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ABSTRACT 

This thesis describes the first minerah with Rb as an essential constituent, 

discovacd during sûuîy of Rb- and Cs-rich-to-dominant felds,pars and micas 

pssaiptcd with pollucite h m  the interior wnes of cornplex ratt-element granitic 

pegrnatites. Rubicue is the m d i u m  analog of tnclinic mi- and rubidim 

is the proposed ayne for the m d u m  analogue of monoclinic s a n i a .  The (K- 

Rb)-feldspars lie close to the join fiom MSi30a io RbAISifi and have up to 

26.2 wt.% R b 0  (91 mol.% Rbf) and 1.5 wt.% C%O (3 mol.% Csf). EMP- 

maJurrd compositions were constrained Mthin 2% accurpcy by characterizing 

a set of internaUy consistent standards with stoichiometry compatible with 

stnictud fonnulr, at a precision of less than 1 % (44. Overiap of the EMP- 

analysed volume of feldspar with hematite and other micro-inclusions and with 

fluid-fiiled micropores can k reagnized. Substitution of more than 1% of Light- 

element Mations, (A1P)Si-,, and OSi,O, (not pmiously known in microcline) 

has been identified in pegmatite feldspar. As the OSi,O, substitution provides a 

mechanism for partial occupancy of the M-site by molecuiar H,O, it is probable 

that the rrconstmctive monociinic -. triclinic (iil,Si)ordeNig process in pegmatite 

K-feldspar goes to near-completion because it is internally catalysed by H20. 

Three low-temperature pnresses gaierate Rbairiched feldspan: (i) 

exsolution, (ii) subsolvus solution-reprecipitltion, and (iii) direct subsolvus 

coprecipitation with K-feldspar. (i) Near-complete exsolution and phase separation 

of albite and (Rb,K)-feidspar is related to widespread substitution of oSi,Oi. Rb- 

rich microdine which dws not have 0Si,08 substitution is compositionaiiy 

homogeneous, but Rb-feldspar exsolution is typical of (K,Rb)-feldspar with up ta 

5 mol. % 0Si,08. (Rb,K)-feldspar wherent with host micmcline is also (Al,Si)- 
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ordacd and triclinic. Exsolution of the (Rb,K)-feldspar postdates that of albite 

bscwse the nite of diffusion of Na is greater thPn that of Rb; howeva, migration 

of M-site vacancy aliows for o v d  higha rrtcs of diffusion thn in non-vacant 

famed by solution-reprecipitation h m  Rb-bearing prrcursao unda low- 

temperature hydrothermal umditions. ( Ï Ï )  Adularian @b,K)-fddspar ~ S O  

coprecipitates with ad-manber K-feldspar (f cmkeitt) due to d o n  of 

h y d r o t h d  fluid Mth carly Rb-bearing feldspar at - 3W150°C. At low 

temperature, a b d  solvus extends between K-feldspar (- Or,& and Rb-feldspar 

(- Rbfd,  cresting at T<40O0C. Feldspiu umed in KlRb with compositions in 

the range Rbfm to Rbfm aie common, but are probably metastable k a u s e  of a 

slow rate of Rb-diffision at low temperatwe. The adularian feldspais tend to be 

unnwined, monociinic and disordered uiless a nuclsophüic atalyst such as OH, 

F or CC& wa9 avaüable for (A1,Si) surface-structurai nanangemmt. Rietveld 

refinement of X-ny powder-diffraction Qta gives accufate ceïi parametas fot K- 

feldspars, and may be used to identis < 3 vol. % of aibite. The ceil parameters 

a 8.591(1) A, b 13.047(2)& c 7.170(1) A, 8 115.97(1)' are closely 

representative of the structure of Or,, end-member high sanidine. 

The occurrence of Rb- and Cs-nch-todominant micas and clay minerais, 

and a complex internai mning of cesian analcime, indicate widespread activity of 

Rb and Cs under subsolidus conditions. Characteristic sequences of alteration of 

poiiucite, petalite and spodumene, pnd sequerices of crystailhtion in gem- and 

zalite-bearing clay-filled pockets and in leaching cavities, indicate that 

hydrothermal wallrockderived fluids haw negligible influence on the interna1 

evolution of iate pegmatite fiuid except at very low temperature. 
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CHAPTERI 

INTRODUCTION 

Feldspar-group minerals comprise a signifiant pqcmtion of the crut of the 

Earrh. They are fiamcwo~k aiuminoficates with the gcncral forxnuia MT,O,, 

whem M = Na, K, NH,, Ca, Ba or Sr, and T = Si, Al, F$+ or B. The most 

cornmm minerals arc miid s01utions of the ad-members potassium feldspy (Or) 

KAlSi308, albiîe (Ab) NaA1Si308 and anorthite (An) CaAlfii208; these and other 

minetals 9re described in Table 1.1. Thae has beai mudi work on the feldspan, 

as variations of chernical composition and structuze are a function of geologic 

environment (P, T, X), and are useful in unravelling the history of the Earth. In 

contrast, then has b e n  littîe work on feldspars h m  W t i c  pegmatites. 

DuMg investigation of mine& associated with the cesium-alurninosilicate 

mineral pollucite h m  cornplex-type ramlement gmitic pegmatites (Teertstra 

1991), more than half of the 56 altali-feldspat samples cxamined were enricheù 

in Rb dative to K (locally with Rb > K). Multiple g e n d o n s  of &-Rb)- 

feldspar caxist with, vein and later replace poliucite, indicving continued 

seaction and aikaJi-metai fiadonation over the transition h m  magmatic ta 

subsolidus conditions. Variable and complex textural and compositional 

relationships between K-feldsp~ and (Rb,K)-feldspar were revealed by back- 

scattered electron @SE) imaging, a technique which is sensitive to variation in 



-Le 1.1: F o l d a p u  speciea  and compomition. 

trv. Notei a n d e n c e 8  

Albit., NaAlSifi, t r i c l i n i c ,  our EMP a t m d a r d  Li from r pqmatite i n  
Amelir County, Virginia  (Sinkuikrm 1968); Amelia albitm ha. 
high degr- of  ( A 1 , S i )  order  (HrrLow C Brown 1980). 

Reedmergnerlte, NaBSiA, t r i c l i n i c ,  ha. r high dogrme of ( B , S i )  
order;  known from a peralkalinm pagmatite ( G r e w  et al. 1993); 
type Local i ty  is Green River ahalm, U t a h  (?leet 1992, Milton 
e t  81,1960). 

Buddingtonito, (N&)AlSifi, umnoclinic, high degree o f  (Al, S i )  
d i so rde r  (review by Voncken et 81. 1993a). 

Sanidine, KAlSi,Q, monoclbnic, high degree of (AL, Si) diaorder .  

Orthoclase, KAlSiA, ha. long-range monocliniz ayaraetry with 
uni t -cel l -s ize  (A1,Si)-ordered domains. 

Microcline, KAlSi,@, t r i c l i n i c ,  high degree of (A1,Si) order .  

Adularia, KAlSi,%, v a r i e t a l  name f o r  a morphologically-diitinct form 
of K-feldspu occurr ing i n  low-temperature hydrothermal 
e n v i r o i i ~ e n t i  wi th  molid aolut iona l imi ted  t o  neas  Or,- ( t e r n i  
br Chaparan 1984, 1 9 8 6 ) ~  t h e  atructurm Fm usual ly  monoclinic 
(aan id ine)  but  may be (A1,Si)-ordered t o  a r thoc laae  o r  
microclinm. 

Anorthite, C a A l g i A ,  t t i c l i n i c ,  high degree of ( A 1 , S i )  order .  

Celsian, B a A l z S i A ,  monoclinic, dimorphoui with monoclinic 
paxacelaian. 

unnamed, K(Fe,Al)Si,C3,, monoclinic (Linthout & Lustenhouwer 1993). 

Hyalophane, (R,Ba)Al(Al,SL)fi, monoclinic, intermediate i n  KAlSi,û, - 
BaAlSipl  series. 

S t t ona l c i t e ,  Sr,,,#w&Si&, orthorhombic. 

Slawroni te, (Sr,  Ca)Al#iA, wnoc l fn ic .  
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mean atomic number. This thesis examines the subsolidus reactions of (K,Rb)- 

feldspar which gencrpte (Rb,K)-feldspar (and amochW Rb- and Cs-nch 

mineral) and dcsaiber the comipoationai, texturai and paragCIlCtic reiaîionsbips 

of the (K-Rb)-feldspar series. Associations of (Rb,K)-feIdspar with th reaction 

pmducts of carly, blocky K-feldspar and with ktc low-temperanirc duiaria of 

variable (Ai,Si)orda indicate widely viuiabk coadittoas of crystalhtion. 

The feldspars richest in Rb have been found so fhr only in rare-element granitic 

pegmatites of the complex type (6 dassification by &mf 1991), aithough K-rich 

alkali feldspars with elevated levels of Rb arc known in some volcanic 

avironmentS. nie praws of Rb-enrichment of primary (K,Na)-feldspar 

associated with poiiucite is genedy understood, even though specific details 

=main to k elucidptcd. To a degrrc, the fote of Rb ia magmatic differentiation 

is similar to that of Cs. Cesium has the largest metai radius, the srnaLiest 

ionization enthalpy and the smallest hydrateû radius of the Group U cations. It 

is volatile at high temperature and is the most electmpositive of the natural 

elements. Relatively incompatible and ucluded from the structures of most 

minerais, Cs accumulates in late silicious &dues of granitic magmas to form 

primary pollucite. Along with Cs, Rb is also fractionated duMg pegrnatite 

crystalihtion, but due to its s d e r  s h ,  Rb has a much stronger tendency to 

disperse among the K-nch pluminosilicate minerals (&mi 1982, Ianhower & 

London 1996). Thus, ewa though elevated levels of Rb are characteristic of 
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LCT (Li-, Cs- ad Ta-enrichecl) pegmafjtes of the rart-element c h ,  it is rather 

surprising to disawa a feldspar with atomic proportions of Rb > K. This may be 

considerd the most chemidy r o l v d  feldsppt, with utrem fractionation of 

the aftali metals. 

. . Prrlimuiary analyticai fesuits indicate that the rubidium analogue of potassium 

feldopat must k inttoduced as a new m i n d  @es into the fddspar group. 

This is the first known minerai with Rb as an essential constituent. l d d y  

forming a series with K-feldspar, the predicted end-member is RbAîSi308. 

Methods of accurate analysis n e d  to k developed and suitable electron- 

microprobe standards are required to verify the chemicai composition. Variations 

in its stmctwal state are probably analogous to those of sanidine, orthoclase and 

microcline, but are not yet established. 

The feldspar stmcture is composed of corner-sharing AlO, and SiO, tetrahedra 

forrning 4-membed rings cross-linled in an infinite three-dimensional array. 

There are two symmetrically non-quivalent tetmhcetnhedial sites in monoclinic PUraü 

feldspar, designated T,o and Tp. In fullydisordered monoclinic high-sanidine, 

Al and Si are equally distributed among the T-sites (Ferguson et ol. 1991). A 

highly ordered (A1,Si)distribution is found in orthoclase, but adjacent ordered 

and antiordered domains arc only a few unit ceiis in sS (Eggleton & Buseck 

1980) and the long-range symmetry is monoclinic. The trichic alkaii feldspars 



have four non-8~uivalent tetrahedrai sites, desipnztcd T,o, Tp, T,m and T,m. 

Trivalent d o n s  (inclwling Al, Fe'+ and B) prcfcrtntially orda at T,o (Ribbe 

1994). In gcaaal, disordered stnrtuns are îikely to have cquiiibrafed at high 

temperature than o r d e d  structures, but rates of crylohllitation, and Pm ais0 

stmngly influence the (Al,Si) Ofdering process. The rtnicturr of ad-, f m e d  

si mtha IOW tempaahtn, cc~~a>var the full range of (Ai,Si)-orda h m  low 

microcline to high sanidine but tends to k monoclinic (Martin 1974, b n j  k 

Chapman 1986, Ferguson et d. 1991). 

Saquerices of crystabition of intanal uni& of mlemen t  pegmatites may be 

üaced by the evolving chernid composition of tourmaline (e.g., JoIliff et d. 

1986), Nb-Ta oxides (e.g., Muija et al. 1996) and micas (e.g.. terni et d. 

1995). The WRb ratio and Cs @Pm) content of K-feldspar have found general use 

as indiators of progressive fiactionation in @tes and pegmatites, and among 

cogenetic suites of pegmatiies, and has kai used to indicate sequmces of 

crystaiiization of internai uni& of cornplex zoned pegmatites. For example, at the 

Th Mountain pegmatite, South Dakota, the highest concentrations of Rb occur 

in the fmt- and second-intermediate zones, ratha than in the later-crystallizing 

third-intermediate zone (Walhr et ul. 1989b). The highest concentration of RqO 

genaaly occun in K-feldspu fmni the pollucite-bearing zones. A complicating 

h t o r  (disturbing primpry compositions) is extensive recrystalihtion of K- 

fddspar due to the sanidine - microche monoclinic + ûiclinic transformation 



which gaiarrcJ pseudomorphism of the primary phase (Martin 1988). 

Systemztic sady of the peûogeaesis of pcgmaîite feldspm must M with three 

uar of conceni: (1) the pnmvy subPdws fddspivs exhibit distinct spatiai and 

temporai separation in zawd cornplex-type pegrnatitcs, sendering estimates of 

modal proportions and original mdt composition proôlematic; (2) the sanidine + 

microcline, monoclinic - trichic phase tnnsformation and the Ab-Or d u t i o n  

processes p to (near) completion in the waîer-rich aivironment of g-tic 

pegmatites, and the stnicture and composition of the on- phase is largely 

oôliterated; (3) extensive subsolidus-reaction proccnvo are operative to n*u- 

ambient conditions, ofkn lcading to widespread replacement of early-formed 

feldppv and producing late low-temperature generations. 

Normally, the various reactions of K-feldspar arc obscun in outaop, hand 

specimen and even in thin section unless the= is a markeû change in colour or 

texture of the feldspar (e.g., Cemy & Macek 1972, 1974). If the feldspar has 

significant &O, maay of the rcactions, including low-temperature compositional 

distwbance, may k obsmd using BSE (back-scattered eiectron) imaghg. In a 

review of the evoiution of feldspars in granitic pegmatites, t e m i  (1994) 

wmmented that 'the rock-fonning feldspars arc a Cinderella of pgmatite 

research". The prescnt study will begin to rcmedy this situation for the alkaîi 

feldspars. 



cHAPTER2 

PREVIOUS WORK 

A miew of the d o n s  of fddspars in ignanu rocb has kcn givar by Brown 

& Parsons (1994), and the sûwtms of feldspars wczc miewed by Ribk (1994). 

A miear of Rb in pegmatite K-feldspar was givea by br@ ef al. (1985). An 

ovemiew of the evolution of feldspars from @tic pegmatites was given by 

hi (1994). Models of the gaKsis and intaa?l evolution of cornplex nn- 

dement pegmatites are givcn by LonQn (1990) and &mi (1991). n i e  role of 

H20 in the orthoclast - microcline monocljnic - triclinic transformation and in 

the genefation of hirbidity, mictoporosity and permeability is discusse!d by 

Waldron et ol. (1993) and Wallrer et ol. (1995), rrspcctively . 

In the literanirt, th= are no dectron-microprobe (EMP) studies of naturai Rb- 

rich feldspar, in part because only a few laboratones have suitable reference 

standards for Rb, and because Rb has kai oonsidered a minor-etrace element. 

The only data available arc on buik samples with lest than a few wt. 96 Rb@; the 

compositionai data arc tmed on wet-chemial analysis and X-ray powder 

diffnction. M o u s  to thU thesis work, the highest known Rb content of any 

feldspar was in microcline from the poiiucite-bearing Red Cross Lake @CL) 
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pegmatites, NE Manitoba. Buik chernical analysis gave up to 5.9 W. % R b 0  

(&mi a aï. 1985). Otha Rb-karing fddspars rearded in the literatufe include 

sampb h m  Tanco and lowa Tana at Bemic Inln!, Manitoba, the Varutrask 

pegmatite in Swedm, and pegmatites in the KdP Peninsuïa, Russia, aîi of which 

typidy have <3 W.% RqO (c$ b r n y  et ol. 19m. 

As fu as synthetic feldqar is concemed, a wide variety of compositions have 

been produced, with iU+ = H, Li, Na, K, Rb, Ti and M&, = Ca, Fe, Sr, 

Pb, Ba, Eu and La, and T = B, Al, Si, P, Fe'+, Mg, Ga and Ge (Table 2.1). 

S ynthetic (A1,Si)ordered Rb-feldspar has kai prodllPPA only by cation-exchange 

(McMillan et ui. 1980, Pentinghaus & Haidem 1979, Wietze k Viswanathan 

1971). Hydrothermal synthesis generates disorderai to partiyordered Rb-feldsper 

(Voncken et ui. 1993b. Gasperin 1971, Bruno & Pentinghaus 1974, Ghelis k 

Gaspeh 1970). Dry, high-temperature synthesis generates Rb-leucite nther than 

disordered Rb-feldspu (the phase relations are givm in Bambaua et d. 1974). 

Expenmental measurement of the feldsprlmelt partition coefficients of Rb allows 

inteqretation of the conditions of Rb-feldspar formation. At high temperature, 

vaiues for partition cœfficients bctween fcldspar and peraiuminous melt are high 

(e.g., 1.0, Icenbower & London 1996; 0.8, Congdon k Nash 1991). At low 

iemperaturc, values for partition coefficients betwea feldspar and aqueous 

solution arc lowa (e.g., 0.28 at 180°C/1kbar, -1s et ol. 1989; 0.26 at 



RbAlSiAt mmnoclinic, f m m  h y d r o t h o r ~ ~ r l  aynthemim (Vonclun at al. 
1993br Borutmkay8 1935, Brurio & mntinghaum 1974, OhelFm 
f O a m p u i n  1970, Buzer C H c C r l l u m  1953). S t ruc tura  
rmfia.6 by Gamporia (1971). 

RbAlSifir t r i c l f n i c ,  p r o p u d  by ca t i on  oschurge (Wcnillan at al. 
1980, Pmtinghaur C ff.ndaraon 1979, Weitze & Vimwmathan 
1971). Thormal ortprnrion wam 8tudi.d (Handermon 1978)- 

1VeSiA: may k w n o c l i n i c  and t r icl inic (Wonem & Applœoan 1963, 
F r u i t  1936, ~ u t a f a u i l l o  & P u r y  1888). So l id  molution 
with  KAlSiA propuad by Lindqwimt (1966). 

IIBSifi: fotaim a merriam with %AlSi& ( M u t i n  1971). 

HAlSi,û,r propuad by cation wchuige of Na-8xchang.d manidine i n  
HSO, (Müller 1988). Structura  raf inad by Paulum & Wüller 
(1988). 

LUlSifi :  p r e p u e d  by cat ion artchange (Xüller 1988), Daubenmr et  
al. 1991). 

~ l S i @ , s  p r e p u o d  undor uhydroum conditionm(Vonckon at a l -  
1993a), o u l i e r  work by B u l u r  (1964) and Hallum & 
E~g8t.Z (1976). 

NaBSiAt hydzothaxmal aynthamia u i i ng  H m  (mtructure rofinod, 
F loe t  1992), e u l i a t  wrk wam by JCimata (1977), Bruno 6 
Pentinghaus (1974), Eugsterr C UcIver (1959). Xorphology 
wam mtudied by Mamon (19808, 1980b). 

LaA13SiQ: containing t r i v a l a n t  non-tetrahedral cation. (Kneip C 
Liabau 1994) 
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4OO0C/lkôar, Volfïnger 1976). Factors that influence partitionhg include 

vafiafion in melt composition or melt structure, temptraairc and pressure, and the 

composition and structm of the minaal. Partition coefficiaits for Rb in ?Upü 

fddspv iacname with Or content occording to D(Rb)- = 0.03 + (0.01)Or; 

the litcranirt data are summPnPd by ïcmhowa & London (1996). The inlacept 

(0.03) c~nesponds to average distribution coefficients &&minecl for albitic 

piagiociase wmpositions. The intercept with Or,, @es a value near 1.0, and 

although some measurements of D(R~)~@* cxceed 1.0, most are l e s  than this 

and Rb typicaüy behaves as a marginaiiy incompatible dement ia primary 

(K,Na)-feldspar. It might k expacd, by Yiatogy to the rcsults of Rb-feldspar 

synthesis, that the disordercd monoclinic C2lm sanidine structure accepts Rb more 

readily than the ordered triclhic Cf micfocline structure, but both can 

accommodate Rb. 



The highest symmetry oôserved for alkali feldspars is moaoclinic (space p u p  

a), but triclhic symmetry (CE) occw with inacPscd (Al,Si) order, 

repiaœment of K by Na, and dsacpYng tempniturc of quilibration (Ribbe 

1994). The transition tcmpRaue of the displacive phase transition (fruMwork 

shearing) chmasa npidly with increasing K content. Howeva, the transition 

temperature for (Ai,Si)-ordering does rot change drasticaiiy with substitution of 

Na by K. For aikali feldspar with Or> 25 mol. %, the (AI,Si)-Ofdering transition 

oaws at higher temperature than the disphcive phase transition (Brown & 

Parsons 1989). 

The strain-controiied Ncd microtexairé of orthoclase, consisting of adjacent 

ordered and anti-ordered domains with dimensions of several unit-ceiis, is 

typicaiiy recrystabed in plutonic rocks to a coarse mosaic of subgains. nie 

m g  force for the reactivity of orthoclase in typicai plutonic rocks with low- 

temprature fluid is the relatively large elastic-strain energy of coherent crypto- 

perthite and of the tweed textue (Wafdron et d 1993). TEM studies show that 

individuai crystals may k an intimate mixturr of tweed orthoclase and tartan 

microcline (e.g.. White & Bamett 1990, Bambawr rt d. 1989). IncreaSBd 

turbidity and microporosity iiivariably accampanies the ûauuformation to 

microcline, and underlines the importance of fluids in the transformation (WaUcer 
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a al. 1995, Lee a d. 1995). (Al,Si)-orded low microcline Y normaiiy 

chncarizcd o p t i d y  by the imguly gr*ui microtexture of intcts4cting aibite 

and paiclinc twins. 

For K-rich feldspar, the foliowing nomencîature is commonly use& (1) high 

sanidine (HS) for highiy disorderad monoclhic fcldppu; (2) orthoclase for 

ordered monociinic feldspat; (3) intermediate microcline for disorderd triclinic 

feldspar; (4) low or maximum microcline (MM) for highly oidered triciinic 

feîâspr. These may be disthguished by optical mimscopy and by X-ray 

methods (Bambauer et d. 1989). In this thesis, fe1- which appears M y  

ordered or disordered by opticai and X-ray mcthods is m f a d  to by the pnfU 

"end-member " . 

An extensive review of the changes in the feldspar structure with Rb (and other) 

substitution was given by B m  et ul. (1984). and few new &ta have been added 

until now. The changes in celi parameters arc not as large across the (&Rb)- 

feldspar series as in the (K-Na)-feldspar series. With increasing Rb dong the join 

from K-feldspar to Rb-feldspu, the celi parameters a, c and f l  incrase regularly, 

but b is relatively constant (McMiUan u ui. 1980). The most signifiant feature 

of Rb substinition is i n d  ceii volume of - 3.2% (Fig. 2.1B). In gohg h m  

pure ordered KAlSi30, to pure o r d d  RbAiSi,O, an expansion of -0.0% and 

-0.4% ocnirs in band c, reqectivdy, and -2.296 in a. From pure NaAlSi308 
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to pure KAISilOs, wrpansions of - 1.3 2 and - 0.9 R occur in b and c, 

respctively, and - 5.4% in a. Albitc asolution with lattia coherency gentnentw 

~ ~ s i r P i n o t i h c ~ b o u i d P y b y ~ c r p o a s i o a o f o h t h e K - r i c h p h a s c u i d  

a contraction of a in the Na-nch phase. Incorporation of Rb ais0 increases O, and 

by analogy with albite, potential cuhcmt exsolution-lamcffar! of Rb-rich feldopar 

are expacd to be paralle1 to Ab kmellae, Mth dastic Mec StRUl being 

incorpomted by the K-rich feldspar. By Pnalogy with the synthetic methods of Rb- 

feldspar gaieration, it may k predicted that n a d  ordered Rb-feldspar may be 

gcnerated by allrali-cation diffusion (exsoiution) within an ordered hnework of 

increased ceii dimensions, and that dbrdered Rb-fddspar may be generated by 

direct precipitation, likely associated with a dioorded host K-feldspar. 

Details of stnictural charactctuation of end-member feldspars are summarized by 

B M  & Blasi De Pol (1994). Uncerrainties exist conceming the ceii parameters 

of end-member high-sanidine. Direct synthesis and dry m e a l i n g  of parily 

ordacd feldspar ôoth produce material with minor long-range (Ai,Si) order. 

However, crystai-structure refinement of Or,, sanidine h m  Buck Claim, SE 

Manitu&, gave values of <Tl-O> and <T,-O> equai within standard 

deviatons, and the ceii parameters are indicative of complcte long-range (Al,Si) 

disorder (Ferguson u ol. 1991). in rtUp thesis, the data of Ferguson et ul. (1991) 

are used as refemce points for end-member high-Sanidine (HS), and the data of 

Kt0l.i k Ribôe (1987) are used for end-memkr maximum-mictoche (MM). 
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The relations between œli parameters, (Al,Si)-orda and the composition of 

(&Rb)-felldspar wesc fummyiIsd by &rnf a al. (1985). Cd parneters 

incr*i~e with substitution of Rb for K mû plso wîtû iaaeoPing (AisSi) disordet. 

CeU parameters for the (Ai,Si)oidacd (K-Rb)-fddspar suies, pIepand by cation 

exchange of aibite, w m  dctemiiacd by Pentinghaus & Haderson (1979), by 

McMilian a d. (1980) Pnd by Wcitp 0 Vbamban  (1971). The nference 

point for RbfIQ1 rubidian maximum microdine @MM) is îaken h m  Pentinghaus 

& Hendefson (1979). The celi parameters agme closely with those of McMillan 

a ul. (1980) determineci for Rbfm RbMM. 

Recause the oeii volume of RbMM is larger than thaî of RbHS, Penthghaus & 

Henderson (1979) suggested that the RbMM structural state is metastable. 

However, because complete disorder may not have kçn attained for synthetic 

RbHS, the cell parameters for end-rnember RbHS arc uncertain. As with high 

sanidine, therc may be expairnatal difficulties in the synthesis of hilly 

disordered rubidian hiph-sanidine. RbHS must k synthesized by hydrothermal 

methods, because high-temptrature dry synthesis, othewise conducive to 

generating d i s o n i d  feldspar, produces rubidian leucite (Bambauer et ui. 1974, 

Martin & Lagache 1970). Plots of c W. b and V vs. b for rubidian sanidine show 

a range of ceU p ~ ~ n e t c r s  thu might n w l t  h m  siight but variable d e g m  of 

(Al,Si) order, or h m  poor accuracy (Fig. 2. IA, B). Structure retinement of 

synthetic nibidian sanidine gave v h  of < Tl-O > = 1.635 (3) A and < TiO > 
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= 1.632 (4) A, indicative of cornpletc (Ai,Si) disorda ( G a s p e ~  1971). 

However, &he cell parameters of Gaspcrh (1971) derived from single-crystal 

m#aods iie within the field of (Na,K)-fcldppM (Fig. Z.lA), and arc proôably 

less accunite than those derived h m  p d a  XRD Ugng an internai standard 

fiable 2.2). Further work is required fm sca~pte -on of end-member 

rubidian high-sanidine. 

in the substitutional series h m  LA to MM and from HA to HS, the ceil 

parameter trends are paralle1 to one another due to near-identical mechanisms of 

substitution. In the order-disorder series from MM to HS and LA to HA, ce11 

parameter trends are also pivalle1 one-another, due to near-identical mechanisms 

of (A1,Si)-disorder (Stewart & R i b k  1969; Fig. 4.1). Trends for the 

substitutionai series h m  MM to RbMM and h m  HS to RbHS, and for the 

(Al,Si) orderdisorder series h m  MM to HS and from RbMM to RbHS might 

also be expected to paraiid oncanotha. The series most weU-cbracterized is 

from MM to RbMM, in which V increases at constant b. If a C C m k  values for 

HS and RbHS are determined, plots of V vs. b or c m. li should fonn a 

paraiielogram with MM, RbMM, HS Md RbHS at the corners. This is not 

observed for the pmmt vaiues of HS and RbHS (Fig . 2.1). Either these values 

are inaccurate or a structurai explanation different from that of Stewart & Ribbe 

(1969) is quired for the diffkmce in substitution of Rb in MM W. Rb in HS, 

and for the clifference in (At,Si) disotder from MM to HS vs. RbMM to RbHS. 



1. RbHS 

2.  RbCIs 

3, RbHS 

4. RbHS 

5 .  RbHS 

6. RbHS 

7 .  un 

8.  HS 

9 .  RbMM 

1O.RbW 

11. Rbrn 

Phmao: Rubidfui high manidino (RbES), aarximum microclino (MM), 
high manidino ( H S )  and subidian aautiipulll mLc+ocline (RbHX). 
Rmfmro11cem: 1.  Gamprin (1971), 2. Bmno C Pantinghrum (1974),  
3. Vonckmn et a l .  (1993b), 4. Gholim & Gaapmrin (1970), 
5 .  Henderron (1978), 6. and 9. Pontinghaum & Henderron (1979),  
7. Kroll G Ribbe (1987), 8 .  Ferquaon et al. (1991), 10. McWillan 

o t  a1.(1980),  11. Wiotre & Vimwrnathui (1971). 



F'ig. 2.1. (A) Ceil dimQlSi01ls c (A) W. b (A) of maximum microclinc (MM, 

M), high sanidine (HS,.), rubidian maximum micfocline (RbMM, , O )  and 

~bidian high sanidine O S ,  A). Values for aid membem are marked using 

Nled syrnbols, sec text and Table 2.2 for d d s .  



Flg. 2.1. (B) C d  dimensions V (A3) W. O (A) of maximum microcline (MM, 

i), high sanidine (HS p), nibidian maximum microdine @MM, 4 , O )  and 

rubidian high sanidine (RbHS, A). Vaiues for end-members arc rnarhd using 

fïiied symbols, see text and Tabk 2.2 for dctails. 



The conditions of crystahation of highiy fiactionated pedwninous melts of 

granitic composition arc estimatad to k as low as 65M50°C at 4-2 kbar (iondon 

1986, Cbalroumelros & Lumpkin 1990). in this temparturr range, microcline- 

formhg phase transformations (at T<500°C) Md intracrystaibe asolution 

textures probably dcvelop soon after pegmatite coasolidation (Brown & Parsons 

1989, 1994). In gnnitic pegmatites, microcline is by far the most abundant K- 

feldsp, although occumnces of orthoclase arc not perticulariy rare (Martin 

1982, Abad-Ortega et al. 1993). Twin-domain coarsening is enhanced by an order 

of magnitude in the fluid-rich environment of granitic pegmatites; microcLine 

'subgrainsa may k several cm in size (terni & Macek 1974, &mi & Simpson 

1978). crysWbtion of K-feldspar may continue to vexy low temperature, 

constituting Ginsburg's (1960) "second K-stage" of pegmatite evolution. In late 

adularia, a disordemi (A1,Si)distribution and fine grah size arc suggested to 

result h m  high ntes of nucleation and growth (terni & Chapman 1984,1986). 

Compositions are similar to those of diagrnetic fdspar (ûqm in asdation with 

Abl& and are indicative of crystallUation at T < 300-200°C (Worden & Rushton 

1992). 

A general cornparison of plutonic K-feldsp~t to pegmatite K-feldspu is in order, 

to iuustrate the unique character of the latter. The equigranulv texture of granitic 
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raks is fomed by near~dibrium crystabaiion of di- grains of quartz 

and fddspar, with a typicai grain-size of 0.5 mm but mghg up to - 15 mm. In 

contrast, pegmatite K-feldspy may occur as large individual club-shapcd crystals 

up to 6 m long, or as crystallo&ra~hicaily10riated comb ~ g g g r r g ~ ~ ,  widmiag 

h m  the Wall zone hmrd to the art-margin and cure. h g e  crystais of K- 

fddspar o h  occur in graphic intcrgrowtù with quark (as do piagioclase, 

tourmafine and 0 t h  pcgmatite minmals). Albite is not Pl narssarily coarsc 

grained in pegmatites, but may fonn essentially monomineralic fine-grained 

masses (Me sacchamidal aibite units) or 'linerocka (layed aibitic aplite). Many 

of the typial zona1 and textwal features of granitic pegmatites may be classified 

as oscillatory type, and these features arc typical of systems crystal;lizing far from 

cquilibrium (Fowler MO). 

In an open system, zonation in rocks and minerals rnay be attributai to loss of 

components or to influxed changes in composition (e-g. ,hydrothermai alteration). 

However, in a closed system, oscillatory texturai and chexnical feahres are 

characteristic of systems &ven fat h m  equilibrhm, and indicate the operation 

of self-organizd feedtack mechanisms (Fowler 1990, Pearcc 1994). Oscillatory 

behaviow is oontrolied by the rate-limiting component of a reaction. A common 

example in @tic pegmatites is the generation of grapfüc texture, in which the 

growth rate of quartz in a granitic melt is limited by difision of Si. As Si is 

consumed, the growth rate decnases and a euhedral su* develops. A second 
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minerai kcomes stable in the rejected solute narr the crystaVfluid boundvy layer 

a d  gmws und the adjacmt melt is supersaairatcd in Si. Quam again kgins 

rapid cryskaîbtion, but the growth rate amtinuaiiy dsrrase~  as nearby Si is 

consumed. It is the rcpetition of thesc cycles which generatt~ the osallVory-type 

textures (Lena & Fowler 1992). 

Various other linu of evidencc suggest that, in contrast to plutonic granites, 

pegmatite crystallizaton approaches but dom not attnin equilibrium. The small 

4ze of pegmatites and their intrusion into telativdy cod host-rocks requirr rapid 

magmatic crystdkation. Even conservativc rates of heat transfer suggest 

solidification in less than 1ûûû years (ChaicoumaLos & Lumpkin 1990, London 

1992a). Expaimentally, such a large de- of uodetcooling has been show to 

enhance supersaturation and inhibit nucleation (Laidon 1990); these conditions 

fhvour the growth of large individual crystals (Swanson & Fem 1992). Silicate- 

melt depolymeruaton by network modifers such as H,O, Li, B and F, 

measurably increases element diffusivity in volatile-nch granitic melts (Scarfe 

1986, Dingwel) 1989). Historically, many of the textural feature~ of pegmatites 

have b&n atüibuted to various influences of H20. although it is now recognbd 

that supersaturation is probably not quisite for the development of most textures 

in grmitic pegmafites (London 1990). Pegmatite-iike toning and texturies were 

cloreiy simulated in H20-undersaturated but very (w + B, F, P)-rich 

expcrimentli charges -don et d. 1989). Différent (but high) ntes of diffusion 
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of Na and K (reintive to H20-poor granite) may also enhance phase oeparation 

and kvour the development of inîemai zonation. Texturai and other evidence for 

the discquilibnium chypcta of primary aydihtiai  of granitic pegmatites is 

summarized in London (1990). Many of the icactions of @,Rb)-feldspar might 

be the muit of post-crystaUzation attcmpts to aüain aquilibnum as a function of 

decreasing tempcnature. 

The classification of certain pegmatite uni& as primary or secondary has b e a  the 

topic of much debate. Arguments suggesting that poilucite and lepidoliie units are 

primary were summarized by &mi & Simpson (1978). If these units are 

secondary, the source of the additional highly htionated magma is questionable. 

Extemal introduction of late pulses of fluid requires much mon complicated 

models regarding the source, material transfa and gentration of emplacement 

space than does single-puise emplacement ( h i  1991). Such a mechanism is 

supported neither by obswtions on naturai pgmatites nor by expairnenial 

work. 

DuriDg the course of pegmatitc consolidation, residual fluids become silica- 

depleted and rich in Na and incompatible elunents. Ruid-inclusion evidence 

indicates that these late fluids are sodic, alkaüne 's01ution-meltsa (London & But 

1982). Removal of the fluxing componats Li, B and P, due to c r y s ~ t i o n  of 

spodumene, tourmaline and phosphate minerals, leads to npid crystallization of 
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uni& of fine-grained aibitc and mica @andon 1990). h particuiar, mica uni& 

show metasomatic antacts with early urnes, and wic Enditionally considerd 

to k entirely of rcplacemeat &gin. 

Conelations ôetween the interna1 evolution of pcgmatitc uni& Pnd squences of 

nomorphic aiteration wae ma& by Morgan & London (1987). Li- and B-rich 

fluids infiltrated wall-rock on destabikation of late sodic borosilicate melts 

(aboronquencha) at near-solidus temperature (les than 5oO0C). These were 

foilowed by F-nch fluids which also mcted with K-Wdspar. At T m ,  

unmixing of hydrous + Carboriic fluids took place at las than 420°C and 2.6 

kbar (London 1990). These fluids caused intemal alteration, generated 

exomorphic alteration haloes, and were possibly involvexi in the formation of 

miarolitic cavities. Miarolitic and leaching cavities, lined with latestage rninerals 

including cookeite, caicitc, adularia, M a n  anaicime and other zeolites, and 

various phosphate minerals (e.g., h i  1972), represent Ginsburg's (1960) 

waipim-veina stage of pegmatite evolution. Chakoumakos & Lumpkin (1990) 

gathereû evidence to suggest that subsolidus hydmthermal replacement and 

reequiiibration, including eucryptite replacement a f k  spodumeme at 200-10O0C, 

continues for several million years a f k  pcgmabitc consolidation. 

Postmagrnatic sequences of evoluîion of K-feldspar, including subsolidus 

transformations, deuteric reactions, and hydrothermal alteration, have not been 
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wrrelated with specific stages in the late-fiuid evdution of granitic pegmuites. 

Examination of the reactim of @,Rb)-feldspPr and rrsoQltsd Rb- and Cs-rich 

minaah may provide insight iato htormgmDtic Md subsolidus evolutionary 

parsses in granitic pcgmatites and the geochdcai khviom of Rb and Cs. 

Rcvious to this W y ,  recognition of the h g d y  isochcrnicai rtactions in K- 

fcldspar wen mtricted r~ aises in which lztc gtacraticms âad a oolour distinct 

from that of the onginai phase, or where there was an obvious change in texture 

either in hand specimen or thin section (e.g., bmf & Macek 1972, 1974). 

