'+ 
CA'* 
MN'' 
FE- 
SR" 
BA=+ 
pe2+ 
NA* 
lc 
RB+ 
CS' 

Z T  
70" 
Si+2P 
Si+2PIAI-P 
C M  
M+ 
M  ̂ -0.001 -0.004 4.010 o. 003 0.008 0.008 -0.003 
Note: 



Appendix N: Albite (Types A & 8) sample compostions (EMPA data) 
Sample 96-08-JC 6-06-8 92-11-0 B-06-E 91-16-30 C-D 95-08-H 
Zone 50 50 50 50 50 50 50 
Type B 6 6 B B 0 B 

Q2Q 
sio, 
AL201 
MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
NA20 
K20 
RB20 
C W  

TOTAL 

pb* 
si" 
AL= 
MG'* 
CA- 
MN'+ 
 FE^ 
SR" 
 BA^+ 
PB- 
NA* 
K+ 
RB* 
CS* 

C f  
TO " 
Si+ZP 
Si+SP/AI-P 
CM 
M +  
w 0.004 
Note: 



Appandix N: Albite (Types A & 8) sample compostions (EMPA data) 
Sample C-G C-E 9-J 92-11-H C433-U C-K 92-1 1 -P 
Zone 50 50 50 60 60 63 70 
Type 8 8 8 6 B B B 

pios 
SlO2 
AL203 
MG0 
CAO 
MN0 
FE203 
SR0 
BA0 
PB0 
NA20 
KzO 
R b 0  
Cs20 

TOTAL 

P+=+ 
sr" 
AL'+ 
MG'+ 
CA" 
MN'+ 
FE=* 
SR" 
BA'* 
PB'+ 
NA+ 
K+ 
RB* 
CS+ 

C l  
TO 
Si+2P 
Si+PPIAI-P 
C M  
M+ 



~ p p e n d ~  N: Albite (Types A 8 B) sample compostions (EMPA data) 
Sampîe C-F Pol14 12-1 5-1 5 Poll-CsA-1 12-1 5-22 1 C-10 
Zone 70 80 80 80 90 90 
Type 6 6 B B 6 8 

P A  
SlO* 
AL203 
MG0 
CAO 
MN0 
FE203 

SR0 
BA0 
PB0 
NA20 
K20 
R b 0  
Cs20 

TOTAL 

P- 
SI'+ 
AL% 
m2+ 
CA" 
 MN^+ 
FE=' 
SR" 
BA" 
paf+ 
NA+ 
K+ 
RB* 
CS+ 

C T  
TO* 
SI+ZP 
Si+OP/AI-P 
C M  
kl+ 

Note: 



Appendix V: Wet chemistry sample compositions. Element values in ppm. %a contents systematically low - see text for details 
Sample Zone Type 8a Ca G a V i  P Sr Rb Cs K Na 1 K/Rb KICs Rb/Cs WNa KlBa 

SLE-18 
SCW-1 A 
SLW-18 
SLW-1C 
SCW-2A2 
SLW-28 
SLW-OD 
L-12-E 
12-1 M A  
12-1 W B  
12-1 5-2C 
12-1 5-2E 
1 2-1 5-3A 
12-1 5-38 
12-1 5-3C 
L-12-F 
L-12-0 
C -A 
C-B 
76-05-A 
76-05-1 
76-05-K 
C-090-A 
C-090-B 
C-090-Q 
C-090-S 
C-045-v 
C-096-A 
C-096-C 
76-23-N 
76-23-0 
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Appendix V: Wet chemistry sample compositions. Element values in ppm. G a  contents systematically low - see text for details 
Sam~le Zone T Y P ~  Ba Ca Ga* Li P Sr Rb Cs K Na 1 WRb WC8 RblCs KlNa WBa 

78-21 -G 
78-21 -H 
M-17-K 
94-1 0-8 
94-1 O-P 
C-022-B 
C-022-C 
C-022-Y 
C-022-23 
96-08-B 
96-08-C 
96-08-H 
B-08-3 
C-107-8 
10-25-4 
C-1074 
C-107-L 
76-05-G 
C-090-F 
C-045-O 
C-045-Q 
C m - E  
C-096-G 
76-23-6 
86-07-T 
M-17-0 
M-17-G 
94-1 0-K 
94-1 O-N 
C-022-E 
C-022-P 



Appendix V: Wet chemistry sample compositions. Element values in ppm. 'Ga contents systematically low - see text for details 
Sample Zone Type Ba Ca Ga* Li P Sr Rb C3 K Na 1 KiRb KICs RblCs KlNa WBa 
C-022-R 
C-022-V 
C-022-W 
92-t 1 -L 
C-0334 
C-033-H 
C-033-S 
96-08-E 
95-08-A 
95-08-K 
C-045-Ha 
C-C 
86-07-C 
94-1 0-G 
94-1 0-1 
91 -16-JA 
91 -1 6-38 
96-08-0 
96-08-JB 
8-06-C 
0-06-D 
10-25-3a 
1 0-25-3b 
1 O-25-3~ 
1 O-25-3d 
1 Cl-25-30 
12-15-1A 
12-1 5-1 B 
12-1 5-1 C 
1 2-1 5-1 D 
12-1 5-1 E 
C-S 



Appendix V: Wet chemistry sample composlions. Element values in ppm. 'Ga contents systematically low - see text for details 
Sample Zone Type Ba Ca Ga9 Li P Sr Rb Cs K Na 1 KlRb KICs RblCs KlNa KlBa 
12-15-20 60 1 39 437 69 105 1809 298 26276 2775 107826 7323 4.1 39 9.5 14.7 2745 
12-1 5-4 
12-1 5-5 
12-1 5-6 
12-1 5-7 
12-1 5-8 
BL jar1 
BL jar2 
BLM-506 
LM-1 
C-090-J 
C-045-L 
C-022-J 
C-022-K 
c m - I  
C-096-J 
C-M 
10-25-1 
10-25-2 
12-1 5-1 9 
1 0-25-7 
12-1 5-1 O 
12-15-1 7 
12-1 5-23 
96-Il-B 99 1 94 536 44 436 1689 115 13777 619 96888 15835 7.0 157 22.3 6.1 1029 

Ba Ca Ga* LI P Sr Rb CI K Na WRb WC8 RblCs WNa Klüa 
man 344 1861 117 885 3316 279 34658 4165 117807 26810 14.2 262 22.3 50.1 52051 
min 2 241 O 25 371 55 6842 371 83561 2322 2.8 24 5.7 3.6 311 
average 61 677 59 227 1818 148 18018 1469 102956 12993 6.4 89 13.5 9.6 6214 
10 70 320 14 165 480 46 6171 753 6ûô9 4608 2.3 44 3.5 6.2 8067 