Otherwise, replacement of primary feldspar by later generations of feldspar is 

largely inconspicuous, but locally comprises a signifiant proportion of the albli 

budget of pegmatite bodies ( h i  1994). Devciopment of a mimporous 

structure has reccntiy k e n  shown to be an important textural indicator of deuteric 

alteration (Walker et d. 1995). This thesis shows that multiple generations of K- 

feldspar may k t e c o g ~  by BSE imaging if the original phase contains 

signifiant Rb. The relative timing of altali-feldspar d o n  events may thai be 

comlated with the well-established quence of alteration of pollucite (Teertstra 

et ui. 1993, Tccrtstra k &mi 1995), and bracketed ktween the pegmatite 

Jolidus and the latest low-temperature hydrothermai fluids precipitating adularia. 



cHAmER3 

ACCURACY AND PRECISION IN THE CEARACTEREATION 

OF ElrON-MICROPROBE REFERENCE STANDARDS 

This work was initiated in 1992 as an electron-niiwrobe survey of 

compositionally heterogeneous Rb-rich K-feldsppn. Tbe anphsis was on 

o b W g  ~ccurpte concentrations of Rb in unknown feldspen using a stighdy 

inhomogeneous rubidian micmcline standard h m  Red Cross Lake (RCL). The 

RCL microcline was characteri& by buik-chemicai methods ( h y  et ol. 1985). 

and analysis of Rb contents of unknown (K,Rb)-ftldspar samples relied 

uclusively on this standard. In the analytical procedure, the major elernents K, 

Al and Si were measured ushg an orthoclase standard (20RTHO). I found that 

b t h  of these standards gave poor results and thus required re-examination. 

3.1 CoUecrion and trecrbnent of dato 

Feldspar compositions were determinai using wavelaigth-dispersive (WDS) X-ray 

analysis on a CAMECA SX-50 electron microprobe (EMP) operathg at 15 kV 

and 20 nA with a kam diameter of 5 Pm. Eacb element was analysed using the 

standards listed in Table 3.1. Na and Ca were collected fmt in order to minimize 

the effects of diffusion of demats out of (or in&) the anaiysed volume. The 

'PAPa @hi-rbZ) &ta-reûuction procedure of Pouchou & Pichoir (1985) was 

applid. In orda to miiiimize potential ann arising h m  ma& effets, feldspar 

standards (RCL and ZORTWO) w a c  uscd to anaiysc unknown feldsparo. 



-le 3 . Ar Collmction of i n i t i a l  f e l d a p u  
electron-microproba data. 

orthoclame 
( 20RTIIO ) 

-Lia a l b i t e  

morth i t e  

RCL microcline 

almandine 

pol luc i te  

SrTiO, 

xiebeckite 

WtO, 

sanidine 

PYroPe 

GdGaO, 

mpessartine 

PbTe 

It Ra 
A l  Xa 
S i  Xa 

Na Ra 

Ca Ra 

R b  La 

F e  Ra 

cm La 

S r  Lu 
T i  Ka 

F Ra 

P Ka 

B a  L# 

Mg Ka 

Ga Ra 

Mn Ra 

P b  Ela 

Notems Limita of  detection wmre calculated uming 
L.D. - [3(wt.% oxide) (q/t,)in]/(R,-R,) whero R, - 
background count rate (countm/r), t, - background 
count t h e  ( m )  , R, - p.& count rate.  
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The quaüty of Mplyticai results can be vPesssd bdm calculation of the formula 

using the following criteria: 

(1) Z M.% odda = 108 (* x). A rurvey of the littRnur suggestd thpt ail the 

known rmjor and minor substitueat elemmts in fddspvJ w a c  part of the 

analytical program of Table 3.1. Fcidspars am es~eatiaily anhydrous with H20 

contents of les  thn O. 1 W. % (Betan 2986). Iight4emeat substitutions, despite 

king lmown in certain species of feldspar, ocau in uitricted cnviraiments and 

are not report4 to k widespread. Th& presenœ may k indicated by anomalies 

in charge balance morr so than by M o n f i  h m  100 in the wt. % oude brais. 

Charge buiid-up affécts both the standards and unknowns to varying d e p ,  and 

may be due to inadquate carbon-coating. This is recognind by instability in BSE 

or SE images, low specimen cumnt, and by low counts for each clement 

anaîysed. Oxide totals are low in these cases, but fonnulac are stoichiometric. If 

anomalous results are due to poor duction,  this may k tested by rt-coating 

of the sampk, followd by rc-amiysis. 

(2) Eledn,neutrality. The negative charge generated by the feldspar framework 

(m') is iddy  balancd by the positive charge of the non-fiamework aîkaii 

cations (kt+). Most formula caicuktions of Fe-bcaring feldspar indicate that Fe 

is trivalent and substitutes into the framework. This is the case for the 20RTHO 

orthoclase standard, simplifiecl as ~ ~ - l & J ) @ ~ e o i A b , ~ i 3 ) 0 , ,  in which the sum of 

the Mution charges (M+ = Na+K) pa formula unit qua is  the sum of the 

charges gmerated by the ftamework (ZQ' = AI+F@+). 
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3) SilAl ratio. If the fnmework contains onîy Al, Si md 0, and monovalent 

alkali cations fiU the M site = 1.0), the maximum SiIAI ratio is 3.0. Minor 

trident Fe may be iaduded with Al so îhat Sil(Al+Fe'+) quais 3.0 for Or, 

(&.O). nie piagiochst solid-solutim h m  NaAlSifi to CaAl#i20, has a 

coupled substitution Ca2+ + Al3+ = Na+ + Si4+ such that SUA1 &os vary from 

3 in aibite to 1 in anorthitc. A ptpoioclasblilte substitution is au in which 

divalent M-cations plus trivalait T-cations substitute for momvaient Mations 

plus tetravalent Tdons .  The only exceptions to this are feldspvs h m  high- 

tempavurr environments which may have excess Si aiong with M-site vacancy 

(e-g., Linthout & Lustenhouwa 1993, Kuchner & Joswiak 1996). Synthetic 

feldspar has beai prepareû with non-tetrahedral ûivalait cations, but this 

substitution is not known in naturai feldspat (Kneip k Liebau 1994). 

In the prisent study, BSE imaging and EMP analysis indicate that many K- 

feldspars of rare-element granitic pegmatites, pariicufarly those associated with 

poliucite, have unusual compositions compafed to typical granitic K-feldspars. A 

reconnaissnce suwey, involving analysis of severai hundd samples (ushg the 

ZORTHO and RCL standards), indiatcd a wide range of oomposition. If the 

quaiity of an individupl analysis is asessed using the criteria givcn above, most 

of the results would be classified as 'good". The data examined as a whole 

showed oxidc togls near 100 ( î 2 )  wt. 46. The charge of the M cations w u  

typ idy  balanced by Al (most have negiigible Fe), but a systematic trend of low 

SVAI ratio was not id  in a large proportion of the results. Formula calculations 

gave poor stoichiometry. Thercfore, the referena standards mquired csrrful re- 

examination for accuracy. The analytical precision aiso needed to k established. 
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The caiculation of a stoichiomdric chernical fmuia fiom wt. % oxides is basexi 

upon the goichiometry indicoted by the crystal stnrturr. la the feldspar structure, 

T cations are in îetrahadral coardinati . . on with oxygai atoms, and a c h  oxygen is 

shared by two tetrahadta to fo~m a famewotk with M cations in the interstices. 

n ie  general formula dorming to this stmctwe id m. ARQ atornic 

proportions an caicuîateû fiom wt. % oxides, the cations are issigMd a valence, 

oxygen is calculsitrir) by chige balance, ancl the fofliula ù norrmliPd on the 

bans of 8 atoms of oxygen per formula unit. The formula may plpo be normalited 

on the ôasis of 4 T cations. The rrsuits are the-n cornparrd to the stoichiometric 

requirements of maximum site accupancy, and balance of the (+) charge of M- 

cations with the (-) charge of the fram~work. Any particuiar anaiyticai mult is 

judged p r  if it doer not confonn to the mode1 formula within a r o r  of 

measurement. If a statistically anomalous tesuit is not caused by experimental 

difficulties, it may iepreseiit a ml variation in chernid composition (Doliase k 

Newman 1984). 

The supplied compositions (haeafter the "book value') of the refeienoe standards 

20RTH0, 2ALBïTE and RCL micmcline are giwn in Table 3.2. The quoted 

anaiytical precision (1 standard deviation in brackets) was measwed h m  (N) 

duplicate anaiysm distributad over the aitire exposeci surfim. The formula 

dcuiations show that, in 20RTH0, ewn though both the M and T sites are f d y  

occupied, values of Si > 3.0 apfu and (Al + Fe) < 1 .O a p +  (atoms per formula 

unit) inciicate poor stoichiometry (Tabk 3.2). in cornparison, the 2-ïTE 



oxide twt.21 f e a  fwful 

RCL microclina* - 3RBMICRO (NtlO) 
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(Amelia dbitc) formula U closer to idcal. The RCL microcline formula has equal 

values of M+ and IQ', but with (Al + Fe) < 1.0 qfi and a ET value 

considerably lear than 4.0. 

Any compositional inaccwacy of a nfcztncc standad is transfCR6d to the 

unknowns. Tbe scop of the analyticai prob1ems, quaiitativdy notai in the 

reconnaissana airvcy, is dcmonstrated by quantitative ranlysir of the weil- 

chanacrized gem-sanidine megacrysts from the VoUasreld ma in the Eifel 

region (Behnns & M u a  1995, Hovis 1988, Beran 1986, Bemotat-Wulf a aI. 

1988 and referenœs therein) and microche perihite (Royal Ontario Museum 

samples; S h M  & Hartman 1985). The samples werc analysed using K, Ai and 

Si from LORTHO, Na from 2ALBITE, and Rb h m  RCL microcline Fable 3.1). 

The ROM micioclines arc pathitic but otherwir inclusion-k, semi-translucent 

and coloutless. They are ad-memba &kali-feldspan in that they contain only 

minor-&tace quantities of divaient cations; eiements sought but not detected are 

Ca, Fe, Cs, Sr, Ti, F, P, Mg, Mn and Pb. The ROM feldsprs have a distinct 

range of NalK contents, so the analyticai rrsults were not averaged. In contras&, 

the inclusion-fkee Eifel sanidine is compositionally homogeneous and a 

meaningfbl average can be reported. The formula is complicated with respect to 

an idcal aid-member allrali feldspar in that it contains Fe and Ba. 

Several systcmatic trends arc noted in the analytical tesults preserited in Table 

3.3. The oxidc sums tend to e x c d  100 wt.%. The forrnuiac have M+ < <-, 
with a mean (AI +Fe) value of 1 .O3 1 apfic. The mean ZM value is 1 .W, and the 

mean ET value is 4.ûû5 opfu. Even t a b g  into eccount correction for daxeased 



m1e 3.a: Rosult8 of  uialyrim (*.a) and formula 
ci lculrtionm ( a p f u )  of  ROn and f i f m l  feldmpum uming 
t h e  u r r l y t i c a l  condition. o f  Table 3 .1  and tho 
referenco mtuidrrdm of  Table 3.2. 

oxide Wb144 -6145 W36146 -6148 H36150 E i f e l  

ROM microcline perthite locrlit ia8 r 
î436144 Conger Twp., Pury Sound, Ontario 
M36145 Hungry Lake Hine, Chapton Twp., Pury Sound 
M36146 B+LgnaL Mine, Conger Twp., P u r y  Sound 
H36148 Ryer8on Twp., P u r y  Sound 
M361SO Lount Twp., P u r y  Sound 
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Si/Ai ratio due to slightly in& An content (accordhg to CaAi(NaSi)-, 

substitution), the measured Si conta~ts are less iban expccted. In contrast, the 

ZORTIIO book nluc b w s  im M O ~ O U S  compositio11 with Si > 3.0 opjL and 

SVAI ratio > 3.0 ( T '  3.2). Diracpancivs amcaning 20RTHO arc a h  

show if it is anaîysed using Al and Si h m  2ALBITE: îhe 20RTHO Ws are 

usulUy Iower, only b u t  99.5 art*%. As the high SUAI Rtio of 2OR'IHO 

generates a low S ih l  d o  for th ROM feldspars, it wp9 not clcar how to model 

the composition of ZORTHO without gaerating systematic deviations fiom the 

ideai formula. 

The above results exemplify some anafytical problems of the present standards: 

(1) Al and Fe vaiua do not generaliy agree in cross-analysis of standards, k they 

of similx or v a y  diff'ercnt matrix; 

(2) Si values do not tend to agrec on aoss-analysis of standards of different 

matrix (e.g., Si in hyalite vs. Si in aibite); 

(3) for some elements signifiant to feldspa~s (K, Na, Rb, Cs, Sr, Ba), only one 

standard is availabfe and accuracy camot k aMesJed by cross-analysis. 

The main requirement for an EMP standard is chemid homogeneity. This is 

more important than knowledge of the true chemicai composition, bscwsc this 

CM aiways bC impnwed, whereas inhomogeneity cannot. AU the major elements 

in the standard m u t  be restricted to a smaü W.% range. For example, in the 

compound (X,Y)SiO, if X and Y have different atomic weighü, then variation in 



Xn ratio wiU change th wt. % SiQ. 

nie most dy-de- and tnistworthy standards are those with nMd 

stoichiometry and a limited range of solid solution. End-mcmbers of  sais are 

useful because a reduced numkr of components simplifies the formula. Gem 

mntaialr are pnfand because opticai cknty generrlly enaves freedom from 

inclusions and from -sale alteration. EMP meth& bave impved accuracy 

over bulkchernical methods, in part becausc inclusions laga than about 1 pm 

rnay k avoided. The intent of this work is to producc stoichiomeûic standards 

which give a consistent âata-set on cross-analysis with other standards. Resuits 

h m  EMP MalyJis should agree with results h m  other chemicai-andytical 

methods and nOm crystal-structure refinement. 

nie general formula of scapolite is M4Tl2W where M = Na, Ca and K, T = 

Al and Si and A = Cl, CC& and S 4 .  A continuous solid-solution extends between 

the end-membem mariaüte Na,Al3Si&C1 and meionite ca,#&&@&03 

peertstra & Shemff 1996). Compositions of 20 siamples w a e  measurcd using a 

CAMECA SX-50 electron microprobe (EMP) operathg at 15 kV and 20 nA with 

a beam diameta of 10 Cm. A summPry of the dytical  conditions is givai in 

Tabk 3.4. The principai n f e m a  standards are a gmiquality meionite h m  

Brazil (USNM R6600.1, D m  ct d. 1978, Jarosewich et ui. 1979), albite h m  

the Amelia pegmatite, Virginia (Harlow & Brown 1980 and references therein), 



mle 3.4: Collection of rcapolite elmctron- 
microproba data. 

S t andud  Elœmnt, T h  Detection l f m i t  
I i n e  (8) (*-a) 

r c r p o l i t e  

.rro+thito 

0r+hoclai8 

tugtupit. 

inhydrit. 

almandine 

S r T i 4  

N%O 0-049 
Si% 0.060 

A i f i  0.045 

&O 0.025 

&O 0.036 

Cl 0.014 

sq o.os0 

F e  0.086 

S+O 0.059 
Ti% 0.057 

F 0.069 

P s s  0.073 

8.0 0,087 

Mg0 0.010 

Un0 0.025 

Pbû 0.041 

Notem: Limits of detoction mra ca lcuh ted  u d n g  
L.D. - [3(wt.a oxide) (R,/ti)'n]/(l?,-R,) whmre ü, - 
background count rate (count8/8), t, - background 
count t h e  (a) ,  R, - peak count rate. 



ww caa (EMP) 

d 

m. 3.1. (a to d): wt. 96 oxide mca~urcnrents from the litcrature vs. EMP 

measmments (this study) on the slme samples of scapolite. The iines 

represent exact agreement betwecll the two measuremcnts. 



morthite from Great Sitkin Island (USNM 137041, Jarosewich u al. 1979) and 

tugtupite h m  the typ locality, South Gmnlud (ROM # M32790, Dana 1966). 

The stoichiomctry of the sta&rds, as detcrmintd by chemicai anaïysis, is rather 

cbse to Uiat urpected nMn the ideal formulaie. 

Analytical accuracy was w e s d  by cornpariscm of my EMP ttsutts with the 

rrnilts of bulk d y s i s  on the spmc 20 scapolitc sampks, as published in the 

literaaire. The purpose is  to demonstntc a kick of systematic cmn for the major 

elements and to provide an estimate of the anaiyticai accuacy. Ali but one of the 

samples arc compositionally homogeneous (the sample richest in Ca is 

inhomogaieous). Two of the samples have numaous inclusions of feldspar and 

analcime, generating inaccurate bulk compositions. Sample descriptions and 

analytical resuits are reported elsewhere (Tetrt~ta & Sherriff 1997). Aaoso the 

series h m  marialite to meionite (with a compositionai range similar to that of 

the albite-anorthite Jeries), Na, Ca, A l  and Si valws h m  this study agree weli 

with the compositions determined by wet~hemicai Yialysis. Compared to a line 

represenbing perfat agmment bween the two measurements, 90% of the data 

fail within f 0.7% (absolute) for Na@, & 1.2% for Cao, * 0.7% for A1203, 

and * 1.4% for Si@ (Fig. 3.1). 

Anaîysis of tugtupitc h m  the type locaiity, South Greenland (ROM # M32790, 

Dane 1966) using the Tabk 3.4 program, shows a composition that is close to 

that expected by the i d d  formula N a & ~ i , O , C l ,  (Table 3 5). Anaiysis and 



-16 3.5: Reiultr o f  rnalymim (wt .%)  of tugtupite 
uming the  Table  3.4 seferonce atuidudm. 

rtuidud-block 1 tugtupite 

S i 4  51.38 51.80 (26) +0.8% from 2ALBITE 
A 1 2 4  10.90 11.12 (8 )  + ~ ~ O I ~ Z ~ D S C A P O L  
Na,O 26.50 25.89 (26)  -2.3% from 2ALBITE 
Cl 7.58 7 , 6 8 ( 6 )  +l.l%fromQTUGTWP 
Be0 5.35 ---- 



-lm 3.6: Collection of  eloctron-microprob data 
uring ideal-formula tugtupite ar the auin mturdud. 

tugtupite 

anorthfta 

orthoclase 

almandine 

S+Tio, 

riebeckite 

'Wb 

sanidine 

PYri'Ope 

speomartine 

PbTe 

Notes: Limita of  detection woro calculatod uming 
L.D. = [3(rR.t  oxide) (Wt,)"]/(R,-&) where R, - 
background count rata (countmlr), t, - background 
count t i m e  ( a ) ,  R, - p.& count rata. 



wavelength scans showed no additional minor elements. Cross-andysis with 

4TUGTUP shows tbat it is composit idy idaiticai to ITUGTUP within 

expsimental cmr. Crystai-sinrture riefinemat (npsran & Grundy 1991) and 

NMR spectroscapy (Xu k Sharin 1994) show that thi, sample is cmemely weU- 

ordered. Because of the crystallographic amstraints on the compositional range, 

this may k OUI most saYntely hnown standard. 

The formula was fixed at ideal stoichiometry md lTüGTUP was used as a 

standard (Table 3.6) for the saalysis of Na, Al, Si and CI in Amelia albite, 

orthoclase, Sitkin anorthite, Vesuvius leucite, jadeite and Eifel Sanidine. The 

resuits art summatized in Tables 3.7a and 3 3 .  

Analysis of Amelia aibite reproduces the book values within experimentll emr 

and gives a weU-balanced formula. The M site-occupancy is 1.005, suggesting 

that absolute content of Na in albite is correct. 

Analysis of orthoclase (20RTHO) dso confhs  the book values o l e  3.2), 

suggesting good accuacy for the wt. % o d e  values of the major elements, but 

confimiing aspects of the poot stoichiometry. Formuk calcuiations indicate low 

values of (Al+Fe), with values for both Si qpfY and Si/(Al+Fe) king greater 

than 3.0. Values of 7Q' = (Ai+Fe) of 0.960 pfU do not conespond well with 

the M d o n  charge (M+) of 0.992 pfi; howeva, K wu not measud using an 

inckpendent standard. 20RTHO rnight have OSi,O, substitution (Ch. 3.7). 

Analysis of Sitkîn anorthite gives a weil-balanced stoichiomctric formula, despite 



Tiple 3.7a: Remultm of umlymim (ute%) and fonuula 
calculation uming the Table 3.6 xef.ronca rtandudm. 

oxida book war,(l=3) formula (apfu) 

oxide book mar. ( l -3 )  forniula (apfu) 

S i t k i n  anorthite (1SANORTH) 

oxide book maa. (N-3) f 0 ~ ~ ~ 1 8  ( a p f u )  



Teple 3.7b: Remulti of uralyrir (*,a) and fofmula 
crlculation uming the Table 3,6 raferrance mturdudm- 

oxida idarl m ( 1 2 )  formula ( a p f u )  

oxide ideal merm.(N-10) formula ( a p f u )  

Eifel manidine 

oxide meam.(N=12) formula (apfu) 
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low W.% values for Ai2Q compareû to the book vaiues (Tabîe 3.7a). It is 

possible that the measU16d A12Q contents are sügbtly jnaccuraîc kause of the 

considerable extrapolation fkom the low-Al contcot of tugtupite to the high-Al 

amtcnt of anorthitc, but this is not indicated by the formula 

3 . k  Leucite, Jade& and @al& 

Analysis of Veswius leucite (KAlSi203 using K from 20RTAO (the Table 3.6 

program) gives an (Na+K) value close to that of (Ai+Fe) (Table 3.7b). This 

indicates a close approach to an ideal fonnula in which the M site is fiîîed (ZM 

= 0.996 opf), and suggests that the measured K value is ~ccurate. SüAi ratios 

slightly exceed 2.0, but these are known to vary in naturai @mens (this may 

k relateci to a high degrse of (A1,Si)-disorder of leucite; Phülips & Kirkpatnck 

1994, Teertstra et ul. 1994). In order to use this leucite as a standard, it was 

necessary to adjust the composition to closer agreement with the ideai formula. 

To rcomplish this, determinations of Na were assumecl accurate and K was 

calculated as (1 - Na) opjU, thus increasing the content of K by 0.004 q@ (Le., 

the ideal value is extremely close to the measured value, so the diffemce is 

assumeci due to minor anaiyticai aror). The measured Fe contait (0.007 qfi) 

was assumed to k accurate and Ai was calculatecl as (1 - Fe) opfu. The ideal 

fonnula of this sample is therefore (N&.m&n~(~mAbAbm)si206. 

Adysb  of jadeite gives an Na content of 0.998 opfk, pafealy baianced with 

measuremcnts of (AI+Fe). S U U  ratios of 2.007 arc in close agreement with the 

ideal fonnula Na,kiisi206. The site filling suggests that accurate values were 



Analysis of kysniîc (IIKYAN) gave 62.47 Alfi, 0.12 Fe&, and 37.35 SiQ, 

sum 100.06 wt. % , and an (Ai +Fe)lSi ratio of 1.97, in close agracmmt with the 

ideai formula Ai$iOs. 

Anaiysis of Eifel sanidine ushg the bigtupite standard (Table 3.6) produccd O 

near-stoichiomeeic formula (Table 3.7b). Amelia albite and tugtupite have 

stoichiometrically ideal formulae and cross-analyse withh aror; when used as 

standards to charecariIe leucite and jaâeite, they give neideal  formulae for the 

laM. Hence, the K, Na, Al and Si contents of any of these standards may be 

used to characterize the Eifel midine. The p ~ c i p a l  standards chosen were 

tugtupite (Nn, Si), leucite (K. Al) and barite (Ba). In order to analyse Rb-bearing 

fddspars (including the RCL microche), a Rb-rich standard was required. A 

rubidium-zinc-silicate glass, prepad for synthesis of analogues of lcucite 

composition Rb&nSisO12 with 30.06 wt. % Rb wao used (ICohn a <J. 1994). A 

beam-size of 20-25 pm (at 15 kV, 20 nA) was sufficient to give stable Rb Lu X- 

ray counts over expasure times of up to 5 minutes. Cross-analysis with Rb$- 

giass Mt. 30.95 W.% Rb gave a low value of 29.60 wt. % Rb. However, loss 

of Rb counts s&ms to k a problem with this phosphate glass, mn using a large 

beam diameter. 
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Aaalyticai muits for Eifel e, the RCL micmclinc and a Rb-rich miczocline 

vein in poliucitc ( h m  a Rmlemcat @tic peOmntite in Kolp PaiinJula, Ch. 

4.7) arc givai in Tabk 3.8. The RCL formula, including a Li value h m  bu.& 

analysis, is  grratly impmvcd ova that givea in Tabk 3.2. 'Ibe Kola formula also 

has naPaiable stoichiomctry, and the W value (iicluâing 0.267 Rb @fi) of 

1 .O10 qRft suggests that Rb mtasuttrnents arc rtasonably sccuntc. In conclusion, 

th thrre compositions aii have rctatively g d  aoichiomettic faituns, although 

in each the oxidc, M, and T sums are Slightiy hi@. 

3.4 Adys is  ushg the 1EII;IEL aondonl 

Assuming al1 the elements present have beai analysai, the Eifel sanidine may be 

designated as a standard, with minor modifications. K was duced slightly by 

caiculating the amount as K = 1-(Na+Ba+Sr) = 0.715 qfi, giving an M+ 

charge of 1 .O27 pfu. Al was duced olightly to Al = (M+-Fe'+)= 1.021 q/u, 

with an increase in Si to wmspond with full site-occupancy (ZM = 1 and 

ZT = 4 qpfic). These minor aâjustments fmm the measured vaiues give a neutrai 

formula of 

If the adjustments to the Eifel sanidine composition are comct, analysis using this 

mineral as a standard should reproduce the book values and ideal fomulae of the 

0 t h  standards (gaierathg m intemally~nsistmt set of Pllrali Pluminosilicate 

mineral standards). This chcck is actually redundant, as the 1EiFEL composition 

was measwed using these standards. A betîer wntd is yialysis of the othu 

feldspan using the adjusted 1EFEL composition as a standard for K, Al and Si 



m1e 3.8: Cuaporition (*.a) and formulae ( a p f u )  of 
feldmpum uring tugtupite (Ra, Si), loucite (K, Al) 
and Rb,ZaSipI2 (Rb) a8 mturdudm. 

RCL microcline - 3RBnICRO (N-10) 



(Table 3.9 shows the analyticai pro-). 

The results of Malysis of the ROM f- vabk 3.10) show grrat 

improv~~~cnt ova rçsults using the 20RTEIO standard (compare Table 3.3) The 

o d e  wms average 10 .1  f 0.3 wt. SC. Si contentspfi crcm rüghtiy low and Aï 

may k sligbtly high: this d t s  in SüAl ratios less than 3.0, even in simples 

frsc fiom divalent cations. The mean W value of 0.985 opfL is less than the 

ideal 1.0, and the mean M+ value of 0.990 is slightly l a s  than the mean Al 

content of 1.007 qfi. 

The composition of l m  was again slightiy modified. To start, K was 

incnaJcd by 0.01 qpfu to give a CM value of 0.995 opfL and rrainiing it closer 

to the composition measured relative to leucite (Table 3.8). Na was calculated as 

1 - @+&+Sr), Al as (M+ - F@+), and Si as 4 - (Al+Fe) [equivaient to (4 - 
M+) apfil* ms @ v a  the formula ( ~ a 0 ~ & . ~ . ~ S r 0 . ~ ) ( ~ ~ . ~ t . d i 2 . 9 7 ~ ) 0 8 -  

Repeat analyses of the ROM feldspars and fine-hmiog of the IEIFEL fonnula 

were iterated to agreement in three cycles (Le., optimized within the 

stoichiometric consaints of elestmneutraiity and maximum site-accupancy). The 

final results are given in Table 3.11. Subquent analysis of unknown samples 

should k accurate within the constraints of the standards matrix. Analysis of a 

hrge number of feldopar amples should provide a test of the accuracy of lEïFEL 

sanidine standard. 



-le 3 -9  s colimction of f e l d r p u  UIP data. 

Stuibard Elamnt, Tiap. Detaction lbit 
lin. (8 )  (**W 

t i ebecki te  

W2Q 

barite 

rpessartine 

GdGaO, 

PbTe 

Noter: Limiti of dmtection were calculatad uring 
L.D. = [3(wt.% oxidm) (R,/tb)'n]/(R,-ét,) whese R, - 
background count rate  (countm/m) , t, - background 
count t i m 8  ( m ) ,  R, - p a k  count rate. 





-10 3elL~ Final lSI?BL campomition (*.a) a d  
formula (apfu) giving optFiPirmâ ROJ4 f e l d a p u  
remulta uming the T a b l e  3.9 mfesonce mtuidudm. 

oxide n36144 Bi36145 N36146 W36148 BI36150 EIFZL 



The mcthod of cross-analysis f0110wed by acijwtmcnt of composition to the ideal 

formula with the purpose of improving the accuracy of standards (S *2%) has 

ban limited JO far to minuais with major elements of 2<20. An outstanding 

problem is attainment of high accuracy for standards of dissimüpr mptrix. The 

pmblem is exempMed by wplysis of minerials in the gamet group. The g a i d  

formula is X3Y&OI, where X is typically Ca, Mg, Mn, Fe'+, Y is Al, F$+, Ti, 

Cr. V, and Z is dominantly Si. Pure e n d - m e m h  are rare and mning with 

extensive solid solution is annmon. 1 attempted to "solw" the problem of 

disagreement behveen the compositions of gamet standards. 

Trial and m o r  has show that the best nsults foi d y s i s  of unlcnown gamets 

involves using a mix of standards (e.g., Si h m  pympe, Ai from almandine, Mn 

fkom spefsartine). One would think that to Pnalyse spessartine, a single 

spessartllie standsud couid be useû for al l  the major elements. The stored 

compositions of six gamet standards are given in Table 3.12. There is signifiant 

variation in values for ZX, ZY, and ZZ among the standards. An anaiyticai 

program was prepad to wver ail the oionificant 2 > 8 substitutions in gamet 

(Table 3.13). The choice of sîandards is not aitical for the minor elements Na, 

Y, F, Sc, Zn, V, P. Sr, Zr, Cr and Sn, pmvided the standard has a major 

quantity of that element. 6GARRV752 has a good stoichiometry and was chosen 

as a standard for Al (1.996 tg&) and Si (3.000 qpfu). 

Cross-anaiysis of the gamets using this program gives results which disagne with 



-18 3 . u :  Stormd coaipomftion (wt-l) uid formulae ( a p f u )  
of  garnet refermnce mtuidudm. 

Si% 
Al2 4 
v2 0, 
-2 

rio, 
-2% 

Fa0 
Na2 O 
Sn0 
MW 
Ca0 
m o  
total 

Si 
Al 
v 
C r  
Ti 
W+ 
pe2+ 
Na 
Sn 

Ca 
Hn 

X 
Y 
t 



: Collmction of gunet ULP data. 

groarular 
( 6GARRV7 SZ ) 

riebeckite 

m% 

chgomite 

gahnite 

zircon 

caeaiterite 

si Ka 20 
Al Ka 20 

Ca Kat 20 

Mn Ka 20 

Na Ra 20 

Po Ka 60 

Mg Ka 60 

S+ La 60 
Ti Ka 80 

? Ka 80 

P Ka 20 
V Ka 20 

Y Ka 20 

Sc Ka 40 

Cr Ra 20 

Zn Ra 20 

Zr La 20 

Sn La 20 

Notes: Limita of detection were calculated uring 
L.D. - ( 3  (wt.8 oxide) (R,/t,)'n]/(R,-&) where R+ - 
background count rata (countm/r), t, - background 
count time (8) , R, = p.& count rcatm. 
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the stored compositions (Tabie 3-14), pphpps due to one or more mors in 

coniposition. In oome cases (e-g., 4ALMANGAR) the anaiysis gave impmved 

stoichiometry, but in other cases (e.g., 2PYROPE) the stoichiometry uns 

appaicntiy worseaed. 

nie program was then used to analyse minds  with s h p k  composition (e-g., 

dbitc, anorthite, diopside, fayaiite), but txcept fa Mg and Ai, systematic mrs 

stiU =main fiable 3.15). 

The analysis was repeakd, but using ZSPESS as a standard for Mn, Al and Si. 

For cross-analyris of gamets, the mults were si& to those found above. 

Analysis of albite, anorthite, diopside and hyalite indiCates systernatidy high 

Si values (Table 3.16). 

In order to constrain the pmblem, rhodonite (Mn2Si& was anaiysed (Table 

3.17). Measured Si values are higha, and Mn values lower, than the book 

values, but there is close agreement for the minor elements Ca, Fe and Mg. Fe 

was assumed to be divalent and there an no monovalent cations present. Mn was 

calculated by 2-(Ca+Fe+Mg) and Si was fied at 2 qpfu. ThL( moves the Mn 

content closer to the values measuced using ZSPESS. The ideal formula for this 

sample is ~t.6(10&.,i&gogo11$~.&Si206 w l e  3. V),  and this composition of 

rhodonite was stored for use of rhodonite as a Mn and Si standard. Analysis of 

gamet using the idedbd~mposition rhodonitc did not impmve the analytical 

mults. The overall accuracy could not be improved to l e s  than about 44%.  In 

conclusion, 1 suspect that the anaîytical problems of cross-andysis of 



-18 3 4 :  Rmmult. of Ul.1y.i. of gunot 
.tandudm ( w t  .%) md fozmalr calculation8 ( a p f u )  
uming the Table 3.13 mrlyticrl pmgram. 

oxide 2PYRûPZ 4PYROPE 4- 2SPESS (N - 9)  

total 

Note: 2SPESS al80 contain. 0.10 ut.% Y@, 
(0.002 Y apfu), 0.14 wt .% Pfi (0.010 P apfu) 
and 0.05 Sn% (0.002 Sn apfu). 



=le 3.1sr Remulti of mrlymim (ut.*) o f  mtmduda 
uming the  T a b l e  3.13 uralyticrl program. 

de book mrm. dmvjit ion 

Si% 68.16 69.65 +2.2tfmmëGARRV752 
Al2% 19 76 19 084 +O041 f+~ai 6GARRV7S2 
N.20 11-46 11.40 2ALBITB mtuidud 
&O 0.22 ---- not in progtam 
Ca0 0022 0.36 
uum 100.00 101.25 

SiO, 43.84 4 4 4 3  +lob* ftm 6GARRW52 
Al2% 35.90 35.52 -1.1% fran 6GARRV752 
Fe2@ 0.72 0.62 
N e 0  0.53 0.56 
Ca0 19.02 19,00 l A N O R T H m t u i d u d  
mm 100.00 100.13 

Q&& book meam. deviation 

55.37 56.70 +2.4% froni 6GARRV752 
0.19 0.05 -1.1% from 6GUCRV752 

18.62 18.19 -2.3% from 2PYROPE 
25.73 25.99 +1.0t from 1ANORTff 

0.08 0.11 
0.05 0.01 
0.05 0.07 

100.09 101.12 



-le 3-16: Remultm of malymir (wt .%)  o f  atmdudm 
w i t h  2SPESS i n  place of 6GARUV752 in  Table 3-13 
uirlyticrl ~ o g r . m ,  

Si% 68.16 69.59 +2.1Q frm PSPISS 
Alfi 19.76 19-78 +0-1% ft~ai 2SPSSS 
Na& 11-46 11.46 2ALBITB 8t-dud 
w' 0.22 ---- not i n  progtam 
C8O 0.22 0-26 
8- 1OOeOO 101-09 

57-09 +3,1$ from 2SPESS 
0-05 
18-30 -1.7Q fraa 2PYROPE 
25.65 -0-3% from UNORTH 
0-08 
0. O1 
0.02 

101.20 

Si% 29.48 29.84 +1.2$ from 2SPBSS 
1.0 70.24 70-15 l?AYRE?rtuidud 
IWO 0.26 0-20 

99.98100-19 



oxide book f ormala 
rnfu 

Si+ 46.06 Si 1.981 ET 1.981 
XnO 46.23 Mn 1.684 ZH 2.038 
C8O 4-00 C. 0.184 
Fa0 2-44 Fe 0,088 
Ha0 1.28 0.082 
mum 100.01 O 6 

oxide mera. (N-4) f omulr 

oxide ideal f ormula 
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aluminosiücate minerals wntaining mjor elements with 2 225 (Mn) are due to 

inaccurate values for the matnxarrcction proCCdure. 

In order to study the measwement Variation of a typical anaiyticai xun, the Eifel 

sanidine w u  anaiysed 32 c011~6cutive times. The avasge mcasured values shouid 

quai those of the stored composition; the average values, standad deviations and 

compositional ranges arc givcn in Table 3.18. The measured Ba0 content is 

somewhat variable, whaeap A1,Q and &O have a very restricted range. 

Variations in oxide totals of * 0.76 wt. % pn rnainly due to variations in SiO, 

of f 0.63 wt. 46. In measurement of unknown feldspars, oxide totals which lie 

outside the range 99.24 to 100.76 are caisidered suspect. For the purposes of 

identifying anomalous m u h ,  the range of measureü values may k used as the 

40 level of confidence which includes 9996 of the &ta in a normal distribution. 

For S i 4 ,  the per-cent error calculated as 100 [(6S. 2664.0 1)/2J/64.63 is f 0.97 

wt. %, close to the 4u value of 1.16. The precision expected in S i 4  analysis of 

unknowns is approximately 1 wt. % . 

in chemicaüy-heterogenwus minerals exhibithg a range of solid solution, coupled 

substitutions are indicated by linear comlations between elements. Lack of such 

comlations is an indication of homogeneity. For the lEIFEL standard, plots of 

Si qp/k vs. M monovaient cations, and of (Ai+Fe) opfk W. M-cation charge, 

show no such trend (Fig .3.2). This indicates that the measured variations are due 

to counting statistics. niese variations provide a good estimate of the precision 



The measured Si values have a range of 0.017 qpE; the precision is f 0. 008 

q@ (40). Vaiuts for W and for Al u# have a cimilor range and precision 

( - f 0.01 @fi). Values of ZT outside the range 3 . 9 9 7 4 0 3  may k considered 

anomalous, as arc ducs of CM outside the fange 0.99-1.01 qfL. in other words, 

substitution of more than 1 mol. A of a component swh as LiAlSi,O, may k 

recognhi. The &ta of Ch. 4 repsent the test of the accuracy of the standards. 



oxide wt.% (lu) rmgo (ut.%) 8 mrror* 

atoaim par forarla unit  

at t h e  40 l e v e l  o f  confidence including 99% of data. 



1 .O1 1 .O2 1 .O3 1 .O4 

Y-cation charge (pfu) 

0.96 0.97 0.98 0.99 

monovalent M cations (opfu) . 

Fïg. 3.2. Measuremcnt variatons for anaiysis of =cl sanidine: (A) (AI+Fe) 

vs. Mation charge, with a diagonal line indicating identicai vaiues of both; 

(B) Si vs. monovalent M cations, with a diagonal line for a piagioclase-îih 

substitution. Symbols: mcasurcmcnts (a); man value (m); and 1EiFEL ideal 

composition (O). 



3.7 Compositiod trends for the ber;ünite, OSi,O, 

o n d p ~ c l o s e + p e  s i r b a n s  

If the standard m i n d s  arc rccurrtcy chYP*autd, thai andysis of the 

compositional variations of unknown m i n d s  sbouîd meal the important 

substitution mechanisms. The anaiytid methoâ must dso k precisc: the 

compositional variation which ~tsuIts from substitution must significantly cxcced 

the scatter of values which muit h m  anaiyticai variability. In feldspar, 

cornpliance of the data with the stoichiometric consmints can be testai by a plot 

of the fiamework charge (i. e. . Ai+Fc, a Ai+Fe-P) against the M-cation charge 

(i.e.. Na + 2Ca). Plagioclaselilce substitutions arc rrvealed in plots of Si against 

the sum of the monovalent cations. If the OSi.0, substitution is important, it will 

appear as a compositional trend perpendicuiar to the CaAi(NaSi).l vector. 

An outstandurg problem has been verifidon of the mechanism of P 

incorporation in allrali feldspan. Simpson (1977) synthesiIod NaA13PSi4 and 

KA12PSi08 with the feldspar structure and suggested that the likely chargebalance 

mecMsm of phosphorus substitution in aluminosilicates is (AW)Si,. London 

(1992b) suggested that th- may be deviation fiom the berlinite (AiPû,) 

substitution beause values of P/(Al-1) (at.) deviate significantly h m  unity for 

relatively P-ridi compositions. The deviations may be due to poor anaiytial 

accuracy or pncision, or to operation of a substitutional mechanism other than 

(AiP)Si2 (e.g., substitution of OSi,,O& Phosphorus may participate in a vandy 

of substitutions such as Ca2+ + Si4+ # M+ + Na+, or tk vacancy-gerierating 

substitution Na+ + Si4+ * P'+ + O, both of which arc related to the plagioclase 

substitution @+ + Al3+ * Si4+ + Na+. 
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The dam trend for one suite of P-rich granitic K-feldqm anaiysed by Frjda & 

Breiter (1995) indicatt close amespondencc with the balinite substitution; 

however, data trends for two other suites (the Homolka Md Podled granites) 

show a systematic 'excessa of Si. Although amplete analytical mulis w a e  not 

presented, the accuracy of meaSuIcmmt was na rssessed, and they did not 

examine correlations with M-catiom, 1 in- th& data as indicating 1-2 

moi. % DSi,Oa substitution. The data of Kontak a d (1996) closeiy follow the 

berlinite substitution; howevu, th& anaîyticai mults have signifcantly low sums 

of altsili-cation charge. 

The feldspars 1 andysed arc Ca- and Fe-fme, with Sr or Ba present in minor-to- 

negligible quantities in some of the specimais. If only monovalent cations are 

present, compositional trends are constrained to the origin of the piagioclase 

substitution. Samp1es analysed h m  the study of Pan (1988) are as foiiows: 

(1) HAG-1 and H M - 2  intermediate-microcline perthite fiom the Hagendorf 

pegmatite, Bavaria, West Germany; 

(2) P m 1  and PRL-14 microche perthite h m  the Pedess pegmatite, Black 

Hills, South Dakota; 

(3) TM-2 microdine perthite h m  the Tin Mountain pegmatite, Biack Hills, 

South Dakota. 

Microclineperthitc aamples anaIysed h m  the study of Tomascak (1991) are: 

(1) MACRO pegmatitc series- dikc 10 (sample 3) fiom the Aylmer Lake area, 

Northwest Territones; 

(2) GHIT pegmatite senes - dikc 12 (sampIe 1) and dike 9 (sample 5), Aylmer 

IakeaftaNWT; 

(3) TIION pegrnatite p u p  - dike 92 (oample l), Thonokied Lake ana, NWT. 
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In addition, 1 anaiyprir P-rich bmwn microcline prtbiie from C m s ~  Lake 

(London a d. 1990), rad gïassy ovcrgrowths of non--tic orthoclase 

desctibed by Jahns & Wright (1951) h m  the p l a t  roac of the White Queai 

Mine, PalP Disüict, San Diego County, rrilifbmia. 'Lat orthock was ai= 

analysed by Rietveld rcfïncment (Ch. 5.3). Simünr mntcripl fkom the nesrby 

Himalaya Mine, Mesa Gmde district, was riudied by Horsky & N h t h  (1977) 

and Prince et al. (1973). 

nie distribution of P in the K-feldspar is slightly variable on a sale of - 20 Fm. 

The mge of P content is greatcr in arcas which show weli-developed 

micropomsity. Thia iameiiae of Plbite have quai or lower contents of P than 

adjacent K-feldspar, but P contents arc considerably Iowa in coarse lath or patch 

albite. SmaU p i n s  of apatite are common near albite (or musoovite) and in 

microporous areas. Representative compositions of the P-richest K-fc1dsp.r h m  

each locality are given in Table 3.19. Average ttsults are reportecl for the 

compositionaUy homogeneous White Queen orthoclase. 

Ch average, the Al vs. P &ta closely foilow a iine representing 1: 1 substitution 

(Fig. 3.3A); in deiaü, some of the &ta appear slightly Al-ridi. The Si vs. P data 

closely foilow a 2: 1 substitution, or lie slightly above it for "excessn-Si 

compositions (Fig. 3.3B). On a formuîa basis, ET values including P are near 

4.00 op/u within trror. In orda to clarify other compositional trends, data were 

then adjusted for the berlinite substitution using = (Al-P) and S& = 

( S k  - 2P) , whae 2P indi- (P + Pquivalent-to-Al). Plots of (Al-P) vs. 

Mation charge and (Si+2P) vs. the monovaient M cations indicaie a rninor but 

widespread deficiency of Mations required for charge balance with the 
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framework (Fig. 3 . X ,  D). A plot of P vs. the M-cation charge (Fig. 3.3E) 

indicatcr that P suôstitutim is indepaident of M-cation substitution. Multiple 

ana ly l  of the White Queen oriboclie indicatm an average of 2 mol. % OSi,O, 

substitution, homogen~usiy distributcd throughout the sampic. The P-froc 

feldspars frorn Ti Momtah bave 0-2 mol.% OSi& and iie h g  trend 2 in 

Figure 3.30, but 0Si.Q is not widesprrpd in the P-rich fddspars examined. 

Average values for the P-rich feldspars (excfuding only the orthociase &ta) 

indiate close adherence to the fdd- fornul?: (Si+ZP) = 3.002(8); 7Q- [= 

(Al-P)] = 1 .OOO(g); CT = 4.002(2); W = 0.989(8) and M* = 0.9910. The 

variation in individual values of M+ h m  1.00 to as low as 0.98 qpfi suggests up 

to 2% substitution of light-element M cations, with a variable distribution on a 

local scale. It is possible that 1-2 at. % Li* or H+ is inoorporated for local charge 

balance with the underbonded oxygen atom which has a double bond with P. 

In ail the samples I investigated (inciuding the data of Ch. 4), the mechanisrn of 

P incorporation is restticted to the berlinite substitution. The non-stoichiometry 

reported in the literaîure for P-rich feldspar is probably due to a few percent of 

0Si,08 substitution, and to light-elemait Mation substitution. 0Si,08 is not 

widespread in the P-rich samples reported hem; however, if the data of Feda & 

Breiter (1995) are accurate, then 1-2 mol. % OSi,O, is widespread in K-feldspar 

from S o m  -tic suites. The main chernical anomaly in P-rich samples is 

insufficient M-cation charge, a featwe which is not obstrved in the majority of 

P-free allraü fe1dspars.The possibiüty of substitution of light elements assuciated 

with substitution of P remains to k investigated by direct analysis. 
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le 3 - t e :  Roprerentrtive comporitiona of P-+ich feldspar. 

oxide 1 2 3 4 5 6 
mm (la) range 

atomic contente brmod on 8 rtomr of oxygen 

1. flAG-1 microclîne, Hagendorf pqmtite. 
2. PRL-1 microcline, Peerlemr pqmtito. 
3. TM-2 microclfne, Tin Uountrin, South D.kot8. 
4. Typical P of Crorr Lake microcline. 
5. Higheet P of Ctora Laka microclinm. 
6. Mean (N-28) and range of orthoclare, White Queen Mine. 



Fig. 3.3. Elemtnt variations for P-rich feldspaf: (A) Al W. P; (B) Si W. P: 

lines indicatc the AiPSi ,  substitution. Symôois foi localities: Th Mountain 

(A); Peerless (4); Hageiidorf (W); Cmss h k e  (O); GElT ( O ) ;  THON ( O  

and MACRO (A). Enor bars (40) were dettnnined by multiple analysis of 

White Queen orthoclase (*). 
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Fig. 3.3. Element variations for P-ZiCh feldspar: (C) (ALP) W. M-cation 

charge with a line indicating wual vaiucs of eadi, (D) (Si+LP) vs. monovalent 

M cations with lines for (1) the piagioclase and (2) the 0Si,08 substitutions. 

Emr bars (4g) were detennined by multiple analysis of Eifel sanidine. 



0.96 0.98 1 .O0 1 .O2 1 . O 4  

M-cation charge (pfu) 

Flg. 3.3. Elemcnt vafiatjons for P-ridi fddspar: (E) P vs. Metion charge. 

Data for feldspar ficc of divalent and iight-element Mcations shodd vary 

about W = 1.00 (solid iine) within f 0.01 opiu (44 (dashed lines). 



c m 4  

COMPOSFITONAL AND TEXTURAL FEATüRES 

OF THE (&Rb)--PAR SERIES 

The composition of the Eifel saaidine standard bas ka constrained to -2% 

cmn for the mjor elernents by measmmtllt against a set of well-characterized 

alkali-aluminosilicatc minds .  By Pdjurring the composition to close agreement 

with the idcPl fotmula a, the accuncy is incrcawd to l e s  than 296, giving 

excellent stoichiometry for most feldspar anaiyses. The pnQaon of measwement 

is less than 1% for the oride, M, and T sums, potentially atlowing identification 

of feldspar which has anomalous composition. This chapter provides a detailed 

investigation of the compositionai feahues of the (K-Rb)-feldspar senes, and 

ernphasues the texturai features of the ttactions of (K,Rb)-feldspar. Due to 

variable availaôility of rnattrial, and widc variation in the distribution of 

interesthg features, a systcmatic locality-by-ldty description cannot k given. 

The organization of this chapter resdts from emphasizing features specific to a 

single l d t y ,  or fiom the giouping of similar featwes found at more than one 

l d t y .  In order to provide a context into which the cornplex SeQuences of 

crystaliktion and d o n  of the various generations of (K-Rb)-feldspu couid 

be placed, it was neçcssary to the emphasize relations to the alteration sequenœ 

of pllucite. The reactions of (K-Rb)-feldspar do not occur independently; 

assoCiated Rb- and Cs-ridi minerais ais0 arc cxamined insofat as they document 

the geochemical behaviour of Rb and Cs in granitic pegrnatites. 

Analysis of the (K-Rb)-feidspar series begins with a study of adularia, the low- 
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temperatwt euhedd form of K-fel- with a Na-fret composition closeiy 

approaching Orloo (Ch. 4.1). Anhtdnl end-member K-fddspv is a cornmm low- 

temperature pr0auct of alteration of microcline (this thcslp), but by virtue of its 

compositional, stnictural and pafagenetic similanty to adularia, it may be cailcd 

'adularian'. Analysis of adulsrian K-fddspar rcplacing pollucitc at Momui and 

Th Mountain indicates signifiant Rb substitution (Ch. 4.2). Higher-tcmpcraturc 

mctions which germate Rb-rich to Rb-dominant feldspr in a d y  K-feldspar are 

examined Pt the poilucite-beuing RubeIlite pegmatite (Ch. 4.3). Intermediate- 

temperatute mictions in @,Rb)-feldspar veining poilucite at huo locaiities 

(Lwlamalti and Eh) are very si& in tans of texture and compositional 

range (Ch. 4.4). The f idi range of reaction of (K-Rb)-feldspar, h m  high to low 

temperature, is repmented at Tana (Ch. 4.5) and aiso at High Grade Dyke (Ch. 

4.6). Extreme R W c h m e n t  of feldsp~ and associateci mica occurs at two 

localities, Kola Peainsula and Red Cros Lala (Ch. 4.7). Relations between 

(K,Rb)-feldspar composition and the alteration sequence of poilucite are then 

documented for a wiety of l d t i e s  at which simple compositional features were 

found, and at localities for which insufficient materiai was available for detailed 

examination (Ch. 4.8). Evidence for widespread subsolidus activity of Rb and Cs, 

as indicated by the compositionai featwes of Cegan Malcime, Rb- and Cs-nch 

micas and clay minerais, is summariEcd for several lnralities (Ch. 4.9). 



Adulvio is defined IS a morpho~ogidy distinct VMety of end-memk K- 

feldspar, charactenstic of low-temperature hyûrothermaf a diagenetic paragenesis 

(d. discussion Ch. 6.4). h epithamzl-vein deposits, fine pain-sizc and rhombic- 

tu-tabuiar morphology of addaria has kea rrhttd to Au min#alization because 

a high rate of feldspar crystaliization fiom boiLUig aqu8ous fluids also precipitates 

Au (Dong & Mombn 1995). A disordacd (A1,Si) distribution was suggested to 

result h m  high rates of nucleation and aystaiikation for adularia in late 

hydrothermal assemblages h m  granitic pegmatites and in hydrothermal veins 

(Cern9 k Chapman 1984, 1986). Adularia h m  the Buck Claim pegmatite is the 

mostdisordered K-feldspar yet examined by single-crystai X-ray methods, and 

rrprrscnts end-member kgh-sanidine (Fergusan u d. 1991). Some of the highly 

disordered samples examined by temi & Chapman (1986) have unusuai cell- 

parameters which plot significantiy beyond the high-sanid.int corner of the b-c 

quadni?ta;il (Fig. 4.1). The cell parameters cannot be influmced by strain 

becaur adularia is Na-& and non-perthitic. The composition of adularia does 

not vary from that of near end-memkr ICAISi,OI except in chemically speciaüzed 

environments (e.g., the concentration of signifiant ammonium in diagenetic K- 

feldspat h m  organic-rich sediments). The compositional mcasurements of brnf 

& Chapman (1984) quired an albite standard (2ALBïTE) because poor d t s  

wcre obtained ushg a K-felâspar standard (ZORTHO). Sanidine is known to have 

a few per cent M-site n r ~ n c y  coupled with a high SüAI ratio (Linthout & 

Lustenhouwer 1993, Kuehner & JO- 19%) and this rnight be observed in 



- Smith (1974 ) . --- Stewart & Wright (1974) -- Kroll & Ribbe (1987) LM 

7.20 - 

2 w . 
7.15 - 

Fg. 4.1. Plot of c (A) vs. b (A) for alkaü feldspars showing the relationships 

.between low microcüne (LM), high sanidine (HS), low albite (LA) and high 

albite (HA). Data which Lie outside the quadrilateral are ploned. 
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disorderrd adularia. Accurate compositionai mcasuremmts must be ma& in order 

to provide accurate comlation with ceil penmten (Ch. 5.2). 

The foîlowing samples have bem pmRousïy Ar_cMibed by b n f  & Chpmui 

(1986); 1 have added the data concanllig inclusions and minor-element chemistry. 

Disordercd adulMa h m  the St. An-rg district, Germany is of Cntaceous 

age and occurs in epithermai Agore depoaits (Mertz et d. 1989). No inclusions 

were notai in our sample; it is compositionaiiy homogenwus with Ba0<0.12 

W.%. 

Disderd but structurally heterogencous aduluia fium the GuPnqjuato 

cpithermal ore deposito, Mexico (USNM 1120408) occurs as srnail grains within 

quartz and also as ovetgrowths on quartz. Our ample is a>rnpositionally 

homogeneous with Ba0 < O. 12 wt. % . 

No rninor elements were detecteû in disorderd adularia h m  the coppet deposits 

of the Upper Michigan Peninsula (Harvard Museum @mens h m  Copper 

Faib f84720, # 84721 and rY84722, Superior Mine at ûntonagon Y 115103, and 

Phoenix Mine #88628). 

No minor elements w a e  detected in pi& (University of Manitoha MUiuPLogical 

museum M5945) and white (M59460) turbid otdered adularia from the 

Xihuashan tungsten deposit, China. 
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Adularia with intermediate oida from the Hot Springs deposits of rock crystal, 

Arkansas (HaMld #122797), has a patchy disbibution of Ba (zones >50 pm) 

With OoS2.94 W.% BaO. 

Variable Ba was f d  in duMa h m  the M e c ,  Czech Repubk, pegmatite 

(W. 85 W. % BaO), whrmp adularia from the Nov6 V a  u ÇcsLCbo &audova 

pegmatitc is homogaaw with negligible Ba. MulPM from V(foi l o d y  

contains stringers (< 1 Pm Mde) of aibite, but is otherwisc Na- and Ba-frec. 

The following wmples have kcn pnviously descnbed by k Chapman 

(1984). 

Adularia with intermediate order from the Etta pegrnatite, near Keystone, South 

Dakota, has variable Ba, fiom 0-0.56 W.% BaO. 

Our sample of adularia fiom Wausau, Wisconsin, is ordered with no detectable 

minor elements. 

Adularia h m  the Buck Ch& pegmatite, SE Manitoba, is disorderd (end- 

member high sanidine) with no minor elements deocacd, but contains small (< 5 

cm) blebs of Fe-oxides. Analytical overlap with these inclusions gives a p i  

stoichiometry for the feldspar, pariicularly for f T. 

Adularia from the Brom Derby No. 1 pegmatite, Coloraâo, has intermediate 

orda, contains variable Ba0 (0.09-1.15 wt. %) and is partly altered by late 
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Fig. 4.2. SEM images of overgrowths of a fibrous mineral on adularia from 

Brown Derby No. 1, Colorado, (C) showing fibres with capülary form. 
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muscovite and aPptite. The feldspar f o m  fine-grainad masses which seern to be 

of metasomatic Ongin but with no relies of the replaced phase (it may be blocky 

K-feldspu; adula& ais0 r c p h  pllucite: Ch. 4.8). BYid spcimns show small 

cavities in which adularia is ovcrgnrwn by oobwebs of a late fibrous minerai (Fig. 

4.2A, B). The smaüest of the fibres have a clpPllPry fonn (Fig. 4.2C). The 

feldspar ~ e c m s  to grade h m  a W y  crydlînc aggrtgatc to elongate surface 

crystals, and through to distinctly fibrous rnatcrLL (1-10 Cm in width and up to 

500 Fm in length). EDS anaiysis using m SEM shows that all of the fibres have 

the same composition Y the massive fine-grained aduiaria. 

Adularia (with 0.15 wt. % Ba0 and with a high-tcmperanire habit) from Baveno, 

Italy, is intergrown (h 50-50 vol. R proportions) with end-member albite. 

Adularia grains (1-2 mm in sbe) on the surface of rock crystal (containing bladc 

aciculat toumaiine) from the Minas G d  district, Braziî, have Ba0 contents of 

0.03-0.26 wt. % and 0.07-0.17 W. % Fq03. 

At the Tanco pegmatite, Bemic Lake, Manitoba, adului? ocws in low- 

temperanire hydrothermal cavities in the spodumare-nch mes (&mf 1972). 

Alteration of spodumene (+ quartz) genaated leachg cavities with secondary 

quartz and spdumenc, ôeryl, albite, aduiaria, cesian analcime, illite- 

montmorillonit., cookcite, phosphates and carbonates. Found in situ, wgs contain 

a hydrous white 9dimea which dries to a white clay-lj.kc powda, locaiiy with 

midi& m g .  In some samples, the anhedral bases of analcime, aibite and 

adulvia crystals rest in this material, and the adularia grains have a layer of red 
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Fe-oxide inclusions near the base. Outa, euhsdnl pyts of the duiaria crystals 

arc c l a .  Analysis of the white clay-lile mptaisl f d  at the base of cuhedrai 

crystais of adularia gave 55.04-57.00 Si@, 20.89-21.27 Al2%, 1.24-1.35 Fe%, 

5.63-5.84 MgO, 0.11-0.15 N+O, 8.55-8.71 &O, 0.144.67 CÎO, O.WO.19 

BaO, and 0.0-0.39 F, rum 93344.0 wt. %. Tb* mPtcnPl has the compositional 

charactcristics which could rnakc it a pmmscr for crystallization of K-feidspar. 

It is slightly bittfkiugmt and ItRD shows difFrpctioa pcaks of a chlonic-group 

minefal. XRD data for the feldspar is given in Ch. 5. 

Rcpresentative analyticai results for adularia are given in Tables 4. la and 4. lb. 

Elements s-t but na detected in any of the samples arc P, Sr, Ca, Cs, Rb, 

Mg, F, Ga, Ti, Mn and Pb. Minor dements found in some of the sarnples were 

Na20 < 0.46 art. %, Ba0 < 2.94 wt. % and Fe03 < 0.17 wt. %. Atomic 

contents of Fe do not exceed 0.002 @fi. Most of the samples have equal values 

of Al and Mation charge, near 1 .O0 (I0.01) (Fig. 4.3A), in agreement with the 

Si values near 3.00 (f 0.02) qfi and CM values of 1.00 (f 0.01) opfi (Fig. 

4.3B). The compositions are within the ranges of accuracy and precision expected 

for the lEIFEL standard. There arc, however, signifiant deviations h m  trends 

expected for a piagioclasc-iike substitution (dong which the Ba-substituted 

samples lie: Fig. 4.3, îine l), and some data foiiow the trend expected for the 

OSi,Oa substitution (Fig. 4.3, h e  2). Samples with distinctly high Si (defined 

as Si> 3.02 qfi) and with compositional ümds indicative of the 0Si,,08 

substitution includc: V W ,  Czech Republic; Hot Springs. Arkansas; Coppcr 

F m ,  Michigan; T m ,  Manitoba., Ouyiajulto, Mexico. The data ais0 indicate 

that a few samples have insufficiait M-cation charge and low ZM opjk in 



-10 4.14: Repreaentativo compo8ition8 of r d u l u i r ,  
uralymmâ uming t h e  Table 3.9 reference mtuidudm. 

oxide 1 2 3 4 S 6 7 8 

A t o m i c  content8 b a r d  on 8 atm8 of oxygen 

Wauoau, Wimconmfn; rd. 
Xihuamhan, Jirnxi Ptovinca, China2 pink. 
E t ta ,  near  Kmymtona, P e ~ f n g t o n  County, South Dakota; 
Ba-rich uea. 
NOVA VI., n e u  b 8 k p  Kmmlov, mouthun Bohemii, 
C Z ~ C ~  -public 
P ~ k l i c e ,  mu Jih l rva ,  wemtmrn noravia, Czech Republic; 
mlightly Ba-rich 
VoZnir  wamtern Uoravia. Czoch -public . 
Brown Derby, Colorado. 
Brrz i l ,  ninam Garai8 d i s t r i c t ;  on rock crymtal. 



w t  R.p+omantativa comp8itionm of adulu ia ,  
uirlymod using the  Tabla 3.9 tofarenca mtuidudm. 

oxide 1 2 3 4 5 6 7 8 

1. St .  Androamberg, FRG. 
2.  Guanajurto apithori.1 dopomit , ~ o r i c o  . 
3. Baveno, ftaly. 
4 .  Hot SprFngm, Arkan8rm; Ba-rich grain (Huvard #122797). 
5. Buck Clrim, SE Umitobr. 
6. Phoenix Mina, Michigan (Harvud #88628). 
7.  Superior Mino, Michigan (Hartrud #115103). 
8. Copper Fallm Mina, Michigan (B8rvrrd #84720). 



M-cation charge (pfu) 

- - -  

0.80 0.84 0.88 0.92 0.96 1.00 1.04 

monovalent M cations (apfu) 

Flg. 4.3. Chemicai tmds of aduiaria: (A) Al vs. M-cation charge with a line 

indicating quat values of erh; (B) Si W. monovalent M cations. The 

analytical prrdsion (4u, 99% cunfidmce) is indimtPA by crosses. The arrows 

mark ümds for (1) the plagioclase-like substitution; (2) the OS40, 

substitution, and (3) demashg M 4 0 n  charge at coastant Ai or Si. Tanco 

samples are indicated by filied symbols. 
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cornparison to the charge geaenicd by the fnmework (Fig. 4.3, rine 3). This 

iaücr feanut suggests iight-eltmcllt M44m substitution. 

Dcviations h m  the i d d  feldspar formula wcre invabigved in detail for s e v d  

of  the simples of Tanco adularia. 'Ibis aduiaria PlCo has anomalous cell 

parameters. Tben are tbree faiturrs which may generate anomalous composition: 

(1) BSE imaging of  adularia, which is red a its but, showad blebby clusters of 

Fe-rich maraial (Fig . 4.4A). Analysis indimtric a feldspar-likc composition with 

a few W. % F e  and oxide totals n a v  LW wt. %; howcver, calcuiation of the 

formula gives CT values up to 4.1 qfL. The ml material is probably hematite, 

finely disperseû in the adularia. It is signi&ant that overiap of the analyshg 

volume of the electron bearn can k fecognized even at smaU volumes of the 

oontaminating p h a .  Inclusions l e s  than 1 pm in sizc am not visible by BSE 

imaging but must contribute to analytical an>r in M y  altered samples. 

(2) Evidence for OSi,O, substitution is provided by m e  of the analytical results 

of  Tana, adularia. In single crystals of Tanco adularia (as weil as in the other 

high-Si samples investigated), a systematic COTC-to-rim variation is not obsaved, 

but the high-Si areas have a patchy distribution in zones las than 20 Pm in size. 

Values of M-cation charge (essaitially only K) and ftamewotk Ai are equal, but 

both are lus  than 1 WB. Si values u d  3 opjY by a few percent, and SüAl 

ratios e x t d  to 3.2 (no. 6 in Table 4.2). 

Back-scattered elezbon imaging of nms of the Tanm aâularia reveais lower grey 



Fig. 4.4. BSE images of AD-10 adularia nom Tanco, Manitoba: (A) 

Overgrowth of adularia on semi-amorphous gel-like material (dark grey). 

adularia contains small clusters of Feoxide (light blebs); (B) Euhedral cr 

with no mal-composition wre and dark rims correspondhg to K-feldspar 

a Iower mean atomic number. 



Wle 4.2: Rmpremantative compomitionm of  r d u l u i a  
from Tmco, Manitoba (mrmple AD-10, ?ig 4.4) . 
oxide 1 2 3 4 S 6 

64.85 65.66 65.96 66.23 65-95 66.95 

Atomic contenta per f o r a u l a  uni t  

1-3. Core; formulm normrlized to 8 O a p f u .  
4-6. R h ;  formulm nomoalized t o  (Al+Si) - 4 apfu .  
CI* calculatad am (II+ - q') p f u .  
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levels than the are, indicative of a lower mean aîomic number. The rim is <20 

pm wide, is Pypuel to the fsce of tbc crystai, Sad bas a sbvp intansl boundary 

(Fig. 4.4B). Analysis of the W gives süphtly high SVAL miios, but a distinct 

deficiency of M cations, and a low (wt.%) oxide aun (no. 5 in Tabk 4.2). 

whereas analysis of the axe giva a weil-balanœd formuln. 'Ib* aiggcsts a light- 

&mat McPtioa suôstitution; this nmains to k v d ï d  by miclObCam analysis 

of light ckmmts. Th 'iightJemmtn rim are rrgincd h m  fnsb (cicar) to 

altered (opaque green) sunples. 

In order to assess the accuncy of measuremait of 'missing' elements in EMP 

analysis, Na-, H-, and Li-exchanged feldspar was examined. nie samples had 

k e n  previously charactetized by EMP anaîysis, bulk-ymple H20 determination, 

in- spectroscopy and crystat-structure rcfincment (Behrens & Miiller 1995, 

Deubener et ol. 1991, Paulus & Müiler 1988 and Mulla 1988). The wide range 

of composition notecl by Bebmis & Müller (1995) was not verified by our 

analysis. Crystals were rather homogenaws and showed no zoning by BSE 

imaging. As the formula calculated h m  the Nacxchanged feldspar has T'sums 

vay near 4.00 (which implies no signifiant reaction of the ahminosilicate 

fhmework with the cationcxchanging medium), the formulac of the H- and Li- 

feldspars were calcuiated by notmalization to (Al+Fe'++Si) = 4 qpft (Table 

4.3). Light-element contents (M.) were dculated by charge-balance using M* 

= [(Na+K) + Z(Sr+Ba) - (Al+F#+)] and hdicatcd good accuracy by Viriue of 

a fidly-occupied M-site. It is probable that iightclement substitution of more than 

1 at. % in fddspar can k remgrhd by EMP analysis and that calculated light- 

element contents might k accurate to within a few percent. The absolute 



accuracy nmains to k vaifed by direct adysis of iight elements. 

In summary, siillysis of duiaria has cstablishad that the xmjority of samplcs of 

dulvia bave compositions c~~csponding Do idc41 ad-mcmber K-fddspar, 

indidng that the djusted Eifd midine composition used for calibration gives 

pocuntc resuits. The p ~ c i p a i  deviooion from staichiomctry is due to OSi,Oa and 

light-element Mation substitutions. 



Wle 4 . 3: Average comgomitiona 
of Na-, H- md Li-uchaaged 
B i f  e l  sani dine. 

oxide 1 2 3 

atomic contenta pfu 

1.  Na-exchinged (ample 43-1). 
2. Li-exchangad (mmpla 43-3). 
3 .  H-exchanged (8mpl8 43-2). 
a* calculated a8 (W+ - mg). 
Average o f  6 ui8lyi.8 pe+ #UIple. 



The M o m  Mine exploits a highïy hpctionntcd loacd spodumene-subtype 

pegmatite in the Alto Ligonha area, Mozambique (Concin Neves 1981). The 

pgmatite contains a iarge body of poiiucite (P. Vanstone, pers. comm. 1996, 

Quadrado 1963). Bdk compositions of blocky miclocline pathite have 14400- 

27500 ppm Rb and K/Rb ratios of 3.8-7.4 ( C o d  News 1981). 

The iate feldspar examined hem oocun as part of a sequenct of minenls formed 

by alteration of pdlucite (Fg. 4.5). In hand specirnen, poilucite is white to 

colourless, and is penetrated by 2-3 mm-wide veins of coatse-graUied mauve 

lepidolite (f quartz, apatitc and spodumene). Later vcins of fine-gnined mica are 

perUy replaced by fine-grained spodumene. Gran* aggregates of feldspr, l a  

than 1 mm in size, replace poliucite at its contact with the mica veins and Ptfo 

form sph&cai aggregates dong fractures within the poliucite (Figs. 4.6A, B). 

Microscopie leaching channels (kss than 10 Cm wide) utend into the pollucite 

from the surfaces of the feldspar and also from fnctures. Late dcimization is 

aSSOciated with the f o d o n  of these channels in the pllucite. Fractures in 

poliucite are Nled l d y  with a buff-@white clay mineral, and surfaces are 

stained with black and rd Mn- and Febearing oxides. 

Three main stages *ui be obsemd in the feldspar that replaces pollucite (Fig. 

4.7). Stagc-(l) feldspar is htterogcrieous with patchy and variable Rb contents, 

and is associateci with cmkeite and apatite. From are to rim, KlRb decreases as 
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does the abundana of cookeitt inclusions. bite locai mquilibratjon resulted in 

10 pm wide vcias of Rb-rich fddrpy crosshg the arly fcldsppr. Stage-(1) 

feldspy is localiy veinai, rcpïaced and overgrown by a 100 cm-thick laya of 

non-porous Stage-(2) d - m e m k  K-feldsppt and a niul laya of poanis Stagc(3) 

end-member K-fddspar. This Inwi stage ans closely rciated to leaching and 

cation exchange of the adjacent poiiucitc. 

Optical data an n a  readily determined on the feldspars because of abundant 

indusions and the vay small pRUi size of the feldspan. The Stagc(1) feld~par 

has a sweeping extinction but pppys untwinried. The Stage(2) and Stap(3) 

feldspar overgrowths appeu twinned, howcver, the potentirl twin planes radiate 

nOm the con of the feldspar assembhge and may represe~t subpanllel growth. 

The Stage-(1) feldspar that replaces poiiucite is almost pure (K-Rb)AlSi,O,, with 

up to 66 mol.% Rbf. CompoUitions of the Stage-(2) and Stagew(3) feldspars 

correspond to almost end-memba K-feldspar. Repsentative compositions are 

given in Tabk 4.4. Within error, vaiuts of Al are equal to values of the Mcation 

charge (Fig. 4.8A). There is a trend of increasing Si with the sum of the 

monovaient M cations, evident in the Stage-(1), 42) and -(3) feldspars (Fig. 

4.88). As no divalerit cations were detectcd in analysis, this trend probebly 

rcprtsents substitution of up to 4 Rd.% OSi,Oa. Mean values of M+ = 

0.994(15), = 0.993(13), Si = 3.007(13) and ZT = 4.000(2) qpfk indicate 

good stoichiometry if substitution of OSi,O, is taka into account. A plot of IC 

vs. Rb shows substitution ?long a linc from 1 K to 1 Rb upfic (Fig. 4.8C). 

Substitution of Cs incrrases with Rb but is l e s  than 0.02 opfu (Fig. 4.8D). 
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The close PssosPton of K-fddspar with end-memba pllucite at otha l d t i e s  

suggests an appmximatc tempcraturt of wneippitation of 300.2OO0C, with 

s u b ~ b ~ m t  MPlcimization at 2W100°C fleertstra & &ni 1995; Ch. 4.8). 

Beause the Momÿi fcldspar is rnsocipttd with anaicime (fmd by cation 

exchange of poilucite) rather thrn with rrprcQpitatnl ad-manber poliucite, the 

tcmparture of precipitation may k in the range 25@15OeC. This estimate is 

supported by PssoaaPion of the fcidspar with cookate (Vidai & Goff6 1991), by 

the lack of Rb or K dinusion which is restricted at low temperature, and by the 

end-member compositions of Stage(2) and Stage(3) feldspr, whidi are as 

upected by low-temperature extrapoiation of the û r - b  solvus. The equilibrium 

RbK distribution-coefficient between K-feldspar and iaqueous fluid at 180°C is 

0.28 (Fauwels a ui. 1989). This indicltes that the pannt fluids for the Morrua 

fddspars were considerably enrichcd in Rb. The sequene of alteration of 

poliucite and the progressive stages of (K,Rb)-feldspu crystakition indiclte that 

the latestage pegmatitic fluids at this locality had the foliowing sequence of 

activities: Rb < Li < K < Na. 



\ \ \  
fine-grained veins: 
muscovite ( + analcime) / 

\ \ \l adularia + cookeite / 

F5g. 4.5. Schematic sequcrmt of dtcraton products of pllucite from the 

M o m  Muie, Mozambique. The a m w  0 indicaites later pducts appearing 

at decreasing temperaturt. 



Fig. 4.6. Associations of M o m  feldspar: (A) Granular aggregate of (K 

feldspar with a cookeite-rich core (black). The feldspar is located betwee 

wide veins of lepidoüte (black) and thin veins of muscovite (black) and 

replaces poiiucite (white); (B) Feldspar showing three stages of growth (( 

core including cookeite + apatite; inclusion-free K-feldspar (white), and 

layer of porous K-feldspar) overgrowing both sides of a thin vein of fine 

grained mica. The vertical edge of both pho bmicrographs (plane-polariz 

Light) is 0.5 mm. 

dark 

oute 
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Fig. 4.7. BSE images of Momm feldspar: (A) (K-Rb)-feldspar (variable grey), 

containing cookeite (black), cut by late veinlets of Rb-rich feldspar (white) and 

overgrown and cut by K-feldspar (dark grey); (B) Stage 1 (K-Rb)-feldspar 

(grey to white), with cookeite @la&) overgrowing a thin vein of fine-grained 

mica. Stages of non-porous and porous feldspar foiiow (grey, centre to left), 

the latter associated with analcimization of the pollucite (black grading to 

white, lower Ieft). 



Table 4.4: Reprementrtive compomitionm of 
(K-Rb) -teldopar frcm Morrur, Mozambique. 

Staae - 1 S!asisz S S ~ S ~  
oxide 1 2 3 4 S 6 7 8 

Atomic contonti bamd on 8 atomm of oxygen 

- - pp p p  - -  

1-2. Main area of atage-1 (K-Rb)-feldopar. 
3-5. Outer Rb-rich margins of Stage-1 feldspar. 
6. (Rb,K) -feldspar vein cutting Stage-1. 
7. Stage-2 non-proue K-f eldapar. 
8. Stage-3 poroum It-feldepar. 



M cation chorge (pfu) 

0.96 0.98 1 .O0 1 .O2 1.04 

monovalont M cations (opfu) 

F5g. 4.8. Elemcnt variation in (R-Rb)-feldspar h m  the Momia pegmatitc: (A) 

A l  vs. M-cation charge; (B) Si vs. monovalent M cations. Symbols: Stage 1 

(*), Stage 2 (O) and Stage 3 ( O )  feldspars. Earor bars and substitutional iines 

as in Figure 4.3. 



Rb (apfu) 

- 

a a 
.*ea. ,*@ *.o. 

a,. 1 I . I . I 

0.0 0 -2 0-4 0.6 0.8 1 -0 

Rb (apfu) 

F'ig. 4.8. Eiemait variation in (K-Rb)-feldspar from the Morrua pegmatite: (C) 

K vs. Rb, with a line indicating ZM = 1; @) Cs M. Rb. 
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The Tin MountPin spodumene-subtypt cornplex-type pegmatite is located in the 

-te fieid surmmding the EIYay Peak granite in the southan Bhck Hüls, 

Custer County, South Dakota. nie 200 m long, 20 m wide and 30 m thick L- 

sbspsd pcgmatitt coasists of five nqjor tutudmincralogid zoau, each of 

which comprises -20% of the volume of tbe pcgmatïtc (WPllm a ul. 1989b). 

A t l e a s t 4 5 0 0 0 ~ 0 f p 1 1 u ~ t c m s m i D c d f r o m 4 ~ ~ b C W d a a u t h e  

pegmatitc con (composed of quartz, spodumac anci micO with mhot albite, 

beql and amblygonite), and adjacent to the sccond intermediate une (compostxi 

hgely of miczocline perthite with minor quartz, aibite amd muscovite). The 

highest concentrations of Rb occur in feldspy of the fîrst- and sefond- 

intermediate zones, rather than in the third-intermediate zone which crystallized 

W. The Rb-Sr and other rpdiogenic isotope systems investigated a0 far were 

disturkd by primvy consolidation and subsolidus pravsses (Waîker et d. 

l989a). 

1 studied one sample of rnictocline perthitc h m  the second-intermediate zone, 

and several samples of poiiucite and altacd mataial h m  the rnargins of poilucite 

bodies. Most of my observations concerning Rb-rich feldspar corne h m  one 

smail grain of altend mataial closely associated with poiiucite; insufficient 

materiai is avaiiable for the separation of Rb-rich feldspar from its host K- 

feldspar. However, in the search for additional Rb-rich feldspar, a rd of 27 thin 

sections were examinai (without su-) h m  8 samp1es of pollucite and 12 

sampies of altemi poiiucite. 

The sequericc of alteration of the pllucite h m  Tin Mountain is given in Figure 
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4.9. Veins of coafsegnined lepidolite (+ quartz) CIOSSICU~ the poiiucite, as weli 

as thia vchs of finegainad muscovite and spod~nimr. AdulMp overgrowths 

occur on the surfPces of both types of vanS. hhgins of poîiucite bodies are 

repiaced by a massive green rock, forming pseudomorphs which pcesclve the 

arly mica veining but with m remnants of pllucite. Pseuâomorphs are 

compoBcd of fino-graincd quaia. muscovite, coolreite and untwinneû K-feldspar, 

with minoc calcite, apatitc, albitc and Fe-oxide minerais. The analcimilrrtion of 

poUucite and this late metasomatic aiteration are responsible for reûuced ore 

grades of the poiiucite h m  an average of 32 wt. % Ce0 in frrsh material to only 

1 wt. 96 C h 0  in the aitered materhi (Kennedy 1938). 

Microcline perthitc h m  the second-intermediate zone has 1.2 wt. % Rb20, 0.42 

wt. % -0, O. 11 wt. % C%O and 0.44 wt. % P2OS (Table 4.8). BSE imaging 

indiates that Rb redistribution is negligible. P2OS is not found in any of the later 

generations of feldspar. The aduiaria overgrowths in poliucite have a slightly 

variable composition, with the bulk of the material showing 1.79-2.06 wt. % Rb@ 

and 0.02-0.08 wt. 96 C%O. Loally, the adularia is Rb-poor, with &or Ba (O. 16- 

0.23 wt. % Ba0 and 0.00-0.72 wt. % RbO). 

The K-feldspar in the Pltacd margins of pollucite bodies comprises 5-20 vol. 96 

of the rock. Most has near-OrlOO composition with 0.24.5 wt. % BaO, but Ba0 

shows local increases to 1.8 wt. A. Arcas of Rb-enrichment ur very rare and 

volumctridy insignificant; the Rb-auicbed feldspars contain no Ba but have up 

to 5.8 wt. % RbO. Rue clustas of Rb-nch feldspar, with 5Od0 mol. A 

RbAiSi,Ol (up to 19 wt. 96 Rb@ and 1.2 wt. % C$O; Table 4.9, are found in 
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prous Orm adularia + coolreite (Fig. 4.10A) closdy PSSOClWd with pollucite. 

Intermediiitr. compositions of @,Rb)-feldsppr ue ruc (Fig. 4.10B), and are 

laally CTO& by ~ Q a c  of Rb-- fddspîr, bth prr t c p W  by PdUliVll 

(Fig. 4.10C). Q,Rb)-fdaspPr of intermediate compooition is famd l@y with 

a complu internai zonation with variable WRb ratio (Fip. 4.10D). 

Tbe micmclinc perthite has near-ideal stoichiomtric faihins ( T l e  4.5); 

however, most of the later gaierations of feldopar have a distinct M-cation 

deficicncy (Fig. 4.11A). Although the average value of (M) is 0.996 opfu, the 

average M'tion charge is 0.985 pfu (Fig . 4.1 1A). The avaage (Si +2P) value 

is 3.07, but individuai vaiues h m  3.00 to 3.M q/Ù suggest less than 2 mol. % 

USi,08 (Fig. 4.11B). A plot of K vs. Rb indicates thM clustgs of Rb-rich 

feldspar have - 40-60 mol. % Rbf (Fig . 4.1 1C). The Rb-richest feldspar has 64 

mol. % Rb-f and 2.7 mol. % of a hypotheticai Cs-feldspar component (Fig. 

4.1 ID). 



coarse-grained 
lepidolite 

fine-grained veins: 
muscovite 0) 

veins : 

Flg. 4.9. Schcmatic sequace of altedion products oRa pllucite from Tin 

Mountain, South Dakota. The amnv 0 indicates Mer products appearhg at 

decmasing temperature (see Figure 4.30 for T estimates). 



Fig. 4.10. BSE images of feldspar fiom Th Mountain: (A) and (B) Rb-nch 

(white) and variable-Rb feldspar (grey to white) assocociated with cookeite 

(black laths) in Rb-fiee adularia host (dark grey, porous). 



1.10. BSE images of feldspar from Th, Mountain: (C) Variable-Rb Fig. 4 

feldspar (variable grey) containhg cookeite (black), cut by a vein of Rb-rich 

feldspar (white) and replaced by Rb-free adularia (dark grey) and quartz 

(grey); @) Complex zoning in @,Rb)-feldspar (variable grey), hosted by 

adularia (dark grey). 



Wle 4.5: Rapromantatiw coabpmitionm of (=Rb)-feldmpu 
from T i n  Mountrin, South Dakota. 

oxide 1 2 3 4 S 6 7 8 

Atomic contontm bamed on 8 rtow of oxygen 

1. K-phase of microclino p r t h i t o ,  mocond-intermediate zone. 
2. A d u l u i a  replacing marginm of pol luc i to  bodiem. 
3. Ba-rich r d u l u i a ,  from margin of pol luc i to  bodiea. 
4- Main u e r  of zoned (Rb,K)-feldmpu i n  pol luc i to  (Fig. 4.10D). 
5. Rb-rich t i p  of zonmà (Rb,R)-fald8p.r r d u l u i r  (Fig. 4.10D). 
7 ,  8 and 9 . Clumtorm of Rb-rich faldmpu homted by the  Or,, 
adular ia  of Pig. 4.10 &B. 



- .  

0.94 0.96 0.98 1-00 1.02 1-04 

M-cation charge (pfu) 

monovalent M cations (apfu) 

Flg. 4.11. Element variation in (K-Rb)-fddsper h m  the Tin Mountain 

pegmatite: (A) (Ai+) vs. M d o n  charge; (B) (Si+2P) W. monovalent M 

cations. Symbols: K-phase of microcline-perthite (m); (R-Rb)-feldspar 

repiaciig pollucite (O); @,Rb)-feldspar replacing margins of poiiucite body 

(O). Em>r bars and substitutional lines as in Figure 4.3. 



Rb (apfu) 

Rb (apfu) 

Fig. 4.11. Eiement variation in (K-Rb)-feldspar fiam the Tin Mountain 

pegmatite: (C) K vs. Rb, with a line indiahg CM = 1; (D) Cs vs. Rb. 



The spodwnene-&type cornplex-type Rubellite pcgmntitc lics 15 km W-NW of 

Fort Hope, n a t  UypPd LPlres, N W  Ontario (WPILcc 1978), rad bdongs to the 

most fiactionatcd of the pllucite-bearing Pegmntitcs in the Fort Hope field. The 

pcgmatite i s  rather isolateci, but about 50 hand spsamais wae cokted by Mark 

Cooper on two visits by helicopter. Additional samplcs w a e  coUectal by Peû 

bf. The pegmatite is poorly zolled; the dominant mwnl assemblage includes 

semi-transparrnt black to dark grcy mic~ocfine, q-, spodumene and cdatse- 

grained plbite. One of the Uest primary phares i s  poilucite, in awxhtion with 

kryl  and rubellite. Spodumene grains nuu pllucite have a myrmekitic 

intergrowth with quartz, and arc rimmd by pollucite with ad-member 

composition (TecrfStra & &mi 1995). Fine-griacd albite + quytz (I 

microIite) and lepidolite typically fills interstices betwsca large pnmary crystals; 

and vein and partly replace K-feldspar and pollucite. late muscovite is aiso 

present locally. Late-hydmthefmal minaals include calcite, phosphates and 

bavenite. Signifiant proportions of the biack K-feldspar are replaced by pomus, 

opaque salrnon-coloured Gfddspar + purple fluorite f calcite. A total of 25 

polished thin-sections werc prepared h m  the hand specirncns and examined by 

opticai m i ~ ~ ~ s q y  and BSE Yiuging. 

Poiiucite fonns monomineralic segregations up ta 10 cm in size and interstitial 

to primary K-fdspar, spadumenc and aibite. Finegrained aibite (+ quartz) and 

lepidoiite awr dong mtacts betwcm these mincrals; aithough albite and 

lepidolite may have crystllliEcd h m  rcsidual intergranular fluid, the= is 

cvidcnce for local vgning and replacement of primary phases. Segregations of 
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poilucite ais0 are crosscut by 1-2 cm-cvide vcins of qmtz and cane-grained 

lepidolite, folîowed by 1-2 mm-wide vQnleLI of fine-grpiocd muscovite md 

Jpoaumene. Both types of vehs are iocaiiy wetgtr,wn by W single grains (< 

0.5 mm) of untwinned K-feldspiu; these a b  plso f U y  emkdded in the 

poUucitc, but arc n a  abundant. 

Luc Rb-rich fddspys are sspocintcd with d t u t i o n  of bloclty bliwk 

microclinc and with aduiaria in poilucite, w h a a s  the salmon-colowed K-feldspar 

is vimiany Rb-fke. 

The black, tartan-twinned, siightly disorderad microche is lprgely non-perthitic 

but contains abundant s*ittcrrd grains of aibite. SEM examination shows that 

rniccop~rosity in the bl& mictociine (Fig. 4. t2A) is developod mahly in areas 

which arc -id in thin section. Bhck feldsper closest to the poiiucite has 

extreme coarseaing of micmcline twin domains (up to 1 cm), and contains the 

smallest mounts of albite. Coanc albite iameîiac up to 2 mm wide are nue and 

are mPinly replaced by K-fddspar; lvnellae which are partly replaced have a 

fkagmented texture. Areas djacait to hmellae or former lamellae show evidence 

of extensive interaction with fluid: these arc micropomus, aubid in thin section, 

and an associated with abundant apatitc < 0.5 pm in size. BSE imaging shows 

that the black K-feldspar has a patchy composition, pyb;ciilarly near anas in 

which mimpomsity is well develapad. Rb@ values for the black feldspar closely 

associatecl with poiiucite vyy from 2.74.9 wt. % (8.3-15.3 mol.% Rbf), Na20 

varies h m  0.160.63 wt. % (1 -54.6 mol. % Ab) and P205 distribution is patchy 

but reaches 0.56 wt.%. Micxoci.int is Rb-depleted in areas adjacent to inrgular 

@y repiaced aibite lamellae (Fig. 4.13A). Diffuse veiniets of Rb-rich feldspar 



show a di- telatiollship @UP1LI or ppndicular) to cleavagt planes of the 

host (Fig . 4.13A, B, C). Sorne veinlets coapist of a mixture of Rb-rich (up to 

13.4 wt. % Rb@) and R b - p r  fddsprr (Fig. 4. l3B), bah of which arc Na- and 

P-poor. 

The Iite salmm-co10umd K-fddspy is extrcmcly paw, with pom to 1 mm in 

size (Fig. 4. l m ,  and ICA side of 4.12A). Exapt for I d  auichment in Ba, the 

buk of the Salmon K-feldspar has composition. In Pssociation with albite 

and abundant fluorite (f calcite), salmoa-colourcd K-feldspu fonns 

pscudomorphs a f k  b k k  micmcline, prrsaving its clange and texturai featurrJ 

such as albite-lepidolte vehing. In the initial stages of replacement, the salmon 

K-feldqu praa#tialîy replaces one set of the microciine twins. In iaîer stages, 

the rest of the microdine is repiaceû until aü traces of twinning are destroyed. 

Rb is dispersed in the procesp (Fig. 4.12D). The saimon-colourrd K-feldspar is 

extcemely fine-grained, to the extent of king aimost opaque in thin section. 

Except for some of the iarger grains (< 0.5 mm) whkh seem to be untwinned, 

optical characteristics couM not k &termineda XRD anaiysis indiCates a structure 

conespondhg to end-memkr miuimurn mictocline. 

In terms of high Rb content, the srnall grains of adularia which replace pllucite 

are the most interesthg pble 4.6). Individual grains are homogeneous in BSE 

imaping, but R b 0  wies h e m  grains fiwi 6-12 W. 96. Margins of the grains 

are irregular in shape; smail ( < 5-15 fim) outliers in the poiiucitc are richer in 

Rb than the main parts and have up to 22 ut % R b 0  (74 mol. % Rbf) and 0.9 

wt, % Cs0 (2 moi. % Csf). Reprt~entative compositions are given in Table 4.6. 
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Main vaiues f a  (Ai-P) of l.Wl(18) riid M-catïon charge of 0.991(20) pfic 

sügg- minor iight-el-t ~ubstituti~ (Fig. 4.14A). Th Al-ricb duo klong tû 

the lote salmon~loulcd K-fel- with local wbotituth of Bz Data ~ r r  

s*itined about (Si+ZP) = 3.002(17) q@ and an average of 0.9&(15) 

monovalent M d o m  (Fig. 4.14B), i n d i d g  lesi thnn 2 mol.% OSi,O, 

substitution. A mean ZT of 4.03(4) apfi indiatcs rclatively close agreement 

with the i&ai formula. A plot of K W. Rb shows tbat compositions lie close to 

the K-fddspar - Rb-feldspar join (Fig. 4. MC), with minor deviations of ZM< 1 

due to substitution of O, Na, Ba and Cs. The small outlying pains in poilucite 

have atomic proportions of Rb > K and these dso have the highest Cs vaiues (Fig. 

4.14D). 
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SEM images of cleaved fragments of feldspar from the Ru 

(A) Black rnicrocline with minimal porosity , replaced by s 

Ricroche with high porosity from the left; (B) the late saln 

iicrocline ha4 extreme porosity. 



Fig. 4.13. BSE images of feldspar fiom the RubeUite pegmatite: (A) Porous 

Rb-bearing microcline (grey) with Rb-depleted microcline (dark grey) adjacent 

to albite (black) and veidets of Rb-nch feldspar (paie grey); (B) Veinlets of 

porous (K,Rb)-kldspar (paie grey) with albite (black) running nearly 

perpendicular to the cleavage of blocky microcline, and crosscut by late 

adularia (dark grey, highly porous or plucked). 



Fig. 4.13. BSE images of feldspar from the Rubellite pegmatite: (C) veinlet of 

Rb-e~ched feldspar Qght grey), parailel to the cleavage of the variable- 

composition host microcline; @) Remnant b1ocks of Rb-bearing microche 

(iight grey) replaced by pomus K-feldspar (dark grey) and albite (ôlack) 

(Iapatite, white). 



-le 4.6: Reprmmentrtive compoaitiona of (R-Rb)-feldmpu 
from the R u b e l l i t e  pegamtitm, NU Ontuso. 

Atomic content. brmed on 8 atomm o f  oltygmn 

1-3. Black microcline ammociated with pol lucite .  
4. Rb-rich vmin i n  black microcline. 
5-6. Late malmon-coloured K-fmldmpar. 
7 .  nain are. of untwinned K-fmldmpar rmplacing pollucite.  
8. Outlying grain of X-feldaprr i n  pollucito. 



Y-cation charge (pfu) 

0.92 0.96 1 .O0 1 .O4 1 .O8 

monovalent Y cation8 (apfu) 

m. 4.14. Element variation in (K-Rb)-feldspar from the Rubeiiite pegmatite: 

(A) (Al-P) m. M d o n  charge; (B) (Si+2P) vs. monovalent k cations. 

Symbols: black mimline (A) with Rb-rich or Rb-poor vehs (A), salmon- 

coloumi micfocline ( O )  and adularia replacing pllucite (e). Ermr bars and 

substitutional h e s  as in Figure 4.3. 



Rb (apfu) 

- 
1 0.2 0.4 0.6 0.8 1 .O 

Rb (apfu) 

FQ. 4.14. Element varjation in (K-Rb)-feldspar h m  the Rubellite pegmatite: 

(C) K YS. Rb, with a line indicating CM = 1; @) Cs vs. Rb. 



The LuoIamW pegmafite is a mcaibcr of the Som~~~Tamnrcla -te field, 

locotsd about 100 km northwest of Heisinki, SW Finland. Sixty four of the more 

than 100 pcgrnatites in the field arc known to contain rare-elemcnt minerais. lne 

petPlibsubtypc LuolamaJri pcgmtite io among the iprpest of th-, Pnd ha9 a 

weii-developed asyrnmetric intemal structure. The hanging-waU contact is 

boidaed by albitequartz aplite and the footwall contact by fmegrahed m i a  (+ 

chlorite, sillimanite, schorl). The uppr half of the pegmatitc is albiterich and the 

lowa half is K-feldspar-rich: buik compositioas of this micf~~lineperthite have 

1.51 wt. % Rb0 (Newonen & Vesasalo 1960). Large quartz bodies and 

cleavelanditic units ocau near the COR. Petalite, quartz and pollucite mur in the 

tore and are cut by veins of cleavelandite, quartz, schorl and muscovite. The 

pegrnatite has negligible contents of lithian micas and no primary spodumene. 

Accessory minerais include lepidolite, elbaite, m l ,  cassiterite, Nb ,Ta-mheraIs, 

ailuaudite, cesian analcime and spodumene. 

Poiiucite pods contain scatterd gains of quartz, apatite and K-feldspar. The 

sequawv of alteration of poliucite, given in Figure 4.15, begins with wide (0.5-2 

cm) veins of coarse-grained albite, paaütc, non--tic microcline (+ lepidolite) 

and lepidolite (+ quartz) which cmsscut the pollucite. Lua vcins of mica + 
quartz + @te (1-2 mm wide) arc followed by thinner veins (< 1 mm) of finc 



\ \ 1 adularia + cooksite 

. 
Fig. 4.15. Schematic sequtnœ of alteration products of poilucite h m  the 

ho- pegmafite, Finiand. The m w  0 indicates products appcarhg at 
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gnincd mica + spdumenc. Aggqates of fine-gyied K-feldspar (termed 

'nodulesn by Newonai & Vrplsplo lm, and 'adularian in Fig. 4.15 and in text 

bdow) wergrow many of the vpnS, replacing botb poUucitc and VM mictocline. 

Buik compositions of this K-fddspu h m  the altered mprDins of poilucite bodies 

am non-perthitic and have 2.98 W.% RqO. Cation-cxchaiigt anci leaching of 

poilucite is foilowed by rephcement by cïay minaais. Further deLails on the 

pegmatitc and the produas of aiteration of poilucite an given in Teertstra et <II. 

(1993). 

Eight polished thin-sections were prepared, emphaPiPng microcline veins in 

poiiucite and late aduluia. The elements Mg, F, Ga, Fe, Ti, Mn, Ca, Sr, Ba, and 

Pb were owght by EMP anaiysis, but except for trace Sr or Ba in late 

generations, wac  not detected. P was found ody in the miciocline. 

The vein microche is tartan-twinned and forms a vein network with uniform 

opticai orientation throughout sizeable volumes of pollucite. The rnicrocline has 

a piitchy compositional distribution, particularly in microporous areas, with wt. % 

ranges 1.32-5.64 RbO, 0.09-0.29 Na20, O. 12-0.32 C%O, and 0.13-0.62 P205. 

The variation in Rb0 corresponds to 4-17 mol.% Rbf. Areas of non-poms 

micmdine taid to have higher coataits of Rb, Na and P and a mon 

homogeneous composition than areas which are pomus (Fig. 4.16B, 4.16C, 

4. ME). (Rb,K)-ftldspar is associaieû with hguiar veins of patch albite which 
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iie mughiy parailel to pLncs of cleavage, anci arc CZOSSCU~ by thin veinlets of 

(Rb,K)-fddsppr (Fig. 4.16C). MulMn l d y  wergmws microcline io paraiid 

orientation, indicating that the m i c m c k  subatmie provided a airi4ce for casy 

epitaxial nucleation and growth. (Rb,K)-feldspar odjacmt to p ins  of lcpidolitc 

comronly shows a gradation of WRb h m  the host microclint (Fig. 4.16A). 

S d  rwad blcbs of @b,K)-feldcpY alsa occm M y  caikdded in the micmcline 

which is othenvise oommaily replrrd by ead-rnemkr K-feldspar (Fig. 4.16B). 

The assemblage (Rb,&-feldspar + q- occm within some of the inegular and 

w n r w  v&s of mictocline in poliuciie (Fig. 4. l m ) .  Compositions of the 

(Rb,K)-feldspar in microcline do not vary accordhg to assoCiation with albite or 

lepidolite, but range up to a limit of approximately 20.9 wt. % Rb0 (69 mol. % 

Rbf) and 1.3 W. % C%O (3 mol. % Csf). The Rb-richest fddspar (89 mol. 96 Rbf; 

Tabîe 4.7) occurs as a smaU grah betwemi grains of lepidolite and isolated from 

the microcline. 

Adularian &Rb)-feldspar replacing poilucite contains 2.98 wt. % Rb0 in its bulk 

composition (Neuvonen & Vesaralo 1960) . Howcva, it is actuaily zoned with 

variable K/Rb and contains abundant inclusions of coolgtc, with minor apatite 

and smaU ( < 1 pm diameter) grains of pllucite (Fig . 4.16F). Late overpwths 

of adularia temi to k extremely poious and are associatecl with Ieaching and 

analcimiPtion of pdlucite. nie buik of the adularia has end-memba KAlSi308 

composition, but loul gradations to (Rb,K)-feldspar arc relatively common. The 
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adulariPn (Rb-K)-felldspat has a similar c o m p o s i t i d  range and upper 

compoBitionai îimit as the (Rb-K)-feldspu in m i c ~ o c b e ,  with up to 20.95 wt. % 

-0 ("70 mol. % Rbf). Rcpresentativc compositions ate givm in Tsbk 4.7. 

Mean vaiues for (AbP) of 0.995(15) atoms per fonnula unit (q@) and M-cation 

charge of O.987(16)& suggest on average 1 atm 1 iight-elemtltt substitution, with 

individuai values up to 4 at.5 (Fig. 4.17A). Compositionai trends indicaîe 

widespread substitution of OSi,Q, with indmduai vdues attaining 4 mol. % 

OSi,O, substitution (Fig. 4.17B). Mean values for (Si+ZP) of 3.007(14) and 

mean values of ET of 4.OM(4) indicatc good o v d  agreement with the feldspar 

formula, ralring into account the OSi,O, and berlinite substitutions. Sums of 

(K+Rb) are slightly lower than the ideal 1.0 qJii &ne because of minor O, Na 

and Cs (Fig. 4.17C) and the mean W value is 0.984(15) m. Substitution of Cs 

incieascs imguiarly with Rb to a maximum of appmximately 0.03 crpfi  (3 mol. % 

Csf), mrresponding to 1.5 W.% C 4 0  (a. 4.17D). 



4.16. BSE images of feldspar h m  LuolamUci: (A) (Rb&)-feldspar 

(white) between grains of lepidolite (black), showing a compositional gradient 

from rnicrociine (grey) ; (B) laths of lepidolite (iiterlayer apatite - white) in 

microche (grey) associated with Rb-rich feldspar (white) and surrounded by 

Rb-poor K-feldspar (âark grey). 



Fig. 4.16. BSE images of feldspar from Luolamiiki: (C) microporous 

microciine with a patchy distribution of Rb @y) contains aggregates of aibite 

(black) + (Rb$)-fe1dspa.r (white), cut by veinlets of (Rb,K)-feldspar; (D) 

blebs of (Rb,K)-feldspar (white) + quartz (black) in Rb-bea~g K-feldspar 

(grey) , surrounded b y polluci te (white). 



Fig. 4.16. BSE images of feldspar fkom Luolamiiiâ: (E) Micmporous Rb- 

variable microciine, cut by veinlets of (Rb,K)-feldspar (white) and rrplaced by 

porous late K-feldspar (dark grey); (F) late adularian (K-Rb)-feldspar with 

cookeite (black) and a rim of K-feldspar (dark grey) which is closely 

associated with analcimization of poiiucite (upper right , grey to white). 



=le 4.2: Representativ8 co~rpomitionm of  (It-Rb)-faldmpu 
fran Luol.nrlüti, Finland. 

Atomic content8 baeed on 8 atm. of oxygen 

1 and 2.  Mic+ocline vain i n  pol luc i ta  and c o u i e t i n g  exiolved 
b h b  of (Rb,K)-feldmpu, respectively.  
3 and 4.  A macond microcline - (Rb,K)-feldopar pair. 
S .  Rb-rich feldrpar rmmocirted with lata albita.  
6 .  (RbPK)-f8ld8pu aemociated with l ~ p i d o l i t e .  
7 and 8. Adularir - (Rb,K)-feldmprr pair. 



- - -  - 

0.94 0.96 0.98 1.00 1.02 1.04 

W-cation chorge (pfu) 

- - -  

0.94 0.96 0.98 1.00 1.02 1.04 

monovalent M-cations (apfu) 

Fig. 4.17. Elemait variaiion in 6-Rb)-felldspat h m  the Luolamaki pegmatite: 

(A) (AI-P) vs. M-cation charge; @) (Si+2P) vs. the sum of monovalent M 

cations. Symbols: vein microclint in pllucite (O) and assoCiated (Rb,K)- 

feldspar (H), late adularia ( O ) and associatecl (Rb,K)-feldspar (*). Enin bars 
and substitutional lines as in Figure 4.3. 



0.0 0.2 0-4 O. 6 0.8 1 .O 

Rb (apfu) 

0.0 0.2 0. 4 0.6 0.8 1 .O 

Rb apfu 

Fig. 4.17. E i m t  variation in (K-Rb)-feldspar h m  the Luoiam&i 

pegmatite: (C) K vs. Rb, with a line indicating CM = 1; (D) Cs MT- Rb. 
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The Monte Q ~ ~ M c  mo312opMitic pluton Q well-eqmed at the western end of 

the Island of EIbr in the menian &a, Iîaiy. Numerous raire-element pegmatites 

occur Plong its cp91erii mYgin, but pollwitt is h o w n  only h m  the -te 

veins lypt San PLro h Camp, Eiba, inciuding La S p a ~ i z a ,  Fonte del Rctc, 

Filone &lia Speranza and M~SSO Foresi (Orlaadi & Scartsci 1985). Püllucite md 

petalite wae f h t  d d b e d  from F3ba (Briethaupt 1846). The smple investigated 

h m  (Ecole des Mines, Puis) is probably from the La S p a ~ z a  dyke. Fifty m 

SW of this locality lies the Filone-Rosh aplite-pegmatite dyke, in which foitite 

was recently discovacd (Pezmtta ct d. 1996). Pollucite is found in miarolitic 

cavities in Pssociation with primary microcrine, albite, lepidolite, elbaite, quartz. 

and overgrown by late mica and zcditc minerais. 

Abundant (Rb,K)-feldspar occurs in 1-2 cm-wi& vehs of hvinned microdine (+ 

muscovite, albite, quutr. @te) which msscut poilucite. Minor (Rb,K)-feldspar 

is associated with metasomatic untwinned dularia (+ cookeite) which replaces 

microcline and pollucite dong grain boundaries and which overgrows microdine. 

nie micmcline has patchy distributions of O. 11-0.35 wt. 96 Na20, 0.90-3.39 R b 0  

and O. lO-o.3 1 C%O; most is P-fret, but local concentrations extend to 0.35 wt. 96 

P2Q. The bulk of the microc1Uie ha9 approximately 5 mol.% Rbf. AU later 

grnerations of felQsp~~ are Na- and P-fre with Ba0 S O .  16 wt. % and Sr0 50.16 

wt. %. Small(<2&50 pm) grains of (Rb,K)-feldspar + quartz oaur throughout 

the microclint in PaPociPtion with muscovite (1 .Cl  .7 wt. 96 Rw), albite (Ab,& 
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and &or @te (4.1 wt. % Mnû) (m. 4.18A-D). Ibe (Rb,K)-feldspar has 

5.l(r21.55 wt.% &O and 0.15-1.37 C%O. Ciuters of grains have simüar 

composition (Fig. 118A). Individual gnins have a sîight compositional 

hetemgeneity (Fig. 4.18B). Most grains of (Rb,K)-feldspar sur with qunitz at 

the con (Fig. 4.18C,D). Microche i partiy replacal and wergrown by 

untwUuKd Pduîarjan K-feldspar (Fig .4.18D). S d  bl&s rad veinlets of (Rb ,K)- 

feldspar aiso occur in Puociation with aibite (Fig . 4.18E). Small round blebs of  

Rb-rich feldspar occur in assOciation with the Orlm adularia replacing microche 

(Fig . 4.18F). The dularian (Rb,K)-feldspar i s  iargely Na-& with 8.618.86 

W. % R b 0  and 0.17-1.69 wt. 96 C$O. 

nie (Rb-K)-feld~py was anaiyssd using four different sets of standards. Initial 

analysis of the Rb-nch feldspar in microcline using RCL microcline (Rb) and 

2ORTHO (K, Al, Si) gave poor stoichiometry but indicateû more than 20 wt. % 

RbO. To imprwe the results, several grains of Rb-rich feldspar h m  a locaiity 

in the Kola Peninsuh, Russia (Ch. 4.7). with a total exposed a m  of 50 pm and 

a relatively homogenmus composition, w a e  thai analysed for use as a standard 

(IRBAD). Cwes for wt.% variations in Al& Si&, -0 and &O across the 

series KAlSi3OS - RbAlSi,O, were prepad. and using the assumption tbat 

measuremmts of K from 20RTHO were accurate, values for Si, Al and Rb were 

taîrm h m  the c u ~ e s .  The value for R b 0  h m  the curve was c u ~ t e d  for 

minor C%O (0.56 wt. %). No 0th- minor ekments were detecd on analysis. 
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This gave 2.29 &O, 24.44 m0.0.56 C%O, 16.00 A&Q, 56.70 Si@, sum 100 

wt. % fm this pprticulat. cluster of g r a b .  The stpadvdr IRBU> (Rb, Al, Si) and 

ZORTHO (K) weze usrd to d y s t  the Eiba (Rb-K)-fd@. The vein of 

microcline h m  KolP Peninsuia was a b  ursd sr a standard (1RBKOLA) f a  K, 

Ai and Si. Lota analysis wae Qae ushg the naoüzcd 1- (K, Al, Si) 

composition and the Rb&SijOn (Rb) rtPadYd. Tbe loaa thne sets of analyses 

gave closcly comparable hsults, with mean valm @=59) for ZT of 4.002(4) 

opfL, CM (= M+) of 0.993(15) pfi, (Si+ZP) = 3.001 (15) apfir and 7Q- = 

1 -001 (17) ph ,  inincahg close agreement with ideal feldspar stoichiometry . The 
data reportecl klow, in Figure 4.19 and Table 4.8 were determined using the 

IEJFEL s t a n w .  

Individuai values for M-cation charge tend to k slightly lowa @y < 1 at. 96) than 

values of (Ai-P) (Fig. 4.19A). Values of (Si+2P) cluster near 3.0 ap/u for 

microcline, adularia and adulvian (K-Rb)-feldspar, but lie dong the trend for the 

O Si@, substitution for the (K-Rb)-feldspar occurring in microche (Fig .4 .  NB). 

High SVAI ratios correspond to low M 4 o n  sums and equaily low (Ai-P); an 

extremevalue with -3% OSi,,O, ha9 Si = 3.032 (or 3.000 + 0.032) opfi, Al 

= 0.969 op/U, M+ = 0.966 (or 1 - 0.034) pfi and ET = 4.001 q/ic (No. 5 in 

Table 4.8). Extremc values for -0 in the microclineassOciated (Rb, K)-feldspar 

correspond to 72.7 mol. % RbAlSi,O, (Fig. 4.19C). and in the Rb-rich samples, 

substitution of Cs extends to 0.04 opfY (Fig. 4.19D). 



.18. BSE images of (K-Rb)-feldsp h m  Elba, Italy: (A) (Rb&)- 4 

feldspar (white) + quartz (black) occun in microcline @y) associated with 

albite (bladc) and muscovite (mottïed grey-black); (B) the cleavage of 

microcline (dark grey) is mntinuous t h u g h  (Rb,K)-feldspar (white) + quartz 

(black) . 



Fig. 4.18. BSE images of (K-Rb)-feldspiu from Elba, Iraiy: @) (Rb,K) 

feldspar (white) + quartz (black) in microche (grey) associatexi with al 

(black) and muscovite (mottled grey-black) ; O (Rb ,K)-feldspar (white) 

quartz (black) in a thin vein of microdine (Lieht grey) surrounded by pa 

adularia (dark grey) f cookeite (black). 

- 
[bite 

+ 
cous 



Fig. 4.18. BSE images of (K-Rb)-feldspar from Eh, Italy: @) v e x e  

(Rb,K)-feldspar (white) in rnicrocline (grey) associated with albite @la 

fine-grained (Rb, K)-feldspar (white). (F) finegrained (Rb,K)-feldspar 

+ quartz (black) associated with adularia (da* grey) which replaces 

rnicrocline (ligh t grey) . 

kt of 

.ck) + 
(white) 



1-3. Hicroclina veina i n  pollucite.  
4. (Rb,K)-feldapu rmmociitoà with i l b i t o  in  microcline. 
S and 6. (Rb,lt)-feldrpu i n  microclino. 
79 Adulu i i  replicinq pollucite.  
8. (Rb,K)-foldmprr i n  adularia. 



M-cation charge (pfu) 

0.94 0.96 0.98 1.00 1.02 1.04 

monovolerit M cotions (apfu) 

Big. 4.19. Elcmmt vafiation in (IC-Rb)-feldspar from the Elba pegmatite: (A) 

(M) vs. Mation charge; (B) (Si+2P) vs. monovatent M càtions. Symbols: 

microcline (0) and associated (Rô,IC)-feldspar (m), adularia ( O ) and 

associatcd (Rb,K)-feldcpy (0). Enot ban and substitutional Lines as in Figure 

4.3. 
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Rb (apfu) 

Rb (apfu) 

Fïg. 4.19. Eiement variation in (K-Rb)-feldspar h m  the Elba pegmatitc: (C) 

K W. Rb, with a line indicating ZM = 1; 0) Cs W. Rb. 



The higbiy fîactionated Tuîo pcgmatiîe is lastrd pbout 180 km E-NE of 

Winnipeg at Banic hkc, SE Manitoba. It occw in the southernmost-exposed 

piut of the Bird River Grecnstone Bdt of the Supcrior Pmvhce, and is bosted by 

graenschist-@lowcr-amphibolite Eiaes metavolcmics and rdatal m ~ m e n t s .  

The pgmatite fams a bilobate diset 1600 m long, 820 m wide and up to 110 m 

thick, shallowly northdipping a d  Qubly plunging (E and W). Tbae is a Stries 

of rrhted pegmatites below and adjacent to the main body. Nie zones may be 

disthguished on the basis of differing mineralogy, texturt and location, as well 

as a zone of contact emmorphism. The 4-30 cm-thick border um (1) cunsists 

of finegrained albite and quartz along the pegmatite-wahck contacts. The wall 

zone (2) is up to 35 m thick and cunbins columii~ microcline--te up to 3 m 

in size in a matrix of quartz, albite and muscovite. The Nb-Ta-bearing albite 

aplite (+ quartz) zone (3) toms 16 m-thick sh- and smaller lens-lüre bodies 

in the castem lobe of the pegmatitc. The lower intermediate zone (4) fonns 

bodies up to 25 m thick, mainly in the Iowa part of the pegmatitc, and consists 

of large crystals of microcline--te, spodumene-quartz psaidomorphs after 

petalite, albite, quartz, mica and amblygonite-montebrasite. The upper 

intermediate unie (5) grPdes upward h m  unie (4) but is gradually depleted in 

albitc and mica. In zone (5), ciystais of microche-perthite, petaiitc and 

amblygonite reach several mem in size. Miarolitic avities fom in the 

spodumencrich portions of this zone. The central intermediaie zone (6) is up to 

60 m thick and consis& of microclineperthite, albite, muscovite, qu-, beryl 

and Nb,Ta+xide m i n d s .  Zone (7) consists almost enîirely of quariz. Zone (8) 

is located in the ciwm lobe of the pegmatitc and consists mainiy of pdlucite 

(and its altaation products). Therc is ai40 a substantiai body of poliucite in the 

western onbody, and scveraî small(<Z m) blodrs of poilucite are located n a r  



the iarge bodies. Zoae (9) cunsists k g d y  of icpidolitt, with mina quartz and 

microclino-parhite. A detaiied description of the local Md regionai gedogy, 

intemal structure and mindogy of the Tamo pegmatite may k found in brnf 

u al. (1996). 

Palegray to kige microclineperthite is a major campaiait of maco (2). (4), (51, 
(a) and (9), a minor component of ames (1) and (a), and is vhualiy absent in 

zcmes (3) and (7). 1 examinai sMni samples of feldspar h m  vprious locations 

withlli the pegmafite. BSE irnaging shows bat most of the feldspar is 

compositionaUy homogeneous or has a dight patchy heterogeneity on a 

microscopie d e .  EMPdetefmined Rb0 awitcnts generaUy agree with those 

previously determincd by bulk methods for cach of the zones ( b j 7  u d. 1996). 

Giant crystals in zone (5) have a suipod grey-and-white pattem in their interior 

and phk-rusty mugins, and show increaring degrees of (Al,Si) order f h n  grey 

to white to rusty feldspar. The most-ordered and trichic material tends to be 

untwinned and nonperthitic (&mi & Macek 1972). One of the @est K-feldspar 

crystals at T m ,  over 5 m long, awrs in the "lunch mm' of zone (5). BSE 

imaging of a 2 cm chunk fiom the am of the crystal, the colour of which VaMS 

h m  grey to white ova about 1 cm, indicated a rather homogeneous 

composition. Analysis gave a si* composition for the grey and white material, 

with Rb0 - 1.5 wt. % , Na,O - 0.4 wt. % , and C%O - 0.2 wt. '16 and negligible 

Mg, F, Ga, Ba, Ti, Mn, Fe, Ca, Sr or Pb. Rb0 values are variable by up to 0.5 

wt. % over a sale of mm. The principai compositid dinertnce bctwcen the 

grey and white K-feldspar is a tendency for los of Cs and a dcauise in P205 

h m  0.43 W. 96 (grey) to 0.03 wt. % (white). This suggests a los of framework 

P with inmashg (AI,Si) order from the grey to white feldspar. 
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-0 (and P20a increast h m  zonc (2) to mes (4), (5) and (6), but the Rb- 

richest feldspar oocurs as non--tic mtwinned hclugais and vehs of 

microcline in the pollucitt bodies. Vciac of microcline, aibitc and quartz are 0.5 

~Zmmwi&rndp~rmOStsbuabnttowardtbemprgiarofpoUucittbodies, but 

lepidolite vQns fam a polygonal network throughout the pdlucitc. Thin ( < 0.5 

mm) subparalld v e k  of fine-grainad mia and spodumc~lt are abundant in d 

simples of poIldtc. Boüi t& a m e  Md the fw vtiap arc l d y  ovcrgrown by 

d (< 1 mm) grains of u n t w i ~ d  (A1,Si)disordcrrd dularia, but these arc 

Dot pbundant. Adularia mtfasomatically replreo microcline as w d  as pollucite. 

Minor local analcimhtion pceded lue alteration by clay mincrals ~ ~ î e ,  

montmorillonite and kadinite). 

A total of 35 thin sections were examined which emphasued rnicrocline veining 

in the larger poiiucite bodies. BSE imaging shows that the bulk of the vein 

feldspaz is compositionaily homogeneous on this scaïe. The variation of Rb0 (2- 

4 wt. %) is gnatM almg a single vein than betwecn separate veins of a poilucite 

body. Then are no obvious compooitionai differences in the veh  miccocline 

betwaa the interior or margins of pllucite bodies, or which muld k correlaîed 

with the mine l d o n  of the poilucite body. VQap of feldspar occurring in smaU 

bodies of highly altered white poliucitt in the wtst&n lobe are homogeneous in 

composition and show minimal evidena of subsolidus madion; Rb-nch phases 

are rare. In caitrast, v d s  of feldspar in the kger of the western bodies and in 

the giant poiiucite body in the astem lokboth show local reactions. The 

intensity of &on is not relatai to the proximity of the vein to the margins of 

the pollucite body. 

EMP uielysis shows that the vein rnictocline hPs 2-4 wt. % RbO, 0.2-0.4 wt. % 

P2OS, and les  than 0.30 wt. % Na20. The distribution of Rb tends to k patchy 



in the mic;cocline, and viuies by up to 1 wt.% -0 ova <50 pm. Wispy 

veinlets of Rbairiched feldspar gadin8 to veinlets of Rb-feldspar are commody 

associaitexi with aiteration of potlucite (Fig. 4.20A). Aggregates of (Rb ,K)-feldspnr 

fonn in assocUon with grains of albite (Fig. 4.20A, B). Inclusion-fillad porous 

Rb-rich feldspar is ais0 suociotrd with grains of mis (Fig. 4.ZOC). Pomus Rb- 

rich feldspar gradhg to Rb-fddspar oAai contains inclusions of coohitc (Fig. 

4.20E). The (Rb,K)-fcldspar assocLted with vcin micfocline has 10.24.8 W.% 

Rb0 and up to 1.4 wt. % C%O. Breakdom of miczocline to Rb-- adularia + 
(Rb,K)-feldspar (with up to 23.8 wt. % Rb@, 8 1 mol. % Rbf) occm l d y  (Fig . 
4.20F). Adularia replacing pllucite is iargely Rb-, Na- and P-fke with near-Or,, 

to ûqoo composition. All garerations of feldspar are Fe-fne and also have 

negligible Mg, F, Ga, Ba, Ti, Mn, Ca, Sr and Pb. Representative wmpositions 

are given in Tabk 4.9. 

Most individuai values of (Al-P) and Mation charge are quai within enor (Fig. 

4.21A) as are mean v a i m  are = 0.993(8) opjk and M+ = 0.995(9) @. 

Average values for the sum of divalent cations of O.W3 q ~ f i  are due to minor-to- 

trace substitution of Sr or Ba A plot of (Si+ZP) vs. the sum of monovalait 

cations shows a cluster of data llang the OSi,O, trend, indicating that up to 2 

mol. 96 0Si,08 substitution is widespread among ail generations of fefdspar at 

Tanoo (Fig. 4.21B). The average (Si+ZP) value of 3.0070 and the mean CT 

value of 4.000(3) indicate that T m  feldspr compositions correspond closely 

to the idcal formula when taking into pccount the berhite and OSi,O, 

substitutions. A plot of K vs. Rb shows that compositions lie close to the join 

from K-fddspar to Rb-feldsp, with minor deviations duc to minor Na and O 

(Fig . 4.2 1C). A large proportion of the (Rb,K)-feld~par has 60-80 mol. 96 Rbf; 

the Rb-richest sampie has 84.6 mol. % Rbf and 3.2 mol. % Csf (Fig. 4.2 ID). 



Hg. 4.20. BSE images of (K-Rb)-feldspar veining phcite from the Tanco 

pegmatite: (A) Wispy veins of Rb-enriched feldspar in microche (grey) 

associated with (Rb,K)-feMspar (white) + dbite @kt&); (B) (Rb,K)-feldspar 

(white) + albite (black) in microche (grey). 



Fig. 4.20. BSE images of (K-Rb)-feldspar veining pollucite h m  Tanco: (C) 

Rb-enriched feldspar (grey to white) associated with mica ( b U )  in rnicrocline 

@atchy grey); @) Rb-rich feldspar formed in association with alteration of 

microche by muscovite. Note the cleavage of the early microcline (grey) 

continuous through the Rb-rich phase. 



4.20. BSE images of (K-Rb)-feldspar veining pllucite at Tanco: (E) 

Reaction of rnic~~~iine (grey) to form porous, Rb-rich feldspar (paie grey) and 

(Rb,K)-feldspar (white) associated with cookeite (black); (F) VariableRb early 

microciine (grey), cut by a veinlet of Rb-xicher feldspar (Light grey), and 

replaced by Or,, adularia (da& grey) + Rb-rich feldspar (white). 



-18 4.9: Repramentative campomition8 of (It-Rb)-feldmpu 
vain8 in pollucite f+om Trnco, Manitoba. 

Atomic content. brmed on 8 atomm of ortygen 

1-2. Typicrl composition of  microclinm veina i n  pol lucite .  
3-4. (Rb-K)-feldrpar in microcline. 
5.  (Rb,R)-feldmpu i n  microcline amaociated with r lb i t e .  
6,  Typical coarpomition of l r t a  adularia rmplrcing microcline. 
7-8. (Rb,K)-feldmpar ammociated with adularia. 
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U-cation chorge (pfu) 
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Flg. 4.21. Elemcnt MNtion in (K-Rb)-feldspar h m  Tana: (A) (AI-P) vs. M- 

cation charge; (B) (Si+2P) vs. monovalent M cations. Spbols: Zone 5 

feldspar (A); vein microcline in poiîucitc (0) and associateci (Rb,K)-fddspar 

(i); adularia ( O ) and assdciated (Rb,K)-feldspar (0 )  Emrr bars and 

substitutional lines as in Figure 4.3. 
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Flg. 431. Element variation in (K-Rb)-feldspar h m  Tanco: (C) K vs. Rb, 

with a line indicating CM = 1; @) Cs us. Rb. 



The High Grade Dyk poilucite-bearing -tic pegmatife is bcPted ncar Donner 

Lake in SE Manitoba. It iies about 210 km E-NE of Winaipeg and is d b l e  

on foot about 10 km h m  Highway 314. It is the most frpctiaiptcd pgmatitc of 

the Msshuo Lake group, which includes a petPliWxarhg dyke, and k ciassified 

as a spadurnaw-subtype cornplex-type pcgmatitc. The host rocks arc the tonsirites 

of the Maskwa h k c  batholith and pUow Wts of the Lamprcy Fails formation. 

nKMzphvaLoh~upfomspnrtofthCP1IOh-kIaShvlWcepegmztite 

district north of the Winnipeg River district and hcludes the Tarim pcgmatite at 

Remic Lake. The pegmatites occur in the wcsternmost exposed part of the 

Engiish River subpmvince of the Superior Province of the Canadian Shield 

(cemj a al. 1981). 

n ie  High G n d e  DylP pegmatitc has sharp contacts ( s e  170°, dip 6S0W) 

with the host metlbasalt dong ito exposecl length of 18 m. Thickness is variable 

fiom 0.6 to 1.2 m. It is not systematicaliy mned, but contains primary 

assemblages of blocky K-feldspar + quartz, quartz + spodumene, and pdlucite 

+ latk spodumic. M e r  assemblages, in part metasornatic, include wiâespread 

aibitic units that in part replace K-feldspar, and sporadic lepidolite + quartz (f 

spodumene). Paîches of holmquistite occur locally at the arailrock contact. Minor 

minerais include apatite, kryl,  microlite, cohmbite-tantalite, polychromatic 

Urey-pi&) dbaite-iiddidte and (Mn/(Mn+Fe) = 0.93). 



Fi* of the cwigllial simples availablt for O p y  w a c  provided by P. bf a d  

Mr. JO Donner, and 1 dnn are simple was provided by Tana. Tîueive polished 

thin-sections wae  prcpPrsd and avninod by optical miaoocopy md BSE 

imagine. niae was a total of 32 adyses of féidspar. Compwitional 

bemogcneity due to variable WRb was nrst noted in (K,Rb)-feiaspY from High 

Grade Dyla. Sample PA-O95G, in which adula& r e p h  poiiucite, prwidrd the 

fbt nid of Rb-dominant feldsppr, Nw. 5, 1990. PrrlimiiiYy quantitative 

analysis (using 2ORTHO and RCL microcline) gave 0.00 Na20, 3.86 &O, 24.01 

-0, 0.52 C%O, 16.72 AI& 55.81 S i 4  sum 100.92 wt. % . The formuh 

CalcuIated on the basis of 8 atoms of oxygen is ~0.8&~C~.0,)~.09(AIt.0)Si2.95)08. 

Wbitc-~lou11ess blaky maximum micmcline, l d y  micmperthitic with 1-2 

cm-wide aibite lamellae, is closely pssocipttd with pllucite. White non-pcrthitic 

microcline forms veins in pdlucite. Poilucite is also crosscut by 1-2 cm-wide 

veins of lepidolite + quartz, by later veinlets of finegrainexi white mica and 

spodumenc, and is rrplaced by abundant green untwinned adularia and minor clay 

minerais. LDtc Rb-rich feldspars are sssociVed with all three of the above 

fddspar generations - bloc@, vein and adularia. 

Anac of the blocky micmcline (- 1-2 wt* % RbO) diecent to albite grains 

IocaUy have Rb-poor mnes paralle1 to the cleavage (Fig .4.UA). Rb-nch feldspat 

occurs in the blocky microche in as~ociation with irregular veins of albite and 

in micrapomus areas adjacent to the dbite veins (Fig. 4.22B). However, the 

principal d o n  gementing (Rb,K)-feldspar is a breakdown of the non-perthitic 

vcin mictociine (-34 W. % RhO) to form an assemblage of porous Rb-poor 

adularia + (Rb,K)-fddspar ( - 10-24 wt. % RbO) pig . 4.22C,D). 
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The porous cookcitebearing adulnnD replacing pllucite is lprgely homogaiwus 

with Orioa composition; its cell pnrÜn&as (Ch. 5) m siightiy gmtcr than those 

of the end-membu high sanidine rrpoi(sd by Fergus011 ef d. (1991). Xowcva, 

i d  areas rich in Rb with variable KlRb ocair with smaîi < 1 cm-& inciusions 

of poilucite (Fig. 4.22E.F). 'Ibe (Rb,K)-feldspar repïacing pllucite has a similat 

compositionai range as the @ô,-feldspar ocnimag with Or, adularia in the 

microclint veins in poliucite. Rqmentative compositions pn givcn in Table 

4.10. 

Ail gaierations of feldspar are P- and Fe-fne. Most individual values of Al and 

M-cation charge are quai within standard deviations (Fig. 4.23A). as are the 

mean values of Al = 0.985(12) and M+ = O.990(13) pfi. Individual values 

of Si extcriding to 3.04 op/u and sums of monovalent M cations as low as 0.96 

opfi indicate up to 4 mol. 96 of the OSi,O, substitution (Fig. 4.23B). The mean 

Si value of 3.013(12) 4p$Ù oonwponds weii with the values of Al < 1, givhg an 

average ET of 4.000(3) qp/k and good agreement with the feldspar formula if 

substitution of OS40, is taken into acaunt. Adulnrian (Rb,K)-feldspu has 50-81 

mol. % Rbf (Fig. 4.23C) and up to 3 mol. % Csf (Fig. 4.23D). Substitution of 

0Si,08, indicated by M-cation sums of l e s  than 1 qfi, is widespread arnong aü 

generations of (K,Rb)-feldspar (Fig . 4.23E). 

Inte lepidofite associateci with crystalliption of adularia has up to 10.14 wt. % 

RqO and 0.79 W. % C N .  Late clay with aduiaria has 1 .O wt. k F a ,  4.5 

wt. 96 Mg0 and 0.63 wt. 96 CeO. 



Fig. 4.22. BSE images of (K-Rb)-feldspar from High Grade Dyke: (A) Bloclcy 

(K,Rb)-feldspar depleted in Rb adjacent to albite (black) is zoned paralle1 to 

cleavage traces; (B) (&Rb)-feldspar has enhanced porosity adjacent to veinlets 

of albite + (Rb-K)-feldspar (white). 



Fig. 4.22. BSE images of (K-Rb)-feldspar veining pollucite h m  High Grade 

Dyke: (C) and (D) Microcfine with wispy veinlets of R b - e ~ c h e d  feldspar, 

showing breakclown to porous adularia (dark grey) +(Rb&)-fetdspar (white). 



..22. BSE images of adularian (K-Rb)-feldspar from High Grade Dyke: Fig. 4 

(E) Fine-graine. grandar aggregates of variable-Rb adularia (grey) hosting 

cookeite @la&) and poilucite spheres <2 pm in size (white); (F) (Rb$)- 

feldspar (white) in adularia (da& grey) associated with cookeite (black) and 

Rb-enriched mica (grey) . 



1. 4.10 : Repxarentative camporitlonm of ( k R b )  -f aldapar 
from High Grade Dyke, Manitoba. 

Atomic content. bared on 8 atm8 of oacygen 

1-2. Microcline vain8 i n  pollucite. 
3-4. Adularia homting Rb-foldmprr. 
5-8. Rb-f eldspat in adularia. 
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monovolant M cations (apfu) 
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F'ig. 4.23. Element variation in (K-Rb)-fddspar h m  High Grade D y k  (A) 

Al vs. M-cation charge; (B) Si vs. momdtnt M cations. Symbok blocky 

microche (A); mimlinc  veins in pllucite (O); and associated (Rb-IC)- 

feldspa. (m); iate adulMa ( o ) and aSSOciated (Rb-K)-feldspar (O). Error bars 

and substitutional lines as in Figure 4.3. 
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Fig. 4.23. Hement variation in (K-Rb)-ftldspar nOm High Grade Dyke: 

vs. Rb, with a line indicating CM = 1; @) Cs vs. Rb; O CM vs. Rb. 



'Ibc spcQfic locaiity of our Kola l4mbda sample is cssa~tiaiiy dcnown. At 

ieast two pollucite-ôearing pegmatitm have kmi dcscribed frwi the Koîa 

Pallnsula (Kuanmlro 1976), but ao tu thcy have not bœn fully identifieci and 

discrimiaottd in the iiteraturt (e.g., Ciordiycntn 1973, Voloshin et d. 198 1). The 

high Rb content of our pollucite samp1e (up b 2.8 wt. % Rb@; Tcertsûa & eemf 

1995) suggests that it quy have come from the m e  locality as the poliucite 

anaiysed by PuiasenlIo & Gorshchenko (1970; 2.13 wt. % RbO). Gordiyenko k 

Kamentsev (1967) reportai 4.1 wt. % Rb0 and 0.5 wt. % Ch0 in K-feldspar 

(buik composition) h m  a pegrnatitc in the Kola Peninsula. Analysis of feldspar 

veins in pliucitc have not ken nported by any of the Kola investigaton. 

Our m p l e  consists of translucait-Wloudy white poiluci& lssocived with 

*te, spodurnene, aibite, quartz and amblygonite. It is cut by 1-2 mm-wide 

veins of quartz, oolourless microche and purple micl. Two generations of (K- 

Rb)-feldspar f o b g  part of the aiteration sequence of poilucite are evident on 

optical examination of polished thin-sections. Non-perthitic vein microdine 

(+lepidolite) with a faint cross-hatched twinning in cross-polarized light forms 

generation-1 feldspar. LW thin veinlets of fine-grained mica and spodumene 

1-y msscut recryaaiikû poilucite of end-member composition (Tœrtstra & 

brnf 1995). ûn the surfhcc of these vehs, and dm embedded in the pllucite, 

p ~ r  small(< 0.5 mm) cluters of albite and untwinned adularian @,Rb)-feldspar, 

constitutuig the second gaieration of fddspar. The cluters are interspersed with 

-70 % pllucite. The Rbrichest grains occur at margins of the clusters, 



surounded by pollucitc. Low abundancc and a grain sk of les than 15 pm 

preclude characterktion of the Rb-richcst fddspr by optical mimscopy or X- 

ray difhctiioa. 

BSE irmging Hidicates two populations of (K,Rb)-felâspar, cach with a reîatively 

homogc~~bous cornpition. Wrgb of the micruclinc vQn contain poUucite, mica 

and miaor aibite, d grade in@ îhc aaroundiag poiiucite (Fii. 4.28A). Grains 

are a h  scattcd throughout the po11UCIte. Some of thest are sunoundd by small 

p i n s  of Rb-nch feldspy, g a i d y  les  than 15 pm in size, and constitute the 

second-gaieration fcldspar (granular -tes of dularia-type feldspar). 

Associated mica grains, identified by analysis as muscovite and lepidolite, have 

Rb-enriched rims (Fig. 4.28B). 

Muscovite hs 3.82-4.88 W.% RhO, 0.39-1.08 W.% C%O and 0.42-0.67 W. % 

F, oorrtsponding to 17-2 1 at. k interlayer Rb, 0.61.1 at. % interlayer Cs and 

4.5-7.2 Pt. % anion-site F, rc~pectively . The bulk of the rwd lepidolite has 5.5 1 - 
6.53 wt. % Rb&, 1.08-3.23 wt. % C%O and 1.89-8.54 wt. % F, comsponding to 

27-29 at. % interlayer Rb, 3.2-9.4 atm % interlayer Cs and 22-99 at. % anion-site 

F, respectively. One analysis gave 10.51 W. % RbO, 1.59 W. 96 CkO and 7.30 

wt. % F, corresponding to 51 atm % intcrkya Rb, S. 1 at. % intcrlayer Cs and 86 

at.% anion-site F, mpectively. This rcpresents the Rb analogue of Aepidolite. 

Poliucite has the highcst Rb contait known for this mineral, with 2.8 W. % RbO, 

correspondhg to 10 mol. % RbiüSi206 P~trtstra & &mj 1995). 

In order to m s m  accurate results, a s d  cluster of Rb-rich feldspar grains in 

the Kola sample wem u u d  as a standard for Rb, Al and Si. Preliminary analysis 
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indicated no elements v t  othcr than K, Rb, Cs, Al, Si and O. Cwes for 

W.% variations in Ai2@, SiQ, &O and -0 wcrc prrpPrsd paoas the series 

KAlSi,Q - RbAiSi3Q. Using the asswnpîion that &O mcasmmaits ( h m  

20R'ïHO) w u t  Pcaurte, values foi U 2 Q ,  SiQ and -0 wcrc taken from the 

cwes. me value for -0 was comctcd for mina cg0 (ma9urrd using a 

poliucite standard). lbis gave 2.29 &O, 24-44 -0,0.56 Cho, 16.00 AI2Q, 

56.70 S a ,  rum 100 wt. S. Thc rcsuits arc comparpble to thosc obtained using 

Eifd sanidine Md RI@Si@,, glars. Both analfical agproachcs gave good 

agreement with the stoichiomcrric requirtrnents of the general feldspar formula, 

Plthough the latter approafh seems to be somewhat more accurate, azaâ only these 

rcsuits arc reportcd in Figure 4.25 and Table 4.1 1. 

The distribution of P in both generations of feldspar is patchy, but values reach 

0.55 wt.% P20s in microdine. Values for the I d  charge generated by the 

fiamework were caiculated as = (AI-P), for compensation with berlinite 

substitution (AiP)Si,. Valucs of (W) of 0.987(8) and M-ation charge of 

0.987(8) arc quai within moi (Fig. 4.2SA; Tabk 4.11). Data are scattered 

about an average (Si +ZP) value of 3.0130 apfir, md the sum of the monovalent 

Cations is slightly less than 1.0 qpfL (Fig. 4.25B). Substitution of oSi,O, 1s 

negligible ( S 2 mol. 96). Values for Rb an as high as 0.9 1 opjv (Fig. 4.25C). 

The taro generations of feldspv have distinct composition flab1e 4.11). n i e  

microche Iils an average of 26 mol. % Rb-feldspar (range 22-28). nie scattered 

Rb-rich grains have 82 mol.% Rb-feldspar (range 78-91). The Rb-richest 

feldspar, with K as low as 0.07 qfi, has Cs<O.û21 opjt mmsponding to 2.1 

mol. % of a hypotheticaî Cs-ftldspar ad-member (Fig. 4.2SD). The o v e d i  

concentration of Cs in each grneration is similar. 



Fig. 4.24. BSE images of (K-Rb)-feldspar h m  Kola Peninsula: (A) &Rb6) 
microciine (grey) with poilucite (white) and albite (black); (B) kpidolite with 

variable WRb ratio (grey to white) associated with albite (black). 



r Representrtive compoaitiona of (K-Rb)-feldapu 
froar Kola Peninsulr, Russir. 

Atamic contenta bas& on 8 r t o m m  of oxygen 

1 and 2. nicrocline vein i n  pollucite. 
3. Average composition of microcline (24 = 8). 
4 and S. Adularian (Rb,K)-feldapat. 
6. Average compomition of (Rb,R)-feldsprr (N - 9). 



-le 4-11: Reptmmmntative compoaitionm of (K-Rb)-feldmpu 
frooa Kola Peninmula, Rurria. 

oxide 1 2 3 4 S 6 

1 and 2 .  Microclfne vein i n  pol luci te .  
3. Average compo8ition of microcline ( N  = 24;. 
4 &nd 5. Adularian (Rb,K)-feldmpu. 
6. Average composition of (Rb,R)-feldmpu ( N  - 10). 



M-cotion charge (pfu) 

0.96 0.98 1 .O0 1 .O2 1 .O4 

monovalent hi cations (apfu) 

Fi. 4.25. Eiement variation in (K-Rb)-feldspar from the Kola pegmatite: (A) 

(Ai-P) vs. M-cation charge; (B) (Si+ZP) vs. monovalent M cations. Symbols: 

generation 1 ( O )  and genention 2 (e) feldspars (see text for details), and an 

average of all the data (m). Emr bars and substiaitional lines as in Figure 

4.3. 
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Fq. 4.25. Ekment variation in (K-Rb)-feldrpar h m  UK Koia pgmatite: (C) 

K vs. Rb, with a line indiating ZM = 1; @) Cs vs. Rb. 



The Red Cross LpLe pegmatitc swyre is h m  by the Mord lake - Knec Iake 

grraisto~kltexpoS4doatheNEsbmof~CIosr~,NEManitoba.'Ilie 

ua is  surroundad by extensive granitic rcirsiar. Tbc bighiy fiactionated 

poUucitc-knring lcpidolite-subtype pegmrtites arc rb.pred to mylcmitized. High 

d e f o d o n  rrrrsp couscd most primry grains to be roduccû to a fine-graincd 

mosaic of albite + mica * spodumcae a to a schistosc quartz-mica rggrrguc. 

Rare primpry albite has k n t  aibite-twinning. The pegrnatites C O I I ~  spodwiaie 

+ quartz pseudomorphs a f k  primary -te, dong with =hori-elbaite, feruvitc, 

aimandine-spessartllie, beryl, amblygonite and @te. Accessory minerais include 

cassitente, rnanganotantalite, microlitc, wodginitc and rircon (brnf et d 1994). 

The micas are dso exmmely rich in Cs and Rb. Initiai diemical analysis suggests 

that ihc Cs and Rb analogues of both biotitc and lepidolia may have been found, 

as weli as the Rb analogue of phlogopite. The K-feldspy is urtremely rich in Rb 

(5.45 wt. % RbO; &mj7 u al. 1985). Most of the K-feldspar is non--tic and 

coPrsely Bavaicttwinned microciine (with individual nvins to 1 cm in Sue), but 

a slightly perthitic and grid-nvinned Mcroclinc is a h  found lodly (6 &mi 
et d. 1985 for additionai deiails). 

nie foiiowing observations are based on examination of numemus hand 

specimens and 54 thin-sections by opticai microscopy, EMP analysis and BSE 

Uiilging. Covse 1-3 cm-* grains of primary minerais, including K-feldspar, 

pllucite and l es  commoniy amblygonite or beryl, occur locally as aggregatcs 

within the sheareû rock. Thae grains are rotated, broken anci smeared dong 

shear planes. K-feldspaf augai have bevded dges and recrystallized as. 
Grains of K-feldspar d e r  than about 0.5 cm am rather nue, evai in these 

taiis. Ilie (Rb,Cs)-rich micas (and the rare (Rb,K)-feldspar) tend to be assOciated 

with breakdown reactions of blocky nibidian feldspar, and the (Cs,Rb)-rich micas 



tend to k assu&eâ with alteration of pollucitc. 

Consi-te pollucite is prrscnt in the dikes. If 1&rr was orighdly a larg~ 

poiiuciic body aoscat by cm-wide vaaS of coarsc-orpined fddspni, 9- or 

lepidolitc (as at abcr localities of poilucite), evidcrice of this phorneno is not 

preservcd. Augm of primsry poiîucitc (2-3 cm in sizc) amtain mdomlydtnted 

vrinictr of (Cs,Al)-rich poiîucitt + quartz (Fi%. 4.26A). The vcinlet-fodg 

quilibration might have taken place pria to ohear, or it is possible that the 

veiniets may not be oriented regarcifes of the smsp direction because pllucite 

is isotrapic. 

Micas buffered stress m u n d  the brittle poiiucite grains. Thin veins of fine- 

grained mica and spodumene surround and cmss-cut the lenses of pllucite and 

the (Cs, Ai)-nch poliucite veinlets (Fig. 4.26A). The mica and spodumene grains 

within the veins are onented, suggesthg tht they fonned (or tecrysîaUized) 

during shear (Fig. 4.26B). Small grains of near-erid-member poliucite also occur 

throughout the pegmatite, particularly dong the pllucite augen tails, with 

textures suggestive of latestage recrystaühtion dong with albite and spodumene 

(Le.  during and probably also a h  shear deformaiion). Poiiucite augen were 

locaily r e p M  by hydrothefmal assemblages of adulatia (+ randornlyoriented 

cookeite), and by randomly-oriented calcite and quartz. The adularia-forming 

hydrothermal activity proôably postdaîed the main phase of the shearing. Cs-rich 

lepidolite occurs in coolpite and adularia pseudomorphs afkr poiiucite (Fig. 

4.26C; Table 4.13), and adjacent to Cs-rich margins of k r y l  (Fig. 4.26D). The 

core of kryl crystals have 1.23 wt. % Na20 and 1.93 wt. % C%O, and margins 

have 0.23 wt. A Na20 and 5.23 wt. % C%O. 



Fig. 4.26. BSE images of poiiucite from Red Cross Lake: (A) Veinlets of 

(Cs,Al)-rich pllucite (white) + srna grains of quartz (black) in primary 

phcite  (dark grey) crosscut by veins of fine-grain& mica (black); (B) ve 

of fine-grained mica + spodumene outline eyelets of quartz (black) + calc 

(white) pseudomorphs after poîiucite. 



4.26. BSE images of feldspar and mica from Red Cross Lake: (C) 

lepidoiite (white) occurs with cookeite (dark grey) and adularia ( ,  

domorphs after poilucite; @) Cs-rich lepidolite (white) in quartz (g 

adjacent to the Cs-rich maigins of beryl (Light grey). 
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Th Bavamhvinned K-feldspar (Bav-f-) is grcy in hand speçima, and 

ic süghtly translucent with minimal porosity. The microcli9e-nivinned K-feldspnr 

(microche-fcidspu) is mmatled gy-white to plle rd in had rpcimen and is 

somewhat *id and porous; albite micmlamellae (up to 2 pm Un&) arc rare. 

K-feldsppr with welldeveiopeû cross-hatched twinning is ICStticted to Rb-poot 

g r a h  (No.1 in Tabk 4.12) found MW a fnv cm of WBUCOCk contacts. 

BSE imaging shows that the Eavcno~feld~pnr U compositionally homogeneous, 

whereas the mic~ocline-feldspar b slightly heterogenmus. The two feldspars have 

simîlar Rb content, but the BSE grcy-lm1 of the Baveno ftldspar is lghtly 

higher than that of the microche-feldspar. Anaiysis reveah compositional 

ciifferences betweeri the Bovaw, and microcline feldspars. nie Baveno feldfpar 

has higher contentsof Na20(>0.2 W.%), S i 4  (>62 W.%), P205 (>0.3 W.%) 

and lower CM (average 0.990 opfi) than the mictoclint-feldspu (Fig .4.27A-F) . 

A smaller compositionaî range is found for the Baveno feldspar rtun for the 

microcline-feldspar, particulady for Na, Cs, Si and P. This may be due to fluid 

interaction during formation of microcline (and during albite exsolution) resulting 

in incrased porosity. Values for RbO, AiZ% and K20 arc similar for hoth 

feldspars. M'tion sums for microche are clustered ncar 1.000 qfi, and M- 

cation sums for the Baveno feldspar are clustemû near 0.985 opjv (Fig. 4.27E; 

Table 4.12). This di f fmna may be accuunted for by the pte~ence of an average 

of 0.015 ppfi Li in the Eaveno feldspar and no Li in the rnicroclinc feldspai. The 

c m t  EhdP-estimated Li contents are in close agreement with emlier estimates 

made using tugtupite, kucitc and Rb,ZnSi& as standards to analyse RCL 

micmcline (Table 3.8). and with values h m  buik chernid analysis (&mf cf 01. 

1985). 



Overail, both varieties of blocky K-feldspar have a limiW compositional range 

and negiigible aiteration. Fine-graincd crushed K-felâspw h rue in ali the 

~mples d e d ,  iddudiag augm tails. As a result of shear-related 

r a ~ r y s U i d 0 ~ 1  rieactims, the blocky K-feldspar ir repliuuR dong its margins by 

a schistost pggrr%atc of mica + quPrtz + albite f Pdularia. Margins of K- 

fddspar are typically fcplal.PA by lsscmbiages of OrMp adularia, m-oriented 

cookeite and larc (Rb,Cs)-rich mica (f quark, albite, calcite, @te) (Fig. 

4.28A-D). By-and-iarge, tbesc d o n s  gcnerated (Rb,Cs)-ridi mica (f 

aduiaria) rather thaD (Rb,K)-feldspar (+ dularia). Rare (Rb,K)-feldspar (+ 
cookcite) foms by mction of microche margins (Fg. 4.28B) and 

coprecipitation with adularia (Fig .4.28C). (Rb,Cs)-rich micas formed by reaction 

of primary mica with late duid (Fig. 4.28A,D), or by coprecipitation with 

cookeite and adularia (Fig. 4.288). Textural observations suggest that the 

reaction (&.uRbo.ii)AlSi308 - m S i 3 0 8  (adularia) + @b,K)-mica + S i 4  

(quartz) was important. 

Data for (AL-P) opft W. M d o n  chargepfi (Fig. 4.29A) suggest substitution of 

0.02-0.04 atom of Li opfL in the Baveno-twinned feldspar, with average values 

(Table 4.12) si& to the amounts documentcd by bulk chernical analysis (Grni 
et ol. 1985). Minor Sr and Ba w u  detected by EMP analysis gable 4.12). A plot 

of (Si+2P) vs. the sum of monovalent Mations suggests that the OSi,O, 

substitution, if present, is limited to l e s  than 2 mol. R (Fig .4.29B). Adularia has 

a wide range of (Si+ZP) and may have up to 5 at. % light-element M-cation 

substitution. The primary feldspat has a rather limitcd compositional range (Fig. 

4.28C); average vdues arc givm in Table 4.12. (Rb,K)-feldspar rims on 

microcline and coprecipitatts with adulMn have similar compositional ranges, 

with 55-85 mol. % RbAlSi30, (Fig. 4.29C). Cs cuncenüations incnase with 

increasing Rb, but do not exceed 2 mol. 96 CsAiSi30, (Fig. 4.29D). 



Fige 427e Variation in chernical composition of Bavaio-twinncd (I) and 

microdine-twinned ( O ) blocky @,Rb)-feldspar h m  Red Cross Lah: (A) 

Na20 W. Si@; (B) Cc0 W. SiQ; (C) P205 W. SiQ; (D) Sr0 m. SiQ. 
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Flg. 4.27. VPnMion in chernid composition of Bavmo-twinned (m) and 

microdine-twinned (O )  blocky (K,Rb)-feldspar from Red Cross Lake: (E) W 

W. Si@; (F) monovalent M cations vs. (Si+ZP). 



Fig. 4.28. BSE images of feldspar and mica from Red Cross Lake: (A) 

porosity Baveno-twinned (K,Rb)-feldspar (grey) replaced by albite @lac 

adularia (dark grey). Exposed portions of pnmary, mned muscovite (da 

grey) - lepidolite (iight grey) are enriched in Rb (white); (B) Rb-rich mi 

(white) of porous microcline-twimed (K,Rb)-feldspar Wght grey) replac 

adularia (grey), cookeite (dark grey) and Rb-rich lepidolite (white). 

w- 

and 

ins 

by 



Ftg. 4.28. BSE images of feldspar and mica from Red Cross (C) Rb- 

rich feldspar (white) hosted by Rb-free adularia (+ quartz and albite, black) is 

rare at Red Cross Lake, Rb-rich margins of muscovite-lepidolite grains are 

common; @) Rb-rich margin (white) of lepidolite (grey) in adularia-aibite 

matrix (grey-blac k) . 



=le 4 . ut Repramentative compoaitionm o f  (K-Rb) -f eldmpar 
ftocn Reâ Cromm Lake, nuritobr. 

oxide 1 2 3 4 S 6 

Atauic contenta bamed on 8 atm8 o f  oxygen 

1. Uicrocline near wallrock contact. 
2.  Averagm composition of Baveno-twinned It-feldmprt ( N  - 15) .  
3.  Averagm c o a p s i t i o n  of microcline-twinned If8 (N  = 1 7 ) .  
4.  (Rb,K)-faldrpar muginm o f  microcline. 
5, Lat. r d u l u i a .  
6. (Rb,R)-feldmprr amaociated with adularia + c m k e i t e .  



oxide 1 2 3 4 5 6 7 8 

1, 2 and 3. Muscovite, lepidolitm 8nd Rb-rich t i p  (Fig.  4.2815). 
4 and 5 .  k p i d o l i t e  cor. and Cm-rich t i p  ( F i g .  4.28D). 
6. Rb-rich Lepidolit. i n  cookeitm (Fig .  4.288).  
7 .  Cs-rich l e p i d o l i t e  near Cm-rich beryl  (Fig. 4.260) .  
8 .  (Cm,Rb)-rFch lmpidolite rmplacing p o l l u c i t e  (Fig.  4.26C). 
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0.94 0.96 0.98 1.00 1.02 1.04 

M-cation charge (pfu) 

monovalent M cations (apfu) 

Fig. 4.29. Element variation in (K-Rb)-feldspar from Red Cross Lake: (A) 

(M) vs. Mation charge; (B) (Si +2P) vs. monovalent M cations. S ymbols: 

microche near wallrock ( +), blocky Baveno- (A) and microcline- (0) 

nKinned K-feldspar and associated (Rb,K)-feldspar (a). late adularia ( O ) and 

associated (Rb,K)-feldspar (@). Error ban, substitutional lines as in Figure 4.3. 



Rb (opfu) 

0.001@1 
0.0 0.2 0.4 0. 6 0.8 1 .O 

Rb (apfu) 

Fig. 4.29. Ekment variation in (K-Rb)-feldspar fiom Red Cross Lake: (C) K 

vs. Rb, with a line indicating CM = 1; @) Cs vs. Rb. 



@C,Rb)-fddspy occuts as a primary miaaPl which may crystallize at 

appmximately the same time as pollucite (i. c , a Istt, new-solidus rcgime). VQN 

of felâspar whicû crosscut poilucite most M y  f o d  under subsoiidus 

conditions. Luw-tempaanirc feldspat (adularia) which metasomatically replaces 

pollucite b ossocmtcd with the formation of end-manber pllucite at about MO- 

2ûû°C (Teertstra & b m f  1995). At lowcr tempcrahire (- 150-100°C), pllucite 

adjawnt to dularia undagoes cation-exchange to analcime, with subsequent 

leaching and repwment by chy mUiaals. As a guide to the foilowing sections, 

correspondence of the chemicai-texturai mequilibration of pdlucite with its 

sequence of alteration including K-feldspar is given in Figure 4.30. A discussion 

of the alteration sequence of pollucite as it relates to the reactions of (&Rb)- 

feldspar is piven in Ch. 6.4. Use of the term "adulariaa is dirussed in Ch. 6.5. 

The following sections contain notes on feldspar sssocinted with pollucite from 

a variety of localities. in many cases, insufficient sample is availahle to elucidate 

detailed reiationohips b a n  various generations of feidspar and the alteration 

sequcnct of pollucite. Consequentiy, obscmations of the compositionai variations 

of &,Rb)-felbpar am usullly limited, and a APtailed examination (and a chapter 

subsection) is not warranted. The opmples of pollucitc h m  the United States am 

d d b e d  in Teertstra (1991) and those from Africa are described in Teertstra & 

&mi (1997). Minor e1ernent.s not refaed to in the text were not detected in 

EMP analysis; others are given as wt. % oxides. 
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4 - 2  k b i r  

veining by, and 
ALTERATION to 
other minesals 

- 
of pollucite 

w i d e  veins of 
coarse-grained 
Qtz, Lpd, Kfs, Ab \ Na, Si-enriched + 

Cs, Al-enriched 
blebs / 

thin veins of Cs,Al-rich veinlets 
fine-grained (* W-z) 

m, spd (f Na,Si-enriched flanks) 

Kfs f Ab + end-member pollucite - 3 0 0 - 2 o o a c  
v 

analcimization + leaching - 1 s o - 1 o o ~ c  
v 

replacement by clay minerals l o o O c  
v 

weathering (dissolution) r i b i e n t  P , T  

Elg. 4 3 .  Conelafion of the alteration sequma of pdlucite O&) with its 

chernical-texturai rcequilibration (right) and showing the association of laa K- 
felâspar (Kf) with end-member poiîucite at about 300-2û0°C. 
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Poiiucite (sunple PA-005) h m  the Tamminen Quuy, Greenwood, MWK, is 

cr06scut by a 1-2 mm-wide vcin of microcline, and later v&s of fine-grained 

mica + spodumene. lnc feldspar is homogenaow in BSE images. EMP analysis 

of the rnicroclinc gives compositionai ranges of O. l4-O.91 wt. % N+O, 0.62-1.87 

RqO,0.09-0.29 C%O and 0.424.50 P205. 

Poiiucitc (PA-078) h m  near Nocway, Maine, contains clusters of adularia with 

0.60-1.80 -0, 0.060.38 C%O and 0.0479 W.% P205. n i e  clusters contain 

about 30 vol. % inclusions of poliucite. The adularia is light b m  in thin section 

(non-pI80chroic) and grains are untwinned (0.5-1.0 mm grain size). 

A second locality of poilucite (PA-031) h m  near Norway, Maine, conpins a 

vein of mictocline with O. 18-0.81 wt. % Na,O, 0.51-0.80 RbO, 0.25 C%O and 

O. 60.0.64 P205, as weîi as late adularia containhg up to 75 % poilucite inclusions 

(most < 2 ~ m  in sk) with 1.23-2.29 wt. 96 -0 and 0.12-0.22 C m .  

Poilucite (PA-026) h m  the BB #7 Mine, Nomy, W e ,  has thin veins of mica 

+ spodumene, overpwn by Or,, aduiaria. 

Poliucite (PA-139) from the Wdden Cern Mioc, Connecticut, contains 0.5 mm 

clusters of adularia with 50% poilucite inclusions (+ apatite) with 1.34-2.24 

wt. 96 R b 0  and 0.04-0.13 C%O. 

Poilucite (PA-020) h m  Leomhstew, Massachusetts, contains 0.5 mm-size 

overgrowths of adularia (f mica and @te) on albite. Adukria has 

0.024.09 W.% Na,O, 0.42-0.47 RbO, 0.104.18 Ce0 and 0.034.13 PiOs. 



Pollucitc (PA-026) h m  Old Tom Mt., Grrenwood, Maine, contains cluters of 

adulvk up to 2 mm in size, with abundant pllucite inclusions. Poilucite adjacent 

to the adulnria has end-member composition (sec Tœrtstra k &mf 1995 for 

daail). The adularia U mai: the main (me) a m  has 0.61.8 wt.% -0 and 

0.04.55 -0; the rim has 6-13 wt. % -0. ùisufficimt matmiai was available 

for dctailcd @y& the Rb-richest mataial occiipur dimimlin . . .  gly m volurne 

(< Spm9m)comparcdtothemainsdulMz 

Poiiucitc (PA-OSO) from Bmwn Derby, Colorado, has anrse grains of lepidolite 

and fine veins of mica, both overgrown by adularia. The composition of the 

adularia (0.19-0.38 wt.96 BaO, 0.05-0.12 N%O and 0 . 0 . 4 2  CkO) is very 

simiîar to the massive adularia analysed in Ch. 4.1 which pmbably replaces K- 

feldspar. 

AdUlMI replacing pollucite at BMta, Zimbabm, has 2.87-9.57 wt. 96 R b 0  and 

0.19-0.36 C%O, corresponding to 9-29 mol. % Rb-feldspar. 

K-feldspar associated with poiiucite at the Benson #l Zimbabwe, pegrnatite has 

0.124.16 wt. % Na,O, 2.75-4.45 RbO, 0.29 C%O and 0.0-0.24 P205. 

Microdine associated with pollucite h m  Heiikon, Namibia, has 0.21 wt. 96 

N%O, 1.12 RbO, 0.30 C%O and 0.41 P205. Altasd margins of the microcline 

are Rb-enriched, with up to 8.55 R b 0  and 0.28 Cho, corresponding to 28 

mol. % Rb-feldspar. Late adularia has 1 -%6.O2 W. % &O and 0 .10 .26  C%O, 

corresponding to 619 mol. % Rb-feldspar. 
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Poilucite from the Eimaiaya Dike, WOnila ,  contaias a large (3 mm diameter) 

grain of ûr,* dularia, but this laally contpins Rb-rich areas witb 3.45 -0 

and 0.19 Cs@. 

MiczDcline Mias  in pllucite h m  Vïîtademi, Oiivcsi, Fialand, have 0.14-0.20 

W.% N%O, 0.664.7'7 -0, 0.11423 C%O a d  0.484.60 P205. M W  i~ 

rciaîivdy b o m o g ~  witb 0.11 wt.5 N&O, 2.08 -0,0.23 -0 and 0.62 

P2OS; however, volumetridy minor late ovetgrowths have an Or, composition. 

a d u U  repiacing poiiucite h m  Hanpaluomi, Per&ehlijOki, Finland, 

coprecipitated with albite and contains small grains of mica and apatite. PNMty 

feldspar acsociated with the polîucite ha9 0.16 wt. % Na20. 0.06 RbO, 0.23 C%O 

and 0.05 P2OS. Details concerning pollucite and its alteration in Finnish 

pegmatites is given in Teertstra et ui. (1993). 

Adulvia rephcing pollucite h m  Van~trasL, Sweden, has traw Rb and Ba. 

Analysis of amamnite h m  Nykophgsgcuvan, Ut& Sweden, by Sundius (1952) 

gave 2.54 W.% RbO. AdulaM repïacing poilucite from Ut6 varies in 

composition h m  Or,m to Ba-rich (0.10-1.06 &O); individual grains have a 

variation in Rb0 of 4-9 wt.% and C%O of 0.0-0.38 wt. % (Fig. 4.31A.B). A 

iarpe proportion of the adularia has &16 mol. % RqO, with locpl utremes to 30 

mol. % (about 10 wt. 96 RbO). 'ïhe alteraîion of pollucite from Swedish localities 

is aven in Tertstra et al. (1996). 



4.31. BSE images of feldspar h m  U16, Sweden: (A) highly prou 

able adularia (dark to light grey); (B) Adularia (grey) with locally el 

:white) in analcime-poiiucite (grey to white gradation). 

s Rb- 

.evated 



Poilucite from Ambatonfimondmhana, Maclagascar, is cut by veins of microche 

with 0.20 wt.% NhO, 0.77 R b 0  rnd 0.25 C&O. Ad* tus variable Ba: 

crystal cores axe Ba-fiee with 1.26 -0, but rims are Rb-fiee with up to 8 wt. % 

Ba0 (28 mol. % Cn). End-membcr poilucite occurs at this l d t y  (Tecrtstra & 

&rnf 1995). 

AdulPrian K-feldspar rcpiacing pllucite or a l d t y  in East Sfberia (smple PA- 

171) bas 0.19 wt. % Na20, 2.37 -0, 0.30 C%O and 0.57 P205. 

Adularia replacing poilucite fiom SuSice, Cædi Republic, has 0.10 wt. % Na@, 

0.17-0.24 R b 0  and O. 11 Cho. 

Microcline associated with pllucite from Nov6 V s  u bskebo Knimlova has 

0.40 wt. % NhO, 0.71 RbO, 0.26 C%O and 0.41 P205. Poilucite and its 

alteration has b a n  describeû fkom several bcaiities in the Czech Republic 

(Teertstra et ai. 1995b). 

A vein of microcline cutting poliucite h m  the Mongoïhm Abai Y 1  pegmatite, 

China, has O. 11 wt. % Na20, 2.04 RbO, 0.20 Cs,O and 0.10 P2OS. Adularia (* 

cookeite) replacing poiiucite from the MA #3 pegmatite has 0.97-1.19 wt. % R b 0  

and 0.14-0.27 C%O. Microcline adjacent u> poliucite from the MA #83 pegmatite 

has 0.134.15 W.% Na20, 1.28-1.73 Rb0 and 0.12-0.25 C&O. 

Aduiaria replacing pllucite h m  the surfâce of veins of mica and spodumene 

fiom the Vaior pegmatitc, Queôec, contains abundant microinclusions of poîiucite 

and cookeite. Rb and Cs inaease h m  con to nm, with 4.168.86 wt. % R b 0  

and 0.19-1 .O7 C%O, corrcsponding to 12-27 mol. % Rb-feldspar. The gedogy and 

minenlogy of the pegmatites in the Prcissac-Lacorne a m ,  including the Valor 

prospect, has been described by Mulja et aL (1995, 1996). 



The poliucite-bearing Tot h k e  pegmatitc is located in Webb township about 30 

km NE of Dryden, Ontario, 5 km WE of Guilwhg Lake and 1 km SW of Tot 

Lake (Taylor et 01. 1992). The pqpatite is about 5 m thick at a depth of 20 m 
behw the nufPet ad it pincheo out at a @th of 43 m (Ucahiwun 1981). It has 

poorly dcvdaped interna zonation witô î k  e x c e p h  of a quartz torr, ta#ablt 

aîong the 25 m hgth of pegmafitc expoasd at the Surfact. The sbap is bilobatt. 

Most of the poiiucite occurs in the SW lok ryoclltcd with spodumene, quartz, 

aibitc, mica and kryl. Some is foupd in the ca~rn l  amüicted zone, but pdlucite 

is absent h m  the aibite-nch NW lobe. Aacsmry minerals include mlumbite- 

tantalite, ~urmaiine, @te, JpessPrtine, caicite and sphalcritc. F i d y  fibmus 

holmquistite occurs in the exocontact amphibolitc (ücahiwun 198 1, Breaks 1989). 

Microcline in contact with poilucite bas 0.324.40 wt. % Na20, 1.75-2.72 RbO, 

0.30-0.36 C60  and 0.03-0.27 P205. Areas of the microdine are clearly 

reequilibrated, as indicated by the development of porosity, alteration by mica, 

and l d y  elevated Rb contents (Fig . 4.32A). These Rb-richer areas have 0.05- 

0.09 M. % Na20, 4.2@6.65 RbO, 0.08-0.1 1 Ch0 and 0.0-0.05 P2OS. Adularia 

replaciig poilucite shows a squence of crystaliization Ymüar to that observed a 
the Morrua Mine: (1) the are has variable WIU> with 4.28-7.16 wt. % Rb0 and 

0.07-0.18 C%O; (2) high Rbcnrichment marks the end o f  the tore-zone 

crysWizttion with 12.34-16.32 W. % Rb0 and O. l4-O.J C@; (3) Or,, 

aduiaria (with variable BaOSO.6 W.%) occurs adjacent to Na-exchanged 

poiiucitt (Fig. 4.328). The highest Rb value corresponds to 54 mol. % Rb- 

feldspar. InsuffiCient micfocline was found @ association with the poiiucite 

samples to warrant detaifcd investigation, but evai these limited observations 

suggest that intereshg resdts could k obtwied on examination of additional 

materiai. 



Fig. 4.32. BSE images of feldspar fiom Tot Lake, Ontario. (A) 

homogeneous (K,Rb)-feldspar (lefi) replaced with porous higher-Rb feldspar 

associated with mica (+ interlayer apatite); (B) Rb-variable adularia (grey to 

white) overgrowth on albite (top, black) with a late overgrowth of Rb-- 

adularia (dark grey) associated with analcimization of pllucite (bottom. grey 

to white). 



The reactions genemkg lptc (K-Rb)-fddspars and the mequilibration of pllucite 

indicate suôstantial latchydrothermal activity of Rb and Cs. The inteasity of 
alteration and &on of K-feidspar, poiiucite, mica and lithium aluminosiiicates 

varies widcly among pegmatitcs and within cowr of individual pegrnatites, and 

extends oD low temperaaire. In this section, 1 documcat (1) the cvolving NPlCs 

ratio of Uc fluids as r#~)rded in the fine-de mning of cesian analcime at 

Gremwood and Tanco; (2) the variable Rb and Cs activity of lue fluids 

generating mica-group minerais at s e v d  l d t i e s ;  (3) an occumnce of Cs-rich 

clay mineralsi fomed at T<200°C; (4) an occunenot of a Cs-rich zeolite- 

group(?) mineral assoCiated with cesiui anaicime which replaces petaiite at 

Luolamaki, Finland. 

Patterns of zawig in cesian analcime are among the most compler in any 

mineml y# examined. Euh- crystals of cesian analcime were fint found and 

described from 'alpine-veina assembiages within the spodumene-rich zones from 

the Tana, pegmatite, SE Manitoba ( h i  1972). TO date, however, cesian 

analcime has not been describeci h m  additional localities. However, because 

primary poilucite is consistentiy anhedraî, any occunences of euhedral Na-nch 

crystals are potaitialy those of cesian analcime (Smeds k &mf 1989, Tertstra 

& terni 1992). This description is similPr to that of Richmond & Gonyer (1938). 

who hd described from Greenwood, Maine? an early generation of massive 

gran* poilucite (with bullt CRK = lW(Cs + Rb + K)/Z cations = 83), 

overgiown by euhedral apoilucite' crystals which are richer in sodium (with bulk 

CRK = 55; iabelied Cesan Malgrne in Table 4.14). This material was re- 
investigated and both primary poliucitc (this study, No.3 in Table 4.14) and 

secondary cesian anaicime (describecl behw) w m  found. 



=lm 4.1+: Raportod bu lk  compomitionm of camiur ani lchno 
and p o l l u c i t o  from Greonwood, Maina and Tuico, Manitoba. 

1. Cemian unlchm (Graenwood B; Richmond & Gonyar 1938). 
2. Po l luc i t o  Graenwood At Richmond C Gonyos 1938)- 
3. Avorrge (EXPt#=7) of Groanwood po l luc i t a  (thim mtudy). 
4 and 5. Cemian uralcL. (Trnco Il and #2 of b r n i  1972). 
6. T u i c o  po l luc i to  (Bmnnington at a l .  (1983). Othor compomitionm 
u a  m L m i l u :  Si/Al 2.55 CRlt 81.9 ( N i c k . 1  1961); Si /Al  2.51 CRK 
79.3, 2.58 and 73.3, 2-38 and  73.8 (&rai C SLpmon 1978). 



Poîistied sections of gcneraiiyoriaitad crystais w m  picparrd and analyscd using 

a CAMECA SX-H) elmm miauprobe and ushg the P M  reductiosi pracedure 

of Pouchou & Pichoir (1985). Back-scattcd dectron @SE) imaging wy used 

to dect points for analysis. For compositions nch in Cs (CRK > 50), major 

elemcnts w e n  measufdd using 15 kV, 20 nA, a beam size of 5 pm and count 

tùaes of 20 s (baclrgrwnd 10 s). Stlndords usrd w m  pollucite (Al Ka, Si Ka, 

and Cs La) and albite (Na Ka). Miaot elerncnts w a e  deZmniacd using 15 kV, 

40 nA, a b a n  size of S pm and caiat times of 50 s (background 25 s). Standards 

used were rubidian rnicmcline (Rb La), orthoclaSc (Fe Ka and K Ka), anorthite 

(Ca Ka) and Mnadium diphosphate (P Ka). 

For compositions ridi in Na (CRIC < 50). major elements were measwed ushg 

15 kV, 10 nA, a beam size of 20 pm and cauit times of 20 s (background 10 s). 

Due to strong interactions of the electron beam with analcime, these conditions 

were necessary to reduce variation in X-my counts. The main problem is loss of 

Na counts with time, probably due to diffusion of Na out of the analyscd volume. 

Standards used were albite (Na Ka, Al Ka, and Si Ka) and pollucite (Cs La). 

Minor elernents (Rb, Fe, K, Ca, and P) were determined using 15 kV, 10 nA, 

a beam siEe of 20 pm, count rimes of 50 s (background 25 s) and the same 

standards as above. 

Results of the analysis were recaicuiatcd to ltomc contents on the basis of six 

atoms of oxygen pa anhydrous fonnuia unit. The CRK index w u  calculated as 

loo(Cs + Rb + K)/L cations ( b n f  1974), where Z d o n s  = (Li) + Na + Ca 

+ Cs + Rb + K. The CRK index is based on assignmcnt of the relatively large 

Cs+, Rb+, and K+ cations to the 1 8  site which also hosts molecular H20, a d  

usignment of the smaller Na+ and Ca* cations to the 24c site (accordhg to 

Beger's (1969) crystal-structure determination of pollucite). 
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Thc Gmenwooà, Maine, sampIes (one labelled Hanmi #94791, and an 

pgprrgate of euhednl cxystals labeîied Hywd #9463û sscoadaq) arc fiom the 

Tammhen quarry, Noym Mountain. The HyVprd Y94791 sample was idcatined 

Y poiiucite; it is imotropic, Mhedrpl and mostïy homogc11eous in composition. 

SUU ranges h m  2.46 to 2.51 and CRK from 75.8 to 80.6; an average 

composition is rcported in Table 4.13 and the range is diown as a rectangle in 

Figure 4.34. Along fractures and adjacent to vehs of finograineci mica and 

Jpodumene, pliucitt is l d y  Na-exchangcd at constant SVAI, with CRK 

deucasing to as low as 67. The texturial relationships betwan poiîucitc and cesian 

anaicime are not known: no cesian analcime was found within the sample of 

primafy pllucite or vice-versa. The euhednu crystals were identifiai as cesian 

analcime, Psçoaatcd with fine-gniaed quartz and a light conting of white-bbuff 

clay minesais. As in Richmond & Gonyer's (1938) original description, the 

crystals are birefiingcnt and replace petalite. 

Zoning of cesian analcime is due to variation in NdCs and SI/Al. The bulk of the 

Greenwood crystals arc homogaieous (with CRIC - 60) to modestiy zoned (with 

SüAI variable h m  2.60 to 2.75; main grey areas in Figs. 4.33A. B). A minor 

volume of the crystals is occupied by CRK-high Si/Al-low zones with CRK 

variable from 62 to 66 a d  SVAI variable fiom 2.35 to 2.55 (white areas in Figs. 

4.33A. B; detaiis of the lamellar-zoned structure is givm in Figs. 4.33C, D). 

These zones sccm to have crystaibd at the m e  time as the bulk of the 
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homogeneous to modestiy-med yas, and these fonn a liaar compositional 

trend (Fig. 4.34). 

A stage of high-CRK ctys-on followed, g c n d g  compositions similat to 

that of the primary pilucite (Fig. 4.33E). Howevcr, compnrrd to the primary 

pollucitt, this material bas a wida compositionai range (Fig. 4.34) Md k k s  

signifiant Rb or P (Table 4.15). The final phase of crystallization shows the 

CMC features of oscillatory zoning (Fig. 4.33F). This is definecl mainly by 

cyclic variation in CRIC within a trend of bmadly decreasing Cs concentration 

toward outer nms of anaicime. Then are rrlatively minor variations in SVAI 

which contribute additional complexity to the nning. The unie boundaries vary 

h m  sharp to gradational, and parts of the zona1 sequence show oscillatory 

features. 

AU the above generations are locaiiy overprinted by anaicimization (decreasing 

CRK at constant Si/Al). 



Fig. 4.33. BSE images of cesian anaicime from Greenwood, Maine: (A) and 

(B) Zones of high-CRK low-SVAi (white) occur in cesian anaicime with 

slightiy lower CRK and higher SVAI ratio (variable grey); (B) Analcimilation 

(black) affixts ali generations of cesian analcime. 



Fig. 4.33. BSE images of cesian analcime from Greenwood, Maine: (C) and 

(D) Complex zonation within the high-CRK low-Si/Al zones of cesian 

analcime. The zonation is pnmarily due to variation in SilAl ratio. 



Fig. 4.33. BSE images of cesian analcime h m  Greenwood, Maine: (E) An 

outer nm of poilucite (white, right) is developed on the main-phase cesian 

analcime; (F) Oscillatory zonation in the final stage of crystallization with 

variable SVAi and a broad trend of decreasing Cs (decreasing grey levels from 

top nght io lower lefi). 



=le 4 . 15 : Raprementative compomition8 of cemian analcima 
from Grmnwood, Haine. 

Atoaiic contenta  bamed on 6 atomm o f  oxygen 

50. Main phame of  crymta l l i z r t ion ;  zone with low Si/?& 
53. na in  phare of crymtal l iza t ion;  zone with h igh  SF/Al. 
49. High-CRJt low Si/Al zone i n  main phrme. 
67. High-CEIK p o l l u c i t e - l i b  phrme. 
87. F ina l  Na-rich overgrowth; zone with low Cm content .  
101. F ina l  Na-rich overgtowth; zone with high Ca content. 



Eïg. 4.34. SUA1 vs. CRK of cesian analcime from Gmwood,  Maine. nie 
open mctangie indicates the composition of primary poliucite h m  this 

locality. SymboIs indiCate the mPin phPse (9, g n ~  of Fig. 4.33A,B), the high- 

CRK low-SüAl zones (m, white of Fig. 4.33A,B, main area of Fig. 

4.33C,D), the poUuci~likic compositions (A), and the oscillatory wnîng 

which exhibits variabie SilAl at deaeasing CRK (* , Fig. 4.33F). Opai 

symbo1s indicate arcas affeted by late analcirnization. 
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Euhedral single crystais of ceJian andcime w a e  avninsd h m  scveral locations 

within the pdlucitc-btaring TMCO pepmvite, rmioly h m  the rrpodumene-rich 

zones. The birefiingait ctystals have ttapeu,hdral (21 1) morphoiogy, localiy 

with subordinate cube (10 )  faca. Compositid zonhg in individuai aystals 

is indimteA by distinct variations in refiactive index. Auaiatcd minerals 

including adularia weie described by bji (1972) who llso detcrmincd bulk 

compositions of some of the ccsian anaïcime crystals (Taôle 4.14); compositional 

arid smichinl properties of the aduiaria arc givcn h t n  (Ch. 4.1, Ch. 5.). 

Compositional mning ~ecording sequentiai growth from corc to rim is defined by 

major-clement variation in NaKs and SiIAi. Time-cquivaknt conccntric zones 

can usuaiiy k traccd h m  fector to star paralie1 to {211) faces using BSE 

images (Fig. 4.35A. B); however, complex optical pmperties aiso indicate 

differing structural properties between zones. Gmwth on {lm} is not apparent 

by BSE imaging of cross-sections; mther, kces of high index (but near the 

dominant (21 1) growth direction) secm to k common. In addition to cancentric 

and sectoral mning, laterai variation in composition within a m e  (tetmed 

intraS4ctora.i mning) is prisait. Dinering composition at the junctions of growth 

sectors indicates the growth-sector boudaries (e-g., Fig. 4.35B). Among mned 

crystals of any mineral, intrasectoral d g  h a  been describexi only in alcite 

(Paquette & Rada 1990). What mPlteJ the T~na,  crystaïs unique is that a fine 

moiré pattern is present, overlaying the concentric zones and intrasectoral ÿoning 

(Fig . 4 .  #A, B) indicating compositionally anisotropic growtb in thme directions. 
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The core of m a t  crystals (Fig. 4.35A-D) has CRK - 40 with a compositionally- 

modcst d g  pottan denaed by variable SVAI ratio (2.20 to 2.35; Fig. 4.36). 

Suôquent cryrilllintiai pmcœrkd with an iacrcPse in CRIC to 53 aad SVAI 

variable between 2.35 and 2.40. A minor paiod of crystailidon gaierated a 

CRK - 70 composition plong fncturro (Fig. 4.3s). Foilowing this, zona1 

c r y s ~ o n  procecded with incfcasing SuAl (as high as 2.50) and deaeashg 

CRIE (reduced to values as low as 40, âark of Fi. 4.35F). F i  stages of 

crystaühtion (Fig. 4.35 A-D) p d e d  with variable SUAI and demeashg 

CRK. Outer rims saw a decrease of SiIAi to values as low as 2.05 while CRIC 

decrrssed from 30 to nearly 0.0 (compositions closely ipproach the ideal-formula 

anaicime composition). 

AU the above generations were subject to late local anaicimization; however, the 

cation exchange was restncted to fracnirc surfaces. Features suggestive of 

recrystalihtion or replacement are absait or rare. A blebby stmcture is locally 

pxesent and seems to cmsscut zones (Fig. 4.35C). The features could represent 

change from a linear to an inegular growth-sector boundary rather than 

seplacement. Wh- the mning patterns of individuai crystals from the same 

leaching cavity semn identicai, crystals from diffemt mg locations have 

diffacnt patterns. Nevcrtheless, aü compositional trends fall on some part of the 

general evolutionary path (Fig. 4.36). Additional information could be gained on 

examination of SpCcificaIly-oricnted crystals. 
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The evolution of CdNa and SüAl ratios in fluid of the leaching cavity is recorded 

in the detailed conmtric, scctoral and inttas4ctoral mning of cesian analcime 

crystals. It is rrmykable that the two l d t i e s  cxamined have such a pimiLr 

evolutionary puh. This simiIanty may indicatc a typicai low-tempaature 

evolution of pegrnatitic fluids. The source of cesium in thesc latc fluids (and the 

dcvclopmcnt of CsNa ratios h tirne) may k rcîateâ m scquenas of 

fed~uiiibration and alteration of poliucitc. The crystals probably f o d  owr a 

long pcriod of time, weli lfta consoiidation of primary un&. For analcime to 

form (rather than albite), pressures of l e s  than 3-4 Id>u at T<200°C are 

required (Campbedl & Fyfe 1965). 

Concentric mning in (2 11) growth sectors records the main evolutionary features 

of crystaiüzation (at both localities): (i) the initial stage and bulk of the growth 

occumd with CRK of 55-65 and SUAI of 2.3-2.7; (ii) during a brief period, 

pllucite-like wmpositions formed with CRIC of 78-82 and SVAI of 2.4-2.5; (fi) 

CRIC continually decnared at a constant SUAI of 2.4 to 2.5; (iv) during final 

gmwth, compositions with CRK < 20 devtloped to end-memkr analcime with 

SVAI nearing 2.0. This general pattern of evolution is obsmed at bth localities; 

howeva. roning in individuai crystals has additionai compIexity. CRK and SUAI 

dina between (21 1) and other higher-index fonns. Within one form, there are 

lateral variations in the composition of a zone: this is only the second documented 

case of "intrasectoral zoIiinga. In addition, a fine-sale moiré pattern is 

superimposeû across the concentric zoning and ovcr the intrasec:toral m h g .  This 

indicaies compositional variation in thme diriactions during anisotropic crystal 

g r o h *  



Fig. 4.35. BSE images of cesian analcime fkom Tanco, Manitoba: (A) and (B) 

The outer zone of mat crystals h a  concentric zoning parallel to crystal faces. 

Because of lateal variation in NdCs and SVAI, gmwth-sector boundaries are 

weil-defhed some cases and hidden in others. Lateral variations in 

composition within individual zones of a sector indicate intrasectoral zoning. 



Fig . 
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cryst 

varia 

zone 

.35. BSE images of cesian analcime fkom Tanco, Manitoba: (C) 

lex zoning with irregular boundaries (patchy, darL grey) p r d e d  

Llization of outer (2 11) zones; O) Extremely complex composition 

on of core zones, with clearly-defied growth-sector boundaries in 



Fîg. 4.35. BSE images of cesian analcime h m  Tanco, Manitoba: (E) Cesium- 

exchange dong a fracture in cesian analcime, generating poliucite-like 

compositions; (F) The Cs-rich core of sample CsA, with minor andcimization 

dong fractures. 



Tnplo 4-16: R.preiontativ+ coarpomitionm of  cemian analcimm 
from Tanco, Xanitobr. 

37. Core of crymtal CSA (Fig. 4.351). 
39 and 49. Ci-richor zone (Pig. 4.35F). 
67. Pollucite-likm cornparnition (Pig, 4.35E). 
87 and 101, Outas Na-sich zonmm, with low and high C i  contmnt, 
s.mpactively. 
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Flg. 4.36. SUA1 W. CRK of oesian anaicime fiom Tana, Manitoba. The open 

rectangle indicates the composition of primary poilucite h m  this locality. 

Symbols indicate the initially-crystauipng phase (U, core of Fig. 4.35F), its 

high-CRK zone (0 ,  bright nm in Fig. 4.35F), the pllucite-like compositions 

(A mned with deaearùg CRK), and the fllul stage of crystalhtion tnoding 

t~ CRK O and SiIA12.0 ( , Fig. 35A-D). Open symbols: anaicimization. 
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Rb and C A c h  mkas arc lsPogatrd with the low-temperature mction products 

of pollucitc and &Rb)-feldspar (cg., wme of the micas h m  Red C n w  Lake, 

Ch. 4.7). lnsuffickt data w a c  collected to fblly chnctaize the micas and th& 

I;ite rims as primary or sccondyy, or to N l y  identifj proce~ses of growth, and 

this was na the ah of the thesis. 1 also investigated the mica and ciay minerals 

+ssoaaied with poiiucitc h m  about 60 l d t i c s ;  most are muscovite and 

lepidolite, and are not particularly enriched in Rb or Cs, hadg l e s  than 1 wt. % 

-0 or CîO.  The shea silicates rrpatcd below are of interest for thQI high-w 

extreme Rb and/or Cs values. 

Micas were analysml using a CAMECA SX-50 electron microprobe operating at 

15 kV, 20 nA with a beam diameter of 5 Pm. Standards used were albite (Na 

Ka), hyalite (Fe Ku), diopside (Co Ka, Si Ka), kyanite (Al Ka), spesPartine (Mn 

Ka), Sanidine (NP Ku), zinnwaldite 1B (F Ka), pollucite (Cs La), RI@nSi5OI2 

(Rb La), Sff iQ (Sr Lu, Ti Ka), gahnite (Zn Ka), barite (Ba La), NaScSi206 (Sc 

Ka), apatite (P Ka), and tugtupite (Cl Ka). Data were reduced using the PAP 

mutine of Pouchou & Pichoir (1985). Li and H20 w a e  not detefmined. Fomulae 

wae calculated on the basis of 12 anions, hcluding Z(OH+F+Cl) using 

calculateci OH values. This calcuiation is incorrect because it ignores substantial 

cation-charge due to the p m c c  of Li; thacfore, the atomic contents nported 

below rrpnrait only dative proportions and not absolute values. 
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At the V W  beryl-coIumbite subtyp pegmatitc, Czcfh Repubiic, rims of micas 

Prsociatcd with analcimized poliucitc pnd harmotomt arc strongly aviched in Cs 

(Fig. 4.37A,B; T&ltrtR O d. 1995). Miaor qumtities of muscovite, with 

negiigiblt Rb and Cs, ore intergmwn with lepjdolite. Cores of kpidolite grains 

have 0.41-0.59 wt.% Rb@, 0.30-la(# ah% Ch0 and 6.13-7.60 ut% F, 

conesponding to 2-3 at. % interlaycr Rb, 1-3 at. % interlayer Cs, and 67-85 at. % 

anion-site F. Outer rims of the lepidolite g n i n s  are enrichi in Cs, with 0.13- 

0.55 wt. % RqO, 9.31-17.97 wt. % C%O and 4.53-6.13 wt. % F, correspondhg 

to 1-3 at. % interlayer Rb, 29-61 at- 46 interlayer Cs, and 46-71 ak % anion-site 

F. Outer rims of the mica grains are also aviched in Cs, with up to 10.2 wt. 96 

CeO, co~esponding to 33 aî.% interlayer Cs. The rims may k fonned as part 

of --stage pnmary p w t h ,  or by cation exchange or ncrystaibtion. 

Inîemction with late fluids, possibly dehved by waihck interaction, is suggested 

by introduction of up to 1.18 wt. % Mg0 in the hte rims. Rims are lower in F 

than the ares, suggesting intetaction with F-poor aqu80us fluids. A mechanism 

of Csexchange is proposai for the cwed boundaries of Cs-rich mica with the 

Cs-pooi cores. For lepidolite, values of Si (apfu) are constant Ween are and 

rim, anâ vaiws of Al are constant (or tend to daxease slightly) as Mg is 

introduced pable 4.17). For muscovite, values of Si incicase and values of Al 

decrease as Mg (and F, Cs) are introduced (Table 4.11). The Cs-rich fluids are 

daiwd frwn the Na-Cs cation exchange of pdlucite and its replacement by Cs- 

and Rb-frec hamotome. 



Hg. 4.37. BSE images of mica minerals with late aiteration: (A) and (B) Cs- 

rich rims of Lepidolite from Vtinli, Czech Republic lssociated with analcime- 

pollucite (grey-white) and harmotome (dark grey). 



1 and 2. Lepidolite core (c)  - rim (r) pairm. 
3. mumcovit. core (c) - rim (r) pair. 
4. Lepidolite core and Cm-dominant rim. 
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The occwmœ of Rb- and C A c h  mica at Red Cross L&e was described in Ch. 

4.7. Exocontact biotitc has CS-rich to Csdominant rims (Fig. 4.37C). 

suggestive of cation cxchange or otha lnte d o n  with C ~ r i d i  fluids (Fig. 

4.37D, Table 4.19). At Viitaniemi, ûrivesi, FinLad, adsinlcimitation of pllucite 

seems to k lsoociatcd witb accumulation of C s  adjacent to mica veins (Fig. 

4.38A) (Teertstra et ai. 1993). Simüst f*iaucs oaur in aitered analcimized 

pllucite from h h c r g ,  Swcden (Fig . 4.38B) (TCtitStra et aI. 1996), and h m  

Tin Mountain, South Dakota (Fig. 4.38C). It is possible that Cs accwnulates 

adjacent to micas prior to their hte exchange, and that the reaction arum once 

Cs becornes highly concaitratcd. The micas rnay form by more than one 

mechanism, howeva, and some parameter of the reaction may vary with 

changing conditions. 

Ciay miaerrls form an important part of the aiteraton sequerice of pollucite at 

T < 200°C (Fig .4.3O). Residual concentrations of Cs in clay-pod pseudomorphs 

after poiiucite wen first noted by &mf (1978). The most common products are 

illite, kaolinire, chlorite, smectites and niixed-layer clays. Analysis of Mg- and 

Cs-rich ciay repiacing pllucite at the Dunton Quarry, Newry, Maine, gave up 

to 6.54 wt. % C%O (Fig. 4.38D; Table 4.18). Fine-grained Cs-rich lepidofite 

occurs in association with the clay minerais Fable 4.18). 



Fig. 4.37. BSE images of mica rninerals with late alkration: (C) Cs-nch rims 

of exocontact biotite fkom Red Cross Lake, Manitoba, associated with albite; 

(D) Cs-rich iims of lepidolite from Haapaiuoma, Finland, associated with 

quartz (black) and andcime-pollucite (lower left, grey-white). 



Fig. 4.38. BSE images of mica minerais associated with analcimization of 

poiiucite: (A) Enrichment of Cs in analcime-pollucite (grey-white) adjacent to 

coarse-grained lepidolite vein, Vütaniemi, Fiand; (B) Enrichment of Cs in 

analcime-poilucite (grey-white) adjacent to vein of fine-grained mica, 

Akerûerg , Sweden. 



Fig. 4.38. BSE images of mica minerais associated with analcimization of 

poîiucite: (C) Enrichment of Cs in anaicime-poiiucite (grey-white) adjacent to 

fine-grained quartz and mica, Tin Mountain; @) Cs-nch clay mineral (+ 

apatite veinlets) in analcimized pollucite, Dunton Quarry, Newry, Maine. 



w u :  Repsomentative compomition8 of mica 
and clay mineralm, Dunton Quury, Ilrine. 

1. Lepidolite . 
2. Cm-bearing mica with paragonite-lik. compomition. 
3-6. Cm-bmaeing clry minorrl, po88ibly wntmorillonite. 

w e  4.192 Repremontative compoaitionm of mica. from 
Haaprluoma, Finland. 

oxide 1c 1r 2c 2r 3c 3i: 3r 3s 

mum 

1. Lepidolite cor. (c) - rim (t) from coume vain. 
2. tepidolite cor. (c) - rim (r) froa fine vain. 
3. Lepidolit. cor0 (c) and Cm-daninant tima (r) fran 
mcatterod grain8 in analchno-pollucitm. 
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The seqmce of attcration of pllucite Irom Haapltuoma, Palsanajoki, F i d ,  

was investigated in mme detail, Pprticularly with noprd to the evolution of mica 

composition. Margins of the poïlucite arc croarait by 5 mm-vidt vcins amIPiniag 

a spodujxeaeqUarf2 infergrowth. Veins of came- lepidolitc (+ quark f 

apatite) 1-2 mm mde aiso tniased the polIucitc, but pinch out near the margins 

of the pducite aggqam. Sinuow veias of cookeitc are foïlowed (ii tirne) by 

thin vciniets of hnograined mica (Fig 4.39C). C o m p s i t i d y  homoga4ous 

Or, aûuiaria rephœs poiiucitc fiom the surfaasUrfaas of the mica veins, and a b  

occm as sphcricai granuiar agpgates up to 1 mm in diameter, N l y  embedded 

in the poUucite. Anrlcimization of pllucite, assahkd with airichment of 

marghs of mica grallis in Cs, is widespread at EIaapaluoma (Fig. 4.39A.B; 

Teertstra a al. 1993). 

The cuarse-flaked Haapaluoma lepidolite has an average of 0.56 wt. % R40,0.59 

wt. A C%O, and 4.9-6.2 wt. 96 F. corresponding to 3 at. % interlayer Rb, 2 at. % 

interlayer Cs, and 55-71 at. % anion-site F. Its rims have up to 10 wt. % CkO (35 

at. % interlayer Cs) and are a h  emiched in F up to 7.9 wt. 96 (100 at. % anion- 

site F) . The thin veinlets of fine-grained mica have 0.65 wt. % RbO, O. 68 W. % 

C%O, and 3.9-4.7 wt.% F, oorresponding to 3 at.% intulayer Rb, 2 at.% 

interiayer Cs, and 42-51 at.% anion-& F (iithian muscovite). Its rims have up 

to 11.8 wt. SC C%O (40 at.% interlayer Cs) and are aiso eruichcd in F up to 7.7 

wt. % (87 at. 46 anion-site F). Scatterd grains of lepidolite, cmbedded in anaicime 

and adjacent to the thin veinlets of finegraineci mica, have Csdched tips and 

matgins (Fig.4.39B). These grains have up to 1 wt. % R w ,  2 wt. % C%O and 

6.6-7.4 wt. % F, corresponding to 5 at. % intcriayer Rb, 6 Pt. % interlayer Cs and 

75-83 at. % anion-site F. The Cs-rich nms have have similar Rb and F contents 

as the cotes, but up to 17.9 wt. % C%O (67 at. % interlayer Cs, Table 4.19). 



Fig. 4.39. BSE images of mica minemls with associated with analcimization of 

pollucite (grey to white): (A) and (B) Cs-nch n m s  of micas, Haapaiuoma, 

Finland. 



Fig. 4.39. BSE images of mica minerals with associated with analcimization of 

pollucite (grey to white): (C) Cs-rich micas associated with veins of cookeite, 

Haapaiuoma, Finland; 0) mica and Rb-rich feldspar (white), hosted by Rb- 

poor adularia (grey). 
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At Uto, Sweden, Cs- and Rb-rich micas occur in rpoociuon with &Rb)-rich 

aduiaria (Fig. 4.45D). 

The final note is reserved for a Cs- and Ca-rich aluminosiiicate min& which is 

as& with cesian analcime and Or,adulork replacing petalite at Luoh&ki, 

Finlaad. The minerai has 5.9-1 1.2 C%O, 0.094.6 N%O, LM.9 &O, 2.7-4.0 

Cao, 11.5-12.7 Al2@ and 66.5-67.9 SiQ, sum 90.693.3 wt. %. No 0th- 

eiements wem detected by EDS Pnalysis or by uialysis &g the feldspy 

analyticai program. The low total suggests that the minerai is hychus. It has one 

good cleavage (Fig. 4.40A). It is colourless in thin section and white in hand 

specimen. The Cs-nchest material has atomic proportions of Cs>Ca. The 

composition is Emilar to that of laumontite (Table 4.20). Laumontite was 

identified at Luolamtiki by Neuvonen & Vesasaio (1960). 

A Ymilar but Ca-rich mineral, containhg significant Ba and Sr, was found 

repiacing petalite fiorn Uio, Sweden (Fig. 4.40B). Its composition is si& to 

that of clinoptilolite (Table 4.20). 



Fig. 4.40. BSE images of: (A) unloiown Cs-rich mineral (white, one good 

cleavage) replacing petaiite from Luolamaki, Finland; (B) a similar minera1 

(Cs-poor) replacing petaiite from Ut& Sweâen. 



Luol.niaki U t 6  
oxide 1 2 3 4 1 2 3 4 

Atomic content8 par fonrula unit 

LuolamPki 1-4. Forarula nonaalized on the bamim of 48 atoair of 
oxygen. Thim miy ba carian launiontitm. 
Ut6 1-4. Formula normr1ir.d on the bari8 of  72 atomi of  oxygen. 
Thii may be mtrontiin b u i u i  cl inoptilolftm. 
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CHAPTERS 

STRUCTURAL ASPECTS OF TBE (K-Rb)-FELSSPAR SERIES 

A brief m i e w  of the stnicbue of (K-Rb)-feldspar mu givm in Chapter 2.2. 

Variable (A1,Si) order is found in both the monoclinic (Sanidine to orthoclase) and 

triclinic (high- to Iow-mictocline) series accordhg to X-ray mtas~tl~mts. The 

monoclinic - triclinic phasc-transformation is o h  imgular1y diohibuted on a 

p m - d e ,  and many bulk samples examinad by XRD contain a mixture of 

structural states, u s d y  orthoclase + mi~10~1uie. 

In this thesis, I use Rietveld =finement as a routine mcthod for refinement of 

accunte d-parameters of feldspus. Structural information may be obtained with 

minimal additional effort. Some of the samples are twinned and finegrained, and 

thus in n e d  of Rietveld refinement; even in the case of coarse crystals Wmg 

avaiiable, results art oôtained more rapidly by Rietveld refinement than by single- 

crystai methods. In some cases, tManing was absent in thin section and these 

samples required identification by XRD. My focus is on disorderd end-member 

K-feldspar (adularia) and on (K,Rb)-feldspar, particululy if it hosts Rb-nch 

feldspar. Numemus attempts to physiczlly seprate Rb-dominant feldspar h m  

intergrown K-feldspar, aibitc, micl and quartz fyled due to low abundance, very 

fhe gnin-size, iack of distinguirhing optical characteristics, and strucairal 

cohemcy with the host. Nevertheiess, X-ray powda diffraction of a microche 

+ (Rb,K)-feldspar f quartz mixture (Ch. 4.4, Eh) did not meal the presence 

of MY poteiitial non-fddspathic stnicture which could be attributcd to a 

(Rb,K)AiSi30a compound. 



Shim et <J. (19%) rrported succcJsful modai analysis of micmcline + aibite and 

microcline + quarb mixtures using multi-phase Rietveld refinemmt (without 

refinement of stnictunl parametas). As hr as 1 am a-, thae are no Rietveid 

refinernents of the feldspar rtructun in the litaatun, and th- has kcn no 

structurai work involving aatursl Rb-kuiag felaSpnr. 

X-ray powder diffiar:tion is a standard mcthod for quantitative structural and 

chernical characterization of feldspars. With careful indexing of reflections, 

refineû W i t d  parameters are relatively accurate indiaitors of (Al,Si) order and 

Tl and TZ site occupancies (Hovis 1989). However, mutine powder XRD 

methods are not suitable for crystd-structure analysis because of the difficulty of 

masuring accurate Bragg hiaisites as a result of extensive peak overlap. In this 

apprœch, a large proportion of the pattern information is d i d e c i .  This problem 

is ovemorne by Rietveld structure =finement which uses the intaisity information 

of the entire diffraction pattern. In the Rietveld method, a best fit is obtained @y 

least-squares methods) ktwtai the observed pattern and a pattern caiculattd h m  

a structure mcxiel. For low-symmetry minerais with cornplex diffnction patterns, 

the Rietveld method is probably beüer than standard powderdiffraction methodo 

for refining precise and accurate ceii parameters b u s e  it does not requin 

measurement of individuai peak positions. Peak positions are located very 

precisely with the Rietveld mefhod b u s e  e r h  data point that defines a peak 

profde is used in the rcfinement of peair-modelling parameters. The positions are 

relatively insensitive to emrs in the pe91-sbape function or in the structure mode1 

(Post and Bish 1989); howtver, corrections for peak asymmetry may shift the 
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apparent peak positions. The =finement includes bacirgromd rnodeihg, peak 

fitting, and œll-parameter calculation, a h  which tbc structure mode1 may k 

refined. In prjnciple, Rietveld-refined celi pYamta may be as accufatc as those 

obtained by c a i v m t i d  powdg + intcrnal standad meth&, pwided the 

r e h m m t  includes rtafistic -point, sample disphcement and ttansparcncy 

c o d o n s  (Post and BLsb 1989). In pnctice, Rietveld-dhed d parameters 

ofkn t a d  to be slightly iarger than those obtriacd by singie-crystal methods 

(e.g., Liang & Hawthorne 1994). Rcfïned ccll parametcm may vary to fit the 

obsaved paüem, raîher than the zero-point correction nfiaing to an appropriate 

value. This correlation is signifiant if high accwacy is requind, as in 

deîefmination of structurai state of feldspar. 

Single fngments of phase-pure feldspar, approximately 25 mg in weight, were 

selected from off- of thin sections which had been examined for optical 

homogeneity by optical rnimscopy and yinlysed for chemicai homogeneity by 

electron microprobe. Sarnples w a e  finely ground and spread onto 4 pm-thick 

XRF Prolene tüm using L'Ort31 hairspray as a mounting medium. Data were 

collected ushg a Siemens D 5 W  automatecl X-ny powder-difbctometer 

opa~ting in transmission geometry; the resulting pattern is nearly identicai to the 

pattern obtaind with reflection-gbometry. A Huebna incident-beam 

monochromator was used to &tain Cu&, X-raâiation gwrated ushg 40 kV and 

35 mA with a fîne-focus X-ray tube. A 2 mm mtiscatter dit, a 0.6 mm receiving 

slit and a KEVEX solid-state detector w a e  uptd. For the first Sa of samples 

examined, a scan range of 7" <28<n0 was chosen to avoid essentially 

f d e s s  parts of the feldspar XRD paüem. The sample was rotated at 60 rpm 

during a 60 s pu step, 0. 10° 29 stepwidth data coiiection. A smaller stepwidth 



@ v a  reasonably pcnuvc results, but values for precision are d t i c  due to 

saiPl cordation (KU dû Flack 1987). F a  a f w  pottcln collected using the 

above conditions, the full pak-widîb at half-maximum kight of the 

nanowcst resolved pcak is -0.3' 2û and tbepcak sbouldcrs mer  - 1.0' 20.00 

that CPCh pgk i s  charadaized by 10 data points. Hill & Madsen (1986) 

recommended stepwidths of 1R to 112 the FWHM, and count-timcs such that the 

A ~ c o n d  set of data was collected for some of the samples ushg Si as an intenial 

standard, a s m  range of 8' <28 < 88*, a 0.04' 28 stepwidth and a count rate 

of30sperstep. 

The =finement was done using the Siemens WIN-RIETVELD set of programs. 

Four starting mdels were useci, with the appropriate atom parameters for high 

sanidine (Ferguson u ol. 1991). orthociase (Prince et ul. 1973), intermediate 

miaudine (Bailey k Taylor 1955) and low microcline ( B m  6 Bailey 1964). 

Isotropicdispiacement parameters and site oocupencies were fixed throughout the 

refinements at the values rrported in the starring models. Ionized scattering 

fators were used. The first variables refined were the 28 zero-point and sade 

failctor. For smples with an intemal standard, fiühg of the Si paüem was used 

to &ne the ze~01point correction. The background was fittcd with a polynomial 

function using five rcfined variables and an origin at no or 88' 20. After this 

stage, eadi variable was refîned to convergence (with parameter-shifts < 1%) 

kfore additional variables wcre added. Variables which did not impnm the fit 

between the obsemd and caiculated pattems were usuaily discardcd. Diffhction 

peaks were modeled using a pseudo-Voigt profile function, refining the peak 



Intensity due to diffncted pairs MS cunsüained to decay within five times the 

~ h w a e a c h p e a k s b o ~ .  F o r b c s t f i t o f ~ s ,  ~finemcntof tbepeak 

asymmctry huicticm P was Zcstricteû to 249 < 4S0; however, for ~fincmait of 

ce11 parameters, P mu ghm a value of 0.0: this coartrains the caicuiated paüm 

to symmetric peaks and optimUes the precision of pcak l d o n .  Atom 

eoordinates wcrc then rcfined. In most cases, the fit was not impmved 

significantly by refincment of transparaicy and displacement parameters, or with 

use of the Doiîasc-Much hinction with [O 0 11 as the pnfd-oriiaitation vector. 

This Lna fatute is as expected, as the transmission- and reflection-geometry 

patterns arc nearly identical. 

The best agreement between oôsaved and catculated patterns a x u r s  with 

unconstrained nfinement of the zero-point, dl parameters and the peaL 

asymmetry function (P). However, unconstiaylad refinemcnt gave values of b, 

c and V larger than expected from the chemical composition (Fig. 5.1). A 

correlation was found between large values of P and anomalous valws for the ceii 

parameters. In most of the refinements, however, vaiuca of P are close to tao, 

indicating that the pepLr are fiighly symmetric. The relation between varying 

zempint and c d  parameters is utpiicit in a b-c plot (Fig. 5.2). The ceii 

pefameters incr*rse with hcreashgly positive -point values with a trend 

appmximately papndicukr to the ideai MM-HS line (Le., even with incornt 

vaiues of zero-point, the degree of (A1,Si)orda can be estimated). The poorest 

overaiî fit occm if the -point is constrainad by the caiculated positions of the 

Si peaks, but this gives reasonable and accurate celi-parameters (Fig. 5.3). Final 

vaiues foi ceil parameters are givm in Table 5.1. 
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The stnmgest peaks in the residuai K-feldsp pztiains had less than 4 counts, 

with most nfiaements hving icss han 2 oounts. For aampks with nSi&8 
substitution, it is signifïcant that no peak of quartz was f d  in the obacrvcd or 

U u a i  purcmo, as this nibstitution ciin k ehemicplly mimiclpd 
0 . by overlap of 

the EMP-analyscd volume of fddspiu with quartz. 

AU the m i e  samplts have rcsidull pcpb of aibitc, cvca though CYC WU 

taken to choose samples which wae  phase-pure by opticai microscopy and BSE 

imaghg (Fig. 5.4). The microciine samples have less than 0.5 wt. 96 N&O ( < 3 

mol. % Ab) acarding to EMP analysis, and this m u t  k distributed as grains of 

aibite much les than 1 Fm in sizc. No aibite peaks w a e  noted in the orthoclase 

or in aduIarian high-sanidine. S t n h  indices measured h m  a plot of a W. k 

(Kroll & Ribk 1987) range from -6 to -10 for the albite-bcaring microche. 

Strain indices should increase betwctn aibitc and micmcline if the microdine is 

rich in Rb, because of the incr*ised d parameters of Rb-rich microcfine 

compared to Rb-poor microcline. However, the substitution of Rb might change 

the strain contours on a plot of a vs. bc, and the strain indices reprted in Table 

5.1 might not be accurate for the Rb-rich samples (8Lily, HGD096, RCL2Ol 1, 

APB3).The albite-free but Na-bearing orthoclase (Table 3.19) has a s a  index 

of -8. The two samples of Na-& mictocline (5Uy and BmwnD in Table 5.1) 

both have a stnin index of -3, but the Or,, high-sanidine samples are s t r a i n - k  

( S .  = 0). The cause of strain indices as high as -10 and the anomalous ceIl- 

parameters reported for Na-fme adularia (Wodard 1972, Sibley 1978, Ali & 

Tuma 1982, Martin 1982, &mf & Chapman 1984, 1986, Martin & Falster 

1986, Mnrshall et ol. 1986, Dong & Momsm 1985) remain to bc determined. 



Fig. Sol. Ceii parameter k (A) plot for (K-Rb)-feldspars showing values 

refintd without an interna1 standard. The ideal MM-HS lhe is indicated using 

fille- symbols. The numbers refer to sampIes in Table 5.1. 



mg. 5.2. Cell parameter bc (A) plot for the late salmon-coloured microcline 

h m  the Rubellite pegmatite (triarrgks) and gnen sanidine from High Grade 

Dyke (circles) showing values refined with no intemal standard and nfining 

the zero-point (fillecl symbols with high b and c valws relative to the ideal 

MM-HS he), and refined using rempoint values h m  +O. 10' to -0.25 O, 

variable in steps of 0.05 '28. 



Fig. 5.3. CeU parameter b-c (A) plot for (K-Rb)-feldspars showing final values 

for samples 0-9 (Table 5.1) and ideal values for HS, MM and RbMM end- 

mernbers (fiued symbols) . 



O- Ortho gem orthoclame, White Queen nina. 
lm 8Lily blrck microcline, Rubellite pgamtite, Lilypad Lake.. 
2 . 5Lily malmon-colourad microcline, Rubellite pegmatite. 
3 . HGD096 white microcline, High Grade Dyke. 
4. RU2011 blocky microcline, Red Cromr Lake. 
5. APB3 vain microclina in pollucite, Turco pegnmtite. 
6. BrownD mamrive pink adularia, Brown Derby, Colorado. 
7. Tinco rduluiin high-manidine, PA-057, Turco pegmatite. 
8. HCD green rduluia, veinm in pollucitm, High Grade Dyke. 
S-1. rtrain index from a va. bc plot of -011 & Ribbm (1987). 



Fig. 5.4. O b d  (solid line) and caiculated (dashed line) log-sale 

diffraction patterns for bloclq microcline (RCL2011) from Red Cross Lake, 

with residual peaks attributed to finelydispersed albite (lower paneni). 



of end-memk high-sanidine (and RbHS). &nt & Cbsprnan (1984,1986) report 

ceU parameters for Or, bulafian high-suiidin which are kget tban those 

reported by Ferguson u d. (1991) for a =PIC with quai values of <T,-O> 

ancl < T,-O > . Bnd-memkr HS shouid have compfetciy rordom occupancy of 

all T-sites by Al and Si, generating a maximum number of Al-O-Ai bonds and 

equal values of < T,-O > and < T& > in structure rcfinement (Ferguson et d. 

1991). However, there may be signifiant short-nnge order which minimizes the 

number of Al-GAI bonds but maintains long-range disorder. Such variation in 

orda is suggested by ordering expiments in which the NMR parameters 

continue to change even afta XRD parameters becorne constant (Xia0 et al. 

1995). The data of Ferguson et ol. (1991) indicate that the gmples with the most 

disorda in terms of celi parameters are, wiexpectedly, the least disordered in 

t a n s  of < T 9  > distances. This could be lrribed to inaccuracy, as the crystals 

examined had irreguiar opticai chatacteristics and the structure refined to 

somewhat high R-indices. It is possible that more than 25% of the T, site is 

occupied by Al, g i h g  values of < TrO > greater than < T,-O > , but the driving 

force for such an ordering scheme is uncertain. A conventional explanation would 

be that samples with the largest ceIl panmeters are the most disordered, with no 

more than 25% Al occupying my T-site, but if this is the case, then the ce11 

parameters for end-memôer high-sanidine need to bc revised to the higha values 



reportecf by &mf & Chapman (1984, 1986). 

in the series fiom LA to MM and k m  HA to HS, the cd-parameter trends are 

paraiid to one another due to near-identical rnechariisms of substitution. In the 

Series from MM to HS and W to HA, œii parameter trends arc also parailel, due 

to near-identical mcchanbms of (A1,Si)-disordu. According to Stewart & Ribbe 

(1969), the increases in b, B and 7 and the decnares in c and a (at naronstant 

a and V) which ocw with (Alpsi)-disordering of MM mult largely h m  a shift 

of Al to the 'ï2 sites kause there are a greater number of T2 sites dong b than 

dong c. Trends for the substitution series from MM to RbMM and h m  HS to 

RbHS, and for the (A1,Si) order-disorder senes h m  MM to HS and from RbMM 

to RbHS, might also be expected to be peraliel. The (K-Rb)-feldspar series most 

weii-characterized is from MM to RbMM, in which Vincreases at constant b. If 

aecurak values for HS and RbHS are determined, plots of V vs. b or c vs. b 

shouid fonn a paraileIogram with MM, RbMM, HS and RbHS at the corners. 

This is not obsaved for the present values of HS and RbHS (Fig. 2.1). Eithu 

these values are inaccurate or a structural e x p h t i o n  which is diffemt from that 

of Stewart & Ribbe (1969) is quired for the difference in substitution of Rb in 

MM vs. Rb in HS, and for the difference in (Al,Si) disordering fkom MM to HS 

vs. RbMM to RbHS. 



1 examincd smples of disordercd adulsrisia high-sanidine h m  High Grade DyLe 

(HGD) and h m  T m ,  both in SE Manitoba (&mf & Chapman 1984, 1986). 

Rietveld-rehned 4-parameters using Si as an intcrnal standard arc given in 

Table 5.1 and ploüed in Fig. 5.3. EMP-measured compositions arc reporteci in 

Table 5.2. The composition of the High Onde  D y k  sanidine is close to that of 

end-membcr KAISi308, but with Sd potchy substitution of up to 4 mol.% 

OSi,O,. The average composition has only 1.5 mol. % 0Si,08. The composition 

of the Tanco sample varies ktween that of end-member WSi ,08  and 

K,,Q)AbAb93Si3,08 (Le., local substitution of up to 3 mol. % OSi,OJ; howevcr, the 

average composition has only 1.2 mol. % 0Si,,08. With such minor O S&08 

substitution, the ceii parameters should be only slightiy smailu than those of ideal 

KAlSi,O, disorded end-member, as Si-O bonds arc shorter than A l 4  bonds. 

The Rietveld-refined ce11 parameten (Table 5.2) arc virtually identical for bath 

l d t i e s ,  but are larger than the values suggested by Ferguson et d. (1991) for 

end-member high-sanidine, and are in close agreement with the values reported 

by Cern9 & Chapman (1984, 1986). The unit-cell dimensions reported here 

shodd k closely representative of the structure and composition of end-member 

high-sanidine. 



=le 5.2: Avmrrg8 compomition o f  r d u l u i r  from 
High Gtade Dykm 8nd Turco. 

High Grade D y l u  

oxida (N=lO) formula ( a p f u )  rang. 

oxidm (N-12) formula ( a p f u )  range 

Elementa mought but not detacted: 
N a ,  Rb, Cm, Ca, Sr, Ba, Pb, Mg, Mn, F, Ga, Fm, Ti, P. 



This thesis examines the compositionai and srmchial characteristics of the (K- 

Rb)-feldspar series as it occm in cornplex-type d e m e n t  gnnitic pegmatites. 

The dirussion kgins with examinafion of the P-T conditions of pegmatite 

emplacement and collsolidation, as fiu as it concczlw (K-Rb)-feldspar in 
. . awxmûon with poliucite (Ch. 6.1). Next, the K/Rb ratio of K-feldspu is 

discussed as a feature which records dvancing fractionation among related 

pegmatites, and arnong intemai zones of individual pegmatites (Ch. 6.2). The 

sequences of feaction and alteration of the &,Rb)-feldspars are consttained by 

theu occurrences as part of the alteration sequence of poilucite, bounded by the 

crystallizaton of late primary phases and the lowest-temperature alteration at 

near-ambient conditions. nie reactions and aiteration shown by (K,Rb)-feldspar 

and poiiucite are related to the compositional features of late cesian analcime and 

micas, and thar description provides additionai evidence for widespread 
subddus activity of Rb and Cs (Ch. 6.3). Low-temperature end-member K- 

feldspar (variety m e  adularia) is an important member of the sequenœ of 

alteration of both pllucite and early K-feldspar, and a mode1 of crystaüization 

is presented (Ch. 6.4). The crystal chemistry of (K-Rb)-feldspar is then dimissed, 

particukiy as it relates to the ~ccuncy and precision of the analyticai method 

(Ch. 6.5). The paragrnesis of Rbdominant feldspars is then traced h m  texturai 

evidcnce for exsdution of Rb-rich feldspar h m  the higher-temperature precursor 

to the low-temperature CO-precipitation of K-feldspar + Rb-feldspar (Ch. 6.6). 

Examination of pegmatitic (K,Rb)-feldspar, using Rietveld refmement of X-ray 

data as a method of obtaining accurate ceU-parameters, has pmvided new insight 

into the monoclinic -. trichic, sanidint 4 microche phase transfomation and 

exsolution piocesses (Ch. 6.7). Finally , evidence pertinent to the characterization 

of new Rb-dominant feldspar species is presenteû (Ch. 6.8). 



Geochemidy primitive pegmatitic magmas, equivalent to 'wet' haplogranite 

systems, probably crystaüize at temperatures bctwear 100 and 600°C (&mi 

1991). In somewhat morôevolved pegmatites, tbe presence of the lithium 

duminosilicate m i n d s  petaiite or spodumene constrains thc tempcnturr to less 

than 70°C at any pressure (London 1990). The tempcraturc mge of 
consolidation of highly fractiai?ted peraluminow meits of granitic bulk 

composition, nch in H2O, B. F, Li, Rb and Cs, is estimated to be about 650- 

450°C at 4-2 kbar (London 1986, Chalramoukos & Lumpkin, 1990). In cornplex- 

type granitic pegrnatites, the most Rb-c~ched fddspars assoCiated with hydnws 

sodian pollucite cryspllized near the lower end of this temperature range, so it 

is impo~rsnt to discuss the timing of poilucite crystaliization. 

The upper temperature limits of poilucite crystallbtion oie constrained by the 

following observations. Field evidencc has long suggested that poilucite is a late- 

forrning phase. Historically, many authors considerrd poilucite to k of 

replacement origin; however, more recent investigations suggest that pdlucite is 

of late primary igneous origin (terni k Simpson 1978). In cases where the 

sequence of crystaîlization is clear, it scerns to be rather consistent. At the s 100 

localities that are cumntly known, prirnary pollucite generally occurs interstitial 

io spodumene, quartz and albite or microcLine, and is les  fiequently in direct 

contact with lepidolite, petalite or amblygonite. For the localities examined in this 

study, lyge and euhedral crystals of primaiy minerais forrned first, and pollucite 

is anhedd and interstitial to these. Textural observations oonceming sequences 

of crystaiihtion tend to k ambiguous, because for each minerai, there is a range 

of stability, and coprecipitation is comrnon. Thrre examples h m  Finnish 

pegmatites demonsîratc this feature. At OriseUra, a crystdliation sequence of 

spodumene + quartz -. pollucite -0 albite + lepidolite is observed, with later 

uni& i n m g  @ut not replacing) spaccs between earlier crystals. At Haapaluoma, 



the sequeme is K-fddspar + quark f schorl -. qmtz + k y l  + rubeiiite + 

poiiucite -0 aibite + lepidolitc. At Viitaniemi, iaths of montebrasite 'float' in 

poiiucite and ptpo mur in the qupm, aibite and lcpidolite units marghi  to the 

poiiucite (Tecrtstta a ul. 1993). In most cases whae cMdebcc is avaiiable, it 

seems tbat finegrpineci albite and lepidolite crysîalbd .Ra po11ucitc. 

The occwrence of petalite ais0 constrains the P-T conditions. Close aSSOciations 

of poiiucitc with primary petaiite arc nut (e.g., Eh, M y ;  Uto, Swcdm; T m ,  

Manitoba), but pllucite is lmown h m  many peglite-subtype or petalite-beming 

ramelement pegmatites (e.g., Karib, Namibia; Biita, Zimbabwe; Varutnsk, 

Swcden; Dunton QuMy, Maine; J ~ o v ,  C~cch  Republic; Himalaya, California; 

Brown Derby, Colorado; Smeds & &rnf 1989). Pollucite h m  Luolamalri, 

Finland, is cut by cuarse veins of peute (Teertstra ef d 1993). Pollucite h m  

Novl Ves u & & h o  Krumlova, Ctcch Republic, contains a threedimensional 

rectanguiar grid of acicular petalite (Teertstra et al. 1995). nie field of stabiiity 

of petalite lies below 680°C at P S 4 kbar (London 1984). The observation that 

within a pegmatite group or field, pllucite-bearing dykes tend to intrude shaiiow 

low-pressure amis i also signifiant (Smeds & &mg 1989). 

An approxirnate lowcr-temperature limit of poilucite crystallization is indicated 

by feahres of its occurrence near margins of gem-bearing zeolite- and clay-fded 

pockets at the Himalaya Mine, California (Foord a ol. 1986). and by sidu 

observations at Elba, Italy (unpublished data of DK'I'). At these localides, 

poiiucite is largely enclosed by primary phases. There is, however, some 

evidence for minor overlap of the crystallhtion field of primary poiiucite with 

that of iate semndary cesiPn analcime. At Elba, a smaU proportion of the 

pollucite is found in avities, in association with petalite and rare cesian analcime. 

Most of the poiiucite is waterclear, anhedral and partially dissolved (to heavily 



etched) by laîe fiuids and compositionaiiy homogeneous; however, rare euhedral 

crystals occur, and exhibit intenial zonation with variable NdCs and SifAl ratio 

(unpublished datz of DKT). The zonation udicotcr lnck of buffering of Na due 

to 10s of quilibrium with albite WU occm at low tempa?turr (Sebastian B 

Lagache 1990). 

The change of fom from anhedral tn euhedral is  rlro sigdicant: it is more 

typicai for lotc hydrothemaî cesian analcime to bave a weil-developcd 

morphology than poiiucite (bf 1972, Teertstra & &mi 1992). Waterclear 

euhedral pllucite is also known h m  miarolitic cavities from pegmatites in the 

Gilgit a m ,  Palristan qeertstra & &mj 1992). At Kularn, Afghanistan, 

secundary euhedrai pllucite (possibly cesian adcime) ha9 recrystaiihed from 

massive white pollucite (Teertstra & &my 1992). Crystdihtion of pollucite 

ends just before pocket fonnation, prior to the onset of vapour phase separation 

and the formation of gem-kaMg pockets. 

in summary, the evidence strongly suggests that, among the primary phases, 

hydrous d ian  pllucite is among the k s t  to crystaüizc in the absence of a 

separate vapour phase, in near-equiiibrium with aibite and probably at about 550- 

400°C and 3-2 kbar. Blocky K-feldspar foms at equal to higher tempenhire and 

pressure than coexisting poiiucite, possibly in the stability field of low microdine; 

feldspar veinîng poilucite fonned at Lower P-T conditions, distinctly in the 

stability field of low microche; adularian (K-Rb)-feldspar formed at very low 

temperature, late in the alteration sequence of poilucite. The distribution of Rb 

between K-feldspar and poiiucite is discussed next (Ch. 6.2); the significazace of 

feldspar in the aiteration sequena of poilucite is discussed in Ch. 6.3. 



Plots of g/Rb ratio and Cs contait of K-fcldspar arc widesy uscd as an indiCators 

of progressive fractioriation among rckted pegmatites and granites, and ta indicate 

sequences of crysiallization within mned pegmatites (a rrcait example is provided 

by Shearer u pl. 1992). Smooth and cwtinuouoly decrdng M U  ratios indiCate 

geochemicai links betwccll parenta granites and suoPntcd surcoles of evolved 

pegmatites (e.g., Cern5 et aL 1981). High concentiations of Rb anû Cs in the 

first- and second-intemiediate zones of upper pyts of the Tin Mountah 

pegmatitc, South Dakota (rather than in lower potcntiaiiy Iater-crystalliPng zones) 

prompted Waiker et al. (1989b) to suggest that Rb and Cs were transported 

upward by an aqueous fluid-film operative dong c r y s ~ t i o n  fronts. Such a 

mechanism involving early separation of a fluid phase is central to the Jahns & 

Burnham (1969) mode1 of internal evolution, and haP been proposed to explah 

the zona1 separation of Na- and K-rich components as weil as the concentntion 

of Rb in feldsp~r near pollucite zones (Waiker et d. 1989b). 

Valuesof WRb fiom 20 to 5 and of Cs from MO to Sûûûppm aretypicai of 

feldspar fiom the interior zones of pollucitebearing pegmatites (Smds k &mi 

1989). However, the penchemical criteria for reagnizing poilucite-bearing 

pegmatites h m  the feldspar composition aven by Gordiyenko (1976) and 

Trwman & Cern9 (1982) should be applied with caution. In certain poilucite- 

bearing pegmatiies, blocky K-feldspar crystals adjacent to pollucitc have nther 

low contents of Rb and Cs VeertStra et d. 1993). Feldspv highly enriched in Rb 

has been found in pegmatites in which no pollucite has ken found (3.39 wt. % 

RbO, 500-1400 ppm Cs; Lagache & QuCmkieur 1997). 
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1 colleacd data on cœxisting feldspar-pllucite pairs which mmed to k in 

textural equiiibrium. For the Rb-rich localities, multiple anaiyses w a e  done on 

W h  the feldspar and the poiiuQa. Thc K-feldspy djaant to pdlucitc typicaliy 

has a wide mge of Rb values, but poItucite may a h  occur adjacent to Rb-poor 

K-feldspar Fable 6.1). Thae is a positive corrclation of -0- with 

RbO-; on avemge, Rb prefm K-fdâspar ova polïucitc by a fPcior of - 5: 1 

(Fig. 6.1). Tbe distribution of -0 between the two phses gives an 

appmximately lin= trend, supports the assumption of near-equilibrium based on 

texturai features. 

If erratic variations appear in geochemical trends of WRb vs. Cs, these may be 

(ii part) due to (1) microscopie inclusions of poliucite in feldspar which are 

rehtively common and mut Etanect bulk-chemical measurements, and to (2) post- 

crystalhtion chernical mequilibration of feldspar. The HZû-catalysed microche- 

forming phase transformation is largely isochemid as it involves only (A1,Si)- 

ordering not changes in SUAI ratio, but minor- and ttace-element abundances are 

potentially to b l y  disturbed because the rrconstnictive transformation occurs in 

the presence of fluids (e.g. Clark 1982). The patchy composition of Rb-karing 

microcline has a greater mge  of KlRb ratio in highly-porous altered feldspar 

than in low-porosity less-altered feldspar; this is attributed to low-temperature 

ree~dibration rather than to primary crystalhtion. The variable Rb of pollucite 

is also attributed to low-temperature ree~uilibration (Fig. 6.1). 

The WRb vs. Cs @Pm) gcochemicai indicatût should remain useN for overail 

estimates of alkaü maal fractionation in granites and pegmatites, but uuuiot be 

used in all aises to indicate the presence of poiiucite (unless pollucite inclusions 
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givc high Cs values!). If the pegmatite happens to k Rb-rich, then the highest 

contents of Rb occur s,pecifidy in K-fddspar closely rsPociated with (Rb- 

karing) poiiucite and generaily in the iatestuystallizing primary units nau the 

con of a pegmatitc (e.g.. Tanco, bf a ul. 1996). Although Rb and Cs have 

similar gemhemicai behaviour, Figure 6.1 shows that these eiements may k 

decoupled, and Rb-poor pollucite becornes sssociated with Rb-poor K-feldspar, 

penicularly in pegmatites where aily smaîi volumes of pollucitc arc found. This 

might be due to an initial Rb- and Csgoor pegmatitic melt. or to incorporation 

of Rb in early pegmatitic mica. The principai sink for Rb, both in a pegmatite 

and in its source region, i mica, particuiar1y lepidolite in the pegmatite. 

Depending upon the amount of eariier-fonned muscovite and lepidolite, a melt 

may be Cs-rich but Rb-poor at the time of poiiucite crystailization. 

The geochemical fiactionation of Rb and Cs is a fûnction of partitionhg between 

melt and K-feldspar, quartz, albite and mica. Rb has a siight preference for K- 

feldspar over melt - 1 .O), and a s!mnger pmfemce for biotite 

(D(Rb)w* - 2.0) and muscovite = 1.6). whereas Cs is stnmgly 

incompatible in K-feldspar ( D ( C S ) ~ ' ~  - O. 13), biotite (D(Cs)- = 0.4) and 

muscovite (D(Cs)- 1 0.3) (Icenhower & London 1996). A fiactionating 

assemblage would have to k made up largely of lepidolite (> 50 vol. 96) for Rb 

to prefer soLid phases over a residual melt. The IC-feldspat partition coefficient 

for Rb of - 1 indicateo that the Rb concentration in magrnatic K-feldspar provides 

a record of the evolving Rb concentration of the wexisting melt. In summary, 

both the exprimentai evidence and the compositional measurements verify the 

observation that wncenüations of Rb are u s d y  highest in the latest-formeû 

uni& in association with (Rb-bearing) pollucite. 
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Fig. 6.1. R b 0  concentrations in cœxisting pairs of primary pollucite and K- 

feldspar showing average vdues ( 0 )  and ranges for the Rb-nch matenal. 



Study of latc-stage subsolidus alteration has provideci new information which 

requins amendment of the Morgan & London (1987) modd concanllig the 

correlations of pegmatite subsoliddus events and exomorphk sequences of 

wPllroek adteration. (K-Rb)-ftldspaio, analcime rnd Rb- and Cs-rich 

micas occur as part of a sequence of subsolidus alteration which affects several 

minerais, including poîiucite, and indicatcs widespread subsoïidus adivity of Rb 

and Cs. The süteration sequence of polhiclte is examincd in detail because it 

constrains the P-T conditions of formation of each type of feldsper (bloclcy, vein 

and adularian) and provides a fiamework in which deiailed observations of 

adularia (Ch. 6.4) and (K-Rb)-feldspar (Ch. 6.6) uui k placed. 

Three stages of aomorphk aiteration of host üthologies have been wmected 

with stages of pegmatite consolidation at Tanco (Morgan & London 1987; on this 

îopic also see Shearer a al. 1986): 

(1) B (*Li) metasomatism, generating tourmalinuation of host rock at 550-M0°C 

is closely foiiowed by precipitation of fine-grained dbite unît5 in the pegmatite; 

(2) K-Rb-Cs-F (*Li) metasomatism, genetating exomorphic biotite at 450°C, is 

mlated to the crystalihtion of fine-grained aibite which gaierates acidic F-rich 

fluids within the pegmatite, closely foiiowed by prwipitation of mica units; 

(3) H20-C4 (*Li) propylitic alteration of (Hbl + Pl) -. (Ep + Chl + Tn + Cc 

+ smectite-rich clay) at T<450°C is related to sericitbtion of microche and 
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poilucite by F-rich vapour liberated h m  the lpttst stage albitic units. 

Two p ~ c i p a l  modifications to the mode1 of Morgan k London (1987) are 

requircd, conœrning point (3) above. 

(I) Morgan & Lcmdon (1987) use the tcm nStri~itizaîiorP to indicate iarge-de 

teplacernait of K-fddspar by fatt-mica (lepidolite) uni&, nt&r than to Mate 

the deveiopmait of ûnbidity. Thc turbidity of feldspys, previously thought to be 

caused by alteration by fine-@ed mica, is now hown to be related mainly to 

the developmmt of rnimpomsity (Lalonde k Martin 1983, WPlka et ul. 1995. 

Lee et al. 1995). 

The term "magmatic-hydmthermal transition" has ken used to indicate the 

replacement of primary minerals by late units and the alteration of pnmary 

minerais under subsolidus conditions. For example, London (1990) emphasucd 

the reactive nature of late fluids which are exsolved during the course of 

pegmatite consolidation, and suggested that the sporadic and variable nature of 

metasomatic replacement is due ta fluids migrating between largely consolidated 

mineralogid mnes which are always grossly out of equiiibnum with their new 

local environment. This argument applies to dearcut caw of metasomatic 

replacement due to reaction of pnmary minerals with rnigrating hydrothermal 

fluid. However, the argument rnust not be extended to include the case of 

enhanced reactivity of eady-formed phases which is a result of phase instability 

on change of P-T conditions. An example of the latter case is the isochemical 
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conversion of petalite to aggregates of opodumae + quartz (SQUI) as the P-T 

path intersects rhe stability field of spodumene (Umdosi 19û4). In the case of 

poiiucite, the hydnnu Na-rich primary p h  is stable with high SüAi ratios 

unda the conditions of crystaiüation. Howeva, with draasllig temperature 

cee~uiiibration generates a Cs-rich phase with a Iowa SüAî ratio (Teertstm k 

Cern9 1995, Lagache 1995. IagPcbe et d. 1995). Thsc îargeiy ioocbemial 

reactions are aided by a high activity of aquecnu sud and m y  be considered to 

be the mult of deutenc aiteration. The best example is provided by high sanidine 

or orthoclaw, and by cryptoperthite. nie H 2 ~ y s e d  monoclinic triciinic 

orthoclase -. microche transformation, coupled with exdution of albite, goes 

to near-completion in most rareelement (and simple barren) granitic pegmatites. 

Microche-perthite, and coarse aggregates of microciine + aibite are the 

dominant low-temperature phases, fomed as a pseudomorphic assemblage 

differing significantly h m  the structure and composition of the original feldspan 

(as crystallued fkom the pegmatite melt) (Ch. 6.8). 

(II) nie pnsent evidence suggests that poiiucite is not rep1ad by mica. Coarse 

veins of lepidolite, which am>r in a polygonal pattern thmughout large blocks of 

poiiucite, probably formed from fluids excluded during the crystaibtion of 

poiiucite. Fine-scalc sericithtion probably represents a continuation of this 

process at low temperature. The alteration of poliucite (discussed in detail below), 

spodumene and petalite OCCWS in a distinct sequena which is characteristic of the 

sequentid cumpositionai evoîution of iate pegmatitic fluids (Gmj  et UZ. 1981, 
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Teatstn a d. 1993). and could not have kea consistently derived by 

hydrothemai fluids infiltraiing h m  the M i t  boat litholow. The 

assemblages of minerais in thesc alteration scqucnccs and the orda of 

crysaikation (Fig. 6.2) are simüar to the crystallipton squences of iatc 

hydrothefmaf leaching avities at Tarm (bmf 1972) and pan-bearing clay-filled 

cavities (e.g. Womia, F w d  et ul. 1986). M y  toward v a y  low tcmperaairc 

is there Md- for infiux of atcmdyderived non-pegmatitic M d  (e.g., the 

incorporation of Ba in adularia). The H 2 M Q  (&Li) ptopylitic alteration of (Hbl 

+ Pl) w a b k  (stage (3) of the mode1 of Morgan k London 1987) may result 

solely from the exsolution of exces fluids which were not consumed by the 

crystaîbtion of laîe-mica units. 

Widespread sllbsolidus activity of Rb and Cs is indicated by the low-temperature 

formation of cesian analcime and the occurrence of Rb- and Cs-nch-to-dominant 

micas and clay minerals. Zoning in cesian anaicime mords a complex evolution 

of Cs+,, activity, with a broad demease Q in latest stages of growth. Outermost 

rims of lepidolite, muscovite and exomorphic biotitc record a distinct, late 

increase in Cs and Rb activity. Fine-flaked lepidolite associateci with 

analcimhtion of poliuciîe also indicates l o d y  high activities of F at low- 

temperature. Rare occurrences of Cs-rich clay minerals indicate rare-alkaü 

activity extending to very bw-temperature oonditions. Compositions of these late 

minerais indice  that hydrothermai wallrockdenved fluids have negiigible 

influence on the intemal evolution of pcgmatite fluid, except at low temperature. 



SPOOUMENE 
248 

=t carbonates 

kaolinite andior 
montmorillonite 

adularia 
albite T 

\ calcite 1 

cookeite 

Fig. 6.2. Characteristic alteration sequences of spodumene and petaiite from 

some pegmatites in SE Manitoba (from çemf et d. 1981). The arrow 

indicates alteration prcxiucts appearing wiih decreasing temperature 0. 
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'Inree consecutive stages of alteration of poUueite, fïrst describeci in pdlucite 

from tbe Tana pegmatite by &mg & Simpson (1978), am now noognized to k 

rather consistent in pegmarites worldwide (Taertstra a d 1993). In the present 

work, r;epresentative sequences of aiteration are ghm in Fiiures 4.6 and 4.14 for 

pollucitc fiom Momu (Mozambique) and Luohmiiki (Fulland), respectively. The 

stages include fi) arprsc pdygonaî veiniog by iepidolitc, quartz, aibite and non- 

perthitic microciine, (ii) fine subparaiiel to braided veiniiig of muscovite (f 

quartz) and spodumene, and (Z) replacement assemblages of adularian K- 

feldspar, quartz, muscovite, aibite and cookeite f apatite. The alteration is 

typically followed by cation exchange of pollucite and leaching and replacement 

by ciay m i n d s .  

&Rb)-feldspar is an important and typical part of the sequeme h m  the 

qstallhtion of prirnary pollucite to its veining and iate replacement. The 

aystailiation temperature of adularian K-feldspar (+ coolute), formed pnor to 

anaicimization and associated with end-member poiiucite, is constrained by its 

relative placement in the sequence of alteration minerals to approximately 300- 

2ûû°C (Teertstra & Cern9 1995). Feldspar formed during analcimhtion of 

pollucite may have fonned at a somewhat lower temperature range of about 250- 

lR°C. nie sequences of phase transformation, quilibration and dteration of  

alkali feldspar and pollucite. appmxirnately correlated with decreasing 

tempetatute, are summarized in Fig. 6.3. 
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Stage (0. Coarse (cm-wide) veining by quartz, albite, microcline (+ mica) and 

lepidolite (+ quartz), and d y  pctaiitc, fUs fractures in large pllucite bodies. 

This assemblage occm at the marpins of srnaller scgregations of pollucite. The 

mineralogy of the came veining is variable, and rc~embles that of latc 

crystalüzhg assemblages in the smunding pegmatitc, but gaietidy distinctive. 

The oniy mineral consismtly present as cuarse veining is lepidolite (+ quartz f 

apatite). Lepidolite h never physically connected to kpidolite uni&, and pinches 

out within the pollucite. Ratha than having a sounv exted to the pollucite 

bodies, lepidolite seems to have fonned by crystaibtion of residuai fluids 

excluded during crystaiiization of pollucite. The same conclusion may apply to 

veins of microche which seem to be restncted to the interiors of pollucite 

bodies. The abundance of lepidolite and microche veins decrease toward the 

margins of poiIucite bodies. In contriut, albite units cutting across margins of 

poliucite bodies may often be ûaced in outcrop to nearby albite units. 

Stage 0. Fine v e k g  (mm-wide) of muscovite (f quartz) and iater rpodumene 

is characteristic of most l d t i e s  where pollucite ha9 segregated into masses 

larger than about 1 cm in size. The veins arc pervasive throughout the poilucite 

and do not n d y  becume more lundant near the margins of pollucite; this 

suggests that the veh-forming fluids were not derived from a source extemai to 

the pollucite bodies. They are a probably a fier-grained lower-temperature 

continuation of earlier mi-us veining. 
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S&C al. Adulariui K-feldspar metasomaticaily repiaces poilucite, crystallipng 

along surfaces of rhe carlier veins. Sphaicai M y  embedded in 

poliucite usually lie along fnciuic planes. Aggregates are g e n d y  0.5-1.0 mm 

in s h ,  but clurtcrs 2-3 mm in diamcter arc not uncornmon. Many of the 

aggregates a h  contain aibite, but virtuaüy iaU include cookeite and finely- 

dispased apatite and poliucite. At many l d t i t s ,  mygins of the po11ucite bodies 

tend to k more highly altered t h  the interiors, and therc are wide variations in 

local abundances of metasomatic feldspar. Massive K-feldspar, in band specimen 

usuaily porous, opaque and brown, green or saïmon in colour, replaces pollucite 

at severai localities. Opticai-microacopic examination of thin sections of the 

feldspar shows that individual gzains taid to k witwinned. Optical properties are 

typicaily obmwd by extreme porosity and high inclusion density . Most grains 

are brown (non-pleochroic) in thin d o n .  in virtually ail cases, 1Me K-feldspar 

aggregates can be distinguished h m  earlier generations by visuai inspection of 

hand specimens or thin section @y optical microsopy) and by EMP analysis. 

EMP anaiysis shows that, in contrast to earlier K-feldspar, the late aggregates 

have no detectable Na or P but may contain minor Sr and Ba (suggestive of influx 

of host-rock fluid). The principal substitution comsponds to the (K-Rb)-feldspar 

series. The feldspars also replace, react with, -and represent breakdom products 

of, earlier generations of @,Rb)-feldspar (see discussion, Ch. 6.6). Because of 

the widespread occurrences of low-temperature end-member K-feldspar, it is 

neccssary to discuss its characteristics and the application of the term 'adularia". 
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Flg. 6.3. Sequuices of phase transformation, reequilibntion and alteration of 
alkaii feldspar and pollucite, approximately m l a t e û  with decreasing 

temperature. Additionai information may be found in (1) Brown & Parsons 

(1989), (2) Temtstn et al. (1996) and (3) Teextstra & terni (1995). 



6.4 A nodel for the crys&&atbn of odubrh 

Aduiaria belongs to the catcgory of long-establisheâ varietal names parnittecl by 

the International Mineralogical Aüoclation. It is widely used to describe the non- 

perthitic morphologica31y distinct variety of K-feldsper typical of low-temperature 

environmentS. From high- to low- temperature arnong a broad range of geological 

environments, the morphology of K-feldspar varies h m  the Carlsbad (prominent 

(010) , c-axis elongation) to the Baveno (prominent (010) and (001) , a-axis 

eiongation) to the Adularia (na-rhombohedrai (1 10) and {loi)) habits (6 Cern9 

k Chapman 1986 for additionai information). h con- to some of the pre-1980 

literature, the term adularia cumntly har no connotations with regard to structural 

state. The term is fuîly embedded in the iiterature, however, and is used to define 

and distinguish at least two types of epithermd-vein ore deposits (e.g., adularia- 

sericite and acid-sulphate types; HeaM et d. 1987). 

in addition to its distinct morphology, a prominent and definhg feature of 

adularia from the rnajonty of gedogical environments is its chernical 

composition, closely approaching to attaining end-member KAISi,O,. The Or,w 

composition is expecteü,based on extrapolation of expenmentaly-denved sdws 

cwes at T < 300 OC (Bachinski & Müller 1971, Smith & Parsons 1974) and from 

synthesis at T< 80°C (Flehmig 19n). Except for minor substitution of Ba at 

some 10calities. the principal stoichiometric deviation nom K.AiSi308 is due to the 

newlydisoovered 0Si,,08 substitution (Ch. 4.1). 
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In this thesis, non-perthitic K-feldspar which has end-member composition, a low- 

tempetaturc pmgenesis and optical feahues multing hwn primary growth rather 

than üansformation from a higher-symmetry p2#:ursu,ue térmed "adularian', 

regardles of whether open spaœ was available for the deveiopment of a distinct 

crystal habit and crystal-fom hiaucby. 

The unit-ceîî parameters of feldspam correlate vay  prsgsely Mth oampooition 

and state of order (Kroll& Ribk 1987). However, ceii parametas for the 

majority of samplcs of adularia deviate significantly h m  the values expected 

from the Or, composition: (1) ceii parameters lie outside the standard b-c plot 

for llLali feldspan; (2) individual difhcted lines have anomalous positions; (3) 

dculated strain-indices have strongly negative values even though the samples 

are non-perthitic and should not k salained (Woodard 1972; Sibley 1978; Ali & 

Turner 1982; Martin 1982; &mf & Chapman 1984, 1986; Martin & Falster 

1986; Marshall et al. 1986; Dong & Momson 1995). The relations between 

anomalous chernical composition and anomalous ceii panmeters need to be 

estabiished because of the signiticance of adularia in the characteridon of Or,, 

end-member high sanidine (Ch. 5.2). 

Of the low-temperature sanidine samples examined in this thesis, the Or,, 

adularia h m  Tanco is of particular structural interest. Be*iuse its average 

structure corresponds to that of end-member high-sanidine, its cornplex optical 

features must result h m  proceses of primary growth. Twinning in low- 
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temperaturc K-feldspar is u s d y  a faitun of prllnary growth, rather than a result 

of transformation twinning h m  a highet-symmetry precursct (Akizuki & 

Sunagawa 1978). In samples with less disorda, 1ocaIly variable optics (bf & 

Chapman 1984) and linear structurai features obsavoble by TEM (Worden & 

Rushton 1992) might dso k attributcd to variation in atnicûuai state. In the case 

of the end-mernber high-sanidine, variable optics may result h m  

sirnultaneou gmwth of adjacent areas which arc slightly misaiigned (Worden k 

Rushton 1992). 

The precipitation of krgely monoclinic and (A1,Si)disordered adularia under low- 

temperatun conditions in granitic pegmatites has kai previously thought to occur 

rapidly as a nsult of a pressure-release event (Foord & Martin 1979; Martin & 

Falster 1986; terni & Chapman 1984, 1986). In the pressure-release hypothesis, 

vapour-saturated miarolitic cavities rupture, and tbe ddrasc reduction in water 

pressure induces rapid nucleation and gmwth of precipitates on cavity surf'. 

The hypothesis is consistent with the observation that aduiaria with the finest 

grain-size and a sheaf-like radiating growth structure tends to have the highest 

degree of (Ai,Si) disorder (&mi & Chapman 1986; Dong & Morrison 1995). 

Such a feldspar crystallizing in the stability field of low microciine may have a 

higher degree of disorder than K-feldspa. phenocrysts from volcanic rocks (e.g., 

adularian end-member ma, high sanidine; Ferguson ol. 1991). in order to 

preserve the structural state, it has been propased that the feldspar must be 

shielded from order-promoting agents such as H20 or allraüne fluids. 
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These special conditions, one to genemte disordered K-feldslpar, the other to 

prrrcrve its structure, arc probably necasary if the feldspar crystai ikd at a high 

caough temperature such thaî p o s t - c x y s ~ o n  (Al,Si)-orderhg was possible. 

ûn the otha hand, feldspar gmws M y  in diîgenesis, and is one of the first 

minemis to fom in ciastic lrPRimcnts duhg buriai at 25dO0C and 5 - 1 0  bar (Ali 

& Tumex 1982). Diagrnetic K-feldspar usually crystalks as the disordered 

mmociinic polymorph, and rarely as triclinic intermcdb-ehigh microche, 

because difotdered crystais have a simpler growth mechanism than ordered 

crystals (Worden & Rushton 1992). The growth of ordered phases is necessarily 

a more cornplex proctss than the growtb of disordered phases. At low 

temperature, an additional controlling factor for (Al,%) order is the atornic 

arrangement exposed on the growth surface, so that certain zones may be more 

ordend than othen (ALuulti & Sunagawa 1978). At conditions fat from 

equiiibnum, the intefactions at a minerai surf" are oontrolled by crystalliption 

kinetics. The distinct low-temperature morphology of K-feldspar results from a 

mechanism of growth which differs from that at high temperature. 

The suggestion that a high growth rate is responsible for (A1,Si)disorder in 

adularia is somewhat misleading. Under conditions of metastable growth, 

equiübrium will not k attained if the rate of species attachment (crystal growth) 

greatly exceeds the rate of detachment (dissolution). On the surface of a growing 

crystal, the attachment energy of an incorning species depends on its interactions 

with the surf' structure (cf. m4ew of Smith 1994). If the attachment energy is 
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low, the probability of detachment increares and the residence time for species 

such as Na, Ca or Cl at the surfice is low. If the p w t h  rate is high, the 

pmbability of permanent attachment of an unfavourable arrangement with a 

siightly lower attirchment aiagy than ideal U iocrrycd. The gmwth rate is not 

an sbsolutc value, but must k txptessed relative to the at!achment/detachmait 

nte: as such, it is stmagly dependent oa temptrahirie, md&c strucsmichrn and 

speciatiw. At vay low temperature, virtually any growth rate i s  too high relaeive 

to the energy M e r  of suiface-structural mimangement, ruid hydrotcd molecular 

complexes of Al3+ and Si4+ will quire  a catalyst for structurai reurganUaton so 

that Aï attaches to an exposed Tl site in prefcrence to Si. 

Aluminate and silicate solutions have kui well studied, and at a given pH, one 

can predict what species will be premt. At high pH, aluminate solutions have 

only one type of ion, the Al(OH),' monomer. Toward neutrai pH, polymenc ions 

appear, and then ultimately give way to Al(H20)2+ in acid conditions. In 

con-, ylicate monomers form in acid to neunal conditions, but at higher pH, 

polymenc ions form readily. Chahs larger than the trimer are me, whereas rings 

and cages are the prefemd form of the polymcrized silicate species; 4-membered 

rings are particularly common. In alurninosilicate solutions, aluminum 

preferentiaily complexes with the West silicate polymers. Reurangernent in 

responr to dilution or i n d  altalinity occurs by breakhg Si-OSi bonds in 

preference to Al-0-Si bonds which are not n o W y  cleaved in allraüne solution. 

The rate of polymer rearrangement depends primarily on pH, but also on the 
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identity of the allraline cation; the rate decreases h m  Na to Cs (Harvey & 

Glasser 1989). 

Low-tcmperaturc synthesis of K-f- from sdutions and gels indicates that the 

feldspar inhedts the M y  disordered (4,Si) arrangement of the aluminosilicate 

complexes (Fiehmig 1977). (Al,Si) orda of K-feldspv incnasts siightly with 

increased total altatinity (proton-accepting cspacity) Md with haascd pH 

(Martin 1974). Among the nucleophiles which catalyse aluminosilicate polymer 

mamangement, the most geologidîy-important am the hydroxide, fluonde and 

carbonate anions. Authigenic K-feldspar is always disordemi, with the exception 

of unhuinned microciine which foms by diagenesis of carbonate rocks (e.g., 

Kastner 1971). Altered K-feldspar is usually moreordered than clear K-feldspar, 

and feldspai associated with calcite or fluoriu tends to be highly ordered (terni 

& Chapman 1986, Dong & Momson 1995). These results are confirmed here: 

the salmondoured adularia associated witb fluorite (f calcite) at the Rubellite 

pegrnatite (Ch. 4.3) is highly ordered, whereas hi@-sanidine at other localities 

(e-g.. High Grade Dyke) is not accompanieû by F or CO:- phases. It is common 

that the orighi diroiderd state of adularian K-feldspar is pfese~ed because 

temperatures an too low for (Ai,Si)ordering, even on a geologicai t i m e - d e  and 

in the presence of abundant H,O (Cern9 & Chapman 1984, Martin k Falster 

1986). 



A kcy feaairr of accurate mineral amlysis is the use of sccuntc stan<lrdp with 

weiiaefined p d o a .  AJI exœllcnt check on o c ~ l c y  Ls the formula of the 

standard, which must npra with the stoichiometry indicated by the crystal 

smicturr. In tum, th* requires tbat the crystal chemisay of that structure type k 

proptrly understood. If this is the case, WC may rcquirc that the standard 

composition give the exact stoichiomeüy of the structure on calcuiation of the 

minerai formula of the standard. Analysis of weil-chamcterized minerals of 

simiiar composition provides a furtha check on the composition of this standard: 

this shouid provide average m i n d  fonnuiae of a>mct stoichiometry, vazying 

only in a ranûom M o n  within the precision of the analysis. If this is the case 

for a specific standard, then subsequent analysis of similar minerals that show 

signifiant deviation fiom ideal stoichiometry indicates a crystal-chernical featun 

of the structure that is not cumntly inwrporated in the structural mode1 of that 

minerai. Examination of the deviation(s) of the mineral from ideal stoichiometry 

may aîiow identification of the relevant substitution mechanism(s). 

If the composition of a minerat is weU constrained by chernical analysis, then 

minor deviations h m  the ideal formula which are due to analytical emr may be 

eliminated. If the minera1 has suitable characteristics of homogeneity, adequate 

grain size and freedom h m  inclusions, it may k used as a standard. The 

accuracy of this well-established standard may then k checked by analysis of 
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other weii-characterized minerais, if they bave a similv matnx. In this thesis, I 

have demonstrateû the urility of thk approach and have pnpYed an intcnially 

consistent set of alkali duminosiiicate standards of Z<22 including leucite, 

jadeite, diopside, -te, nigtupite, RqZnSi,O,, and memkrs of the scagolite 

and feldspar groups. AS fir as IC-fddspat i s  concemed, Eifel sanidine shows 

e x c e k t  charactcristics as a standard, with ideai compositional homogaeity 

indicated by the iack of correlations betwm demeatf dckmined from multiple 

analysis. Subsequent anaïysis of unknown feldspars ((3.4) reveah the foliowing 

featutes of ctystal chemistry: 

(1). The o v d  conformation of the analyticai rc~ults (Ch. 4) to the feldspar 

formula indicates that the composition of the standard is accurate. Multiple 

analysis of gem orthoclase from the White Queen Mine (Ch. 3.7, Table 3.19) 

gives similar compositional ranges and standard deviations as the Eifel sanidine. 

However, larger ranges are found in the compositions of the Ch. 4 feldspars 

(largely microche), parricularly for the M. T and oxide sums, and even for 

samples in which mean values of M* and ZQ- are equal. Average oxide sums 

tend to k les  than 100. Incrrased scatter of results which occm independentiy 

of any perticular substitutional mechanism is attributcd to overlap of the analysed 

volume with microinclusions. Micropomsity is negligible in gem feldspar, but 

fluid-filled microporcs oocupy up to 4 vol.% (but t yp idy  1.5%) of turûid 

feldspar and have a population density of up to 1@ mmJ (Walka et aï. 1995). 
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The presenœ of micmAclusions of a non-feldspu mineral within the Mllysed 

volume may k 16cognized by non-stoichiometric deviations h m  the ideal 

formuia. Analysis of ml ad* fiom the Tanm pegrnatite gave l d y  

anornafous resuits attribua to the prcscnœ of micr+incluions of an Fe-rich 

phase. Whereas the anaiytical total was near 100 wt. %, Si contents do not agree 

with the expected sum of monovalent cations, and ZT values range up to 4.1 qfu 

(Ch. 4.1). 

(2) The difficulties cncountwed during characterization of K-feldspar standards 

were in part due to variable and widespread substitution of up to 5 mol.% 

0Si,08. This substitution was unknown in microcline prior to this work. 

Substitution of up to 8 mol. % OSi,OB has been recordai in naturai and synthetic 

piagioc1ase (Muramalri u d. 1992, Beaty & Albee 1980). Grew et al. (1993) 

reported Si-excess compositions for reedmergnerite: decrease in Na+B is coupled 

with increase in Si, giving a range of Si h m  2.91 to 3.06 apjL; this was 

suggested to be due to either a systematic ermr or a r a i  but undefinai 

compositional trend, and is unconvinchg as a proof of 0Si,08 substitution. Up 

to 3.10 Si apfu has k e n  found in Fe- and Mg-rich sanidine (Smith & Franks 

1986). Potential OSi,O, substitution of 4-5 mol. % has been suggested in feman 

high sanidine (Linthout 8. Lustenhouwer 1993, Kuehner k Joswiak 1996), but 

because the fonnulae of these samples arc complicated by substitution of Fe, Mg 

and Ti, other substitutional mechanisms are possible (e.g., 0MgSi308). However, 
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if the o v d  composition is anstrauied to near-~11d-rnember K-feldspat, free 

h m  Fe and divalent cations, the viability of the OSi,O, substitution is more 

convincingly demonstrated. 

Distinct compositionai trends for the OS&Q substitution werc found in most 

generations of fddspar from Momn, LuolYnàLi, Uôa, High Grade Dyke and 

Tana. The substitution seems to k widespread in fel- fiom cornplex granitic 

pegmatites. It dso occurs in low-temperatwe disorderd monoclinic adularia 

which fonned as a metastable species. It is possible that pnmary magmatic 

feldspar also had far more vacancy + exccss-Si than is currently found Li 

rnicraciine, but that SiQ was lost with de~ea~ ing  temperature or during the 

nconstnrtive rnicrocline-forming phase-transformation. If Siurcessive 

compositions allow occupancy of the M'site by a few mol.% &O, this could 

intemaily catalyse the sanidine -. microcline transition and explain the tendency 

towiud complete conversion of sanidine to microcline in most granitic pegmatites. 

This substitution provides a mechanism for the suggestion of Waldron et d. 

(1993) that the transformation might k aided by water exsolved h m  the feldspar 

structure and not entirely extemaîiy introduced. 

(3). nie (ALP)SL2 @ulinite) substitution has been suggested as the p ~ c i p d  

mechanism of P incorporation in alkali feldspar. Departuns of P/(Ai-1) h m  

values of unity might imply non-stoichiometry related to vacancy-generating 

defects (London 1992b), but the &ta available to date have k n  of insufficient 
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accuracy for verifcation. in this thefis, K-feldppar with up to 2.0 wt. k P A  was 

analysed amsponâing to 0.08 P @fi and verifjhg the baLinite mechanism 

(Ch. 3.7). Phosphou has a patEhy di9trîbution in K-feldspar. London (1992b) 

s u g g d  that this is duc to laal hcterogeneity of P in the melt in whicb the 

feldspar grew. A more viable arplaaation is that the hetemgeneity resuits h m  

the fluid-catalysed rsonstnrtive mature of the fcldspp phase-transitions. In 

con- to the work of London (1992b), 1 found abundant fine-grain4 @te in 

association with albite and rnicroporous areas, suggesting iriflux of Ca. The 

poms blocky feldspar ai= had a patchy distribution of Ba and Sr, increasing in 

the later generations; this can aiso be taken as evidence for the influx of wall- 

mckdenved fluids. Compsitionai trends for P-rich feldspars indicate no 

significant deviation from the berlinite substitution. The principal deviation from 

stoichiometry is the possible incorporation of light-element M-cations in P-rich 

K-feldspar. 

(4). The presence of light-element substitution can k recognUed at values pater  

than 1 at. 96 (the EMP "detection limita). 1 found no evidence for substitution of 

B in any of the feldspars I examined. EMP anaiysis of Na-, H- and Li-exchanged 

samples of Eifel sanidine, previously characterized by EMP and buk-chemical 

analysis, infrand spectroscopy and crystal-structure nfinement (Behrens & 

Müller 1995, Deubener e8 ol. 1991, Paulus & Miiller 1988, MWer 1988), 

suggests that calculated values of light-elements may be accunte to within 5 atm 96 

relative (Ch. 4.1, Table 4.3). in most samples of feldspar, light-element 
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substitution does not exceed 0.01 opfu; however, up to 4 at.96 Mution 

deficiency was reoorded in P-karing feldspar and Uer genedons ddved 

therefiom. Analysh of intermediatr! microche h m  Red Cross Lake gives good 

agreement with a m e d  value of Li of only 0.02 @fi pabk 3.2, Table 3.8, 

Table 4.10, Fig. 4.33. Compositions of adularia from the Tana pegmatite 

indic& up to - 16 at. k light-elemat substitution (Fig . 4.3 and Table 4.2). 

(5). The data presented in this thesis populate most of the series h m  KAISi308 

to RbAiSi30, and show that compositions in the range 50 to 70 mol.% Rb- 

feldspar are rather cornmon (a summary is $ v a  in Ta& 6.2). Without 

exception, the Rb-enriched part of the series (with gnater than - 10 mol. % Rbf) 

is Ca-free with negligible to undetectable contents of Na, Sr, Ba, Fe or P at ail 

localities and for al1 types of (Rb,K)-feldspar - blocky, vein and adularian. The 

only persistent minor element is Cs, in almost aii cases positively correlated with 

Rb, present to a maximum of 0.03 op/u (- 1.5 wt. 96 Cho, the highest recorded 

for a feldspar). The Rb-poor part of the series is Ca- and Fe-free but has minor 

Na20 or P205 (both S -0.5 wt.96). and SrO or Ba0 (boths -0.2 wt.%). K- 

feldspar with high values of Na (or P) is thought to represent compositions closer 

to that of the original primary phase than feldspar with lower Na values. 

Nevertheless, exsolution of albite is largely complete, and Rietveld refinement 

indicates the presence of albite even though EMP analysis indicates < 0.5 wt. 96 

Na@, sr, that the Na values represent 'bulk" analysis including finegrained 

albite, potentially cryptoperthiite (Ch. 5). 



gable 6.2: Rbp content of the 1C-phaae o f  microcline precuraota and 
of the lata (K-Rb)-foldsg~r~ E r g  eX~cito-bearing pegmatitm. 

Locality 

ut. * Rb@ in blocky maximum Rb of 
and vein microcline wf- 

mean (range) W Rbf 

Tanco, Manitoba 

Red Cross Lake, m i t o b a  

Bigh Grade Dy-, Uanitobr 

Tot Lake, Ontario 

Rubellite Dyke, Ontario 

Valor, Quebec 
Tanminen quarry, Greenwood, Maine 
Old Tom quarry, Creenwood, Maine 
Norway 1, naine 

Notway 2, naine 

Walden, Connecticut 
Leominoter, hs8achusetts 
Tin Xountain, South Dakota 
Himalay8 Mine, California 
Viitaniemi, Finland 

Nykopingsgtuvan, Uto, Sweden 
susice, Czech Republic (CR) 
Nova Vea u Çeokeho  lova (CR) 
La Speranza, Elbr, Italy 

Kola Peninsula, Rusaia 

Eastern Siberia, Rusaia 
Mongolian Altai #l, China 
nongolian Altai #3, China 
Mongolian Altai 183, China 
Xorrua Mine, Mozambique 
Bikita, Zimbabwe 
Benson #l, Zimbabwe 
Helikon, Namfbia 

Ambatofinondrahana, Madagascar 

The K-phaam of blocky and vein microcline and their Rb-anriched 
derivatives are indfcated by normal type and i t a l i c s ,  reepectively; 
adularian (K-Rb)-feldspar is indicated by boldfrcm. 



Primary blocky (K,Na,Rb)-feldspar from the interior ~ a ~ o  of highiy fiactionated 

pegmatites origbdly haâ more Na and a lower WRb ratio than is cunently 

obse~~ed in the microcline phase of perthitc. In the samplcs anaIySbd in this 

study, the Scpyption of plbite h m  its host is iargdy complcte, and -te 

iamtllae are commonly replrced by K-fedspar or canami into irreguiar trains 

of granular albite. In general, aibite may even migrate beyond the confines of the 

present IC-feldspar cystais. nie principal reaction involving Rb (noted in bl-Q 

K-feldspar which has les  than about 2 wt. % RbO) is a patchy compositional 

heterogeneity on a sale of a few Pm. The patchy wmposition could result from 

local solution-redeposi tion duMg the H20-catalysed reconstruc tive transformation 

from sanidine or orthoclast to micrdine, rather than to exsolution, because PzOS 

a h  has a patchy distribution on this scale. However, in siightly Rb-ncher 

mictocline (à - 2-4 wt. % Rb,O), locai formation of diffuse veins of Rb-enriched 

feldspar, parallei to the cleavage of the host and in association with albite, are 

attributed to processes of exsolution of Rb-nch feldspar (Fig. 4.13A. B. C, 

Lilypad Lakes; Fig. 4.22B. High Grade Dyke). Diffuse compositional gndients 

suggest struchiral coherency of the Rbuiriched feldspar and its host (typicaliy 

microdine). Weiideveloped rnicmporosity and the formation of Rbdepleted K- 

feldspar near grains of albite provide ample evidence for interaction with fluid. 

Texturai coatsening of albitc and (Rb,K)-feldspar was probably fiuid-assisted. 
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Veins of non--tic (K,Rb)-felaPpar in pollucitc, largdy Na-poor but typicaily 

with up to -5 W. 96 -0, probably formed in the stability field of microche. 

However, most veins uhibit tPrtan twinning, indicating t ransfodon h m  a 

monoclinic precursci ntba than direct prccipitation of microcline. niey mut - 

have transformed and exsolved Rbznnched feldppy shortly after crystalhtion 

of the (Aî,Si)-disordQCd primvy phase. Texturai eMdeiice suggests that the 

nucleation, exsolution and awusallag of piassian Rbfeldspat followed that of 

albite. (Rb,K)-feldspar locally shows compositional gradients with its host (Fig. 

4.16A, Luolam%lri; 4.22C, High Grade Dyke), suggesting structurai cohemcy. 

However, in most cases the texaual evidence at the scale of BSE imaging (i.e., 

sharp phase boundaries) suggests that Rb-feldspai forms a distinct phase (Fig. 

4.168, C, D, LuolamaIQ). TEM andysis shows that the Rb-nch feldspar at Eiba 

is struchually coherent with host microche, even though BSE imaging shows a 

sharp phase boundary (Fig. 4.18). 

An exsolution ongin for (Rb,K)-feldspar grains in microche is suggested by its 

typical occurrence neu grains of mica, quartz or albite. The thin veinlets of Rb- 

feldspar which occur in pollucite-veuiing microdine fiam Tanco and Luolamabi 

probably also exsolved h m  the host (&Rb)-feldspar. Zones of structural 

weahess may provide suitable sites for nucleation of Rb-feldspar. Deuteric 

alteration is Iürely responsible for subseqwnt coanening of exsolution textures. 

Reaction of early K-feldspar with late fluids is locally intense and should probably 
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k considemxi hydrothed rather than deuteric (as defined by Brown k Parsons 

1994). Textural evidena suggests that the bteakdowa of Q,Rb)-feldspar to an 

assembhge of bighly porouc K-fddspar + Rb-fcldrpY occun by solution- 

rcprecipitation from carly (&Rb)-feidspar at low tempaature in the presence of 

fluids. Such reactions arr abundant in Higb Grade Dyke miczocline, but a h  

occur l d y  at Tanco (Fig. 4.20F) and Red CIOS Lake (Fig. 4.27C). The 

proportions of K-fcldspar and (Rb,K)-fddspy su- local desivation h m  a Rb- 

bearing host; the= is no paxticulu evidence for widespread long-range migration 

of a Rb-nch aquaw duid. 

End-member K-feld~par, zoned sequaices of (K-Rb)-feldspar solid-solution 

compositions and an assemblage of caprecipitated K-feldspar + Rb-feldspar were 

also generated in a period of hydrothermal alteration which affeaed both 

microche and poliucite. The association of late feldspar with cookeite (f 

apatite, quartz, calcite, fluorite, clay minemls) indicates a low-temperature ongin. 

K-feldspar rep1accs other minerals as weIl (e.g., lithium aluminosilicates); 

however, in these cases, Rb-rich feldspai is not generated, indicating that the 

h y d r o t h d  solutions were not a source of Rb. Reaction of hydrothennal fluid 

with Rb-bearing phases was responsible for generation of the assemblages. In 

some cases, veining by (Rb,K)-feldspar indicates that exsolution processes were 

operative (or the (Rb,K)-feldspar precipitated dong fractures), but the typical 

preservation of K/Rb zoning in aàularian (K-Rb)-feldspar indicates that, in these 

cases, the temperatun was too low for extensive solid-state Plkaü diffusion. In 
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the final stages of mction, only end-mexnber K-feldspar was precipitated. 

Primary monociinic (I(,Na,Rb)-feldspar pcsurmbly inherited a highly disorderai 

(AI,Si) disrribution h m  the -tic melt, which by definition has long-range 

disorder. The monociinic + triclinic change of symmetry h due to npid (A1,Si)- 

ordering at -450°C iather than to fnmework collapse (Le., maximum 

microche and high sanidine have ncu-identical celi volumes), and in Or-rich 

feldspy, the (M,Si)-orde~g precedes exsolution (Brown & Parsons 1989). The 

subsolidus transforination stage of feldspar evolution in igneous rocks, 

characterized by formation of the ortfioclase tweed texture and coherent albite 

micmlameilae (Brown & Panons 1994), must occur immediately upon 

consoli&tion of the late interior mnes of complex rare-element pegmatites. The 

low-temperature deuteric aiteration stage, characterized by "unzipping" of 

coherent microstructures and formation of microche, then leads to essentially 

isochemicai coafsening of twin domains and extensive strain-fke phase separation 

of exsolved feldspars (Brown & Parsons 1994). In an H,O-rich environment, the 

symmetry transformation might not be energetidy stranded at the orthociase 

stage; continued coarsening of the adjacent ordered and anti-ordered unit-cell-size 

triclinic domains could lead directly to microche (Brown & Parsons 1989). The 

micmclinc-forming phase transformations oocur dominantly by solution- 

reprecipitation at T < 500°C (Waldmn u ol. 1993). The transformation generates 
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turbid pnneable K-feldspar with abundant fluid-fiilcd micropore8 with the 

adularia f o m  (Waîker et al. 1995). 

The emplscemait of a d body of  granitic-pegmatite magma into a nlatively 

c d  host rock lads to rapid crystallintion and subs6quently to a the- 

cornprrsped subsolidus-transformation stage. High activity of H20 lcads to an 

intense deutenc-alteration stage with large-de phase w o n ,  making it 

difficuit to establish the original feldspar textures and composition. In granitic 

pegmatites, not ody are the microcline-fonning phare transfodons commonly 

driven to nuuîompletion, but coarsenirig of twin domwis arurs  to the extent 

that microche appears untwinned, segregation of albite pmgresses far beyond 

recognizable perthitic textures, and amimapores are visible by routine 

microscopy or even in hand specimen. In many cases, the isochemicai nature of 

the deuteric-alteration stage is highly questionable (isotopic compositions and 

trace element abundances are exîensively disturbed, cg., Waiker u al. (1989b), 

and the deuteric alteration may k transitional into hydmthermal dteration (as 

defined by B m  & Parsons 1994). 

The occurrence of near-maximum microcline with 16 mol. % Rbf at Red Cross 

raire and low-mintermediate rnicrocline with 26 mol. % Rbf at Kola Peninsula 

indicates that ordering procceds in Rb-rich K-feldspar to the m e  utent as in 

Rb-poor K-feldspar (ternf et d. 1985). It is possible that the large Rb+ ion 

stencally hinders (Ai,Si)-ordering, but this would only duce  the rate of 
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ordering. It is significant that the feldspar h m  these two Rb-rich l d t i e s  shows 

minimal evidenœ for  SOIVUS VUS mequilibration, whereas at ali other (Rb-poorer) 

localities, the widespd occurrence of Rb-feldspy in mic~ocline and the two- 

phase assemblage of Rb-feldspar + K-feIdspar suggcst a compositional gap at low 

tempasnin. If cxsolution gaieratai the Rb-feldsppr, the pnmary composition 

must have beui higher in Rb than the preseat composition of the microcfine. The 

Red C m  Lake and Xoia Peninsulo fddspars differ h m  th f- at most of 

the other l d t i e s  investigated in that signifiant 0Si,08 substitution is not 

detected. It is reasonable to propose that ntcs of Pllraü difision are greater in 

feldspar with a few percent vacancy than in vacancy-ftee feldspar, due to 

vacancy migration. 

Substitution of OSi,O, ir probably responsible, in part, for the extensive phase 

separation of albite h m  K-feldspar in granitic pgmatites. As far as the rather 

complete conversion of disordered primary phases to micmline is concemed, it 

is proposed h t  the vacant fraction of the M-site may be occupied by molecular 

H,O. It has beai long established that the pnsaice of H20 is necessary for the 

orthoclase * microche transition. H20 in the feldspar structure would have a 

profound effect on the rate of (Al,Si)-orde~g and lead to a rather complete 

conversion to microcbe, as found in granitic pegmatites. In the reconstnictive 

process, 'excessa Si is not exsolved in the fom of quartz from the feldspar and 

evidence for OSi,O, is pS€Xve!d in microche. No diffraction peaks of quartz 

were found in XRD-patterns of feldspar with OSi,,OB substitution. 
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Expairnatal meastuement of partition coefficients for Rb between feldspar and 

peraiuminous mdt giwr vaiucs near 1.0 (IMnhower & London 1996) and lgrec 

with values rneasud for naturaï sanid.int in Rb-rich rhyolitic melt (0.8, Corigdon 

& Nash 1991). Values arc lowa in a q u e ~ , ~  solution at lowa tempesature (0.26 

at 400°C/llrbai, Volfmgcr (1976); 0.28 at lûûOU lldrar, Pauwels a d. (1989)). 

At vay low temperaairt, our observations indiate that Rb is exduded h m  Or, 

Sanidine and ~OWS scparatê @ô,K)-fel- phaoe (erngrn* st High Gade Dyke). 

The possibility of a solws is indicated by positive values for the Gibbs free 

energy of mixing of (K-Rb)-feldspar determined experimentally by hgache & 

Sabatier (1973). End-member K-feldspar coprecipitates in quilibnum 

@resumably strain-h) textures with - 80 mol. % Rb-feldspar at - 250-150°C. 

Compositions in the range 50-70 mol. % Rbf are rathet common and show zoning 

andor patchy WRb distributions indicative of disequilibrium crystallhtion. The 

solws must crest at T<400°C becaur expeximental evidence shows continuous 

solid solution at and above this temperature (Voifhger 1976, Lagache 1984, 

Ghelis & Gasperin 1972). Data are not available at lower temperature becaur of 

the extreme sluggishnes of reactions (M. Lagache, pers. comm. 1994). The low 

temperature of the proctsp is in agreement with the typical low-temperature 

hydrothermal character of associatcd minerals such as coolcite, calcite, fluonte, 

cesian analcime and bavenite, and is constrained by its placement in the alteration 

sequenœ of poiiucite extending to T< 100°C (Teertstra & brn~ 1995). 



6.8 New membem of d e  feUpwgmup 

As noted in the introduction and documented tbroughout Ch. 4, two new species 

should be added to the feldspy group: ruôiciine, the &&lium Malog of 

mi-, and rubidine, the proposed pihidium analogue of sani-. Rubicline 

is the first m i n d  with Rb as an essential coastituent. Both @es occur as 

small blebs and veinlets in K-feldspar and have a simikr compositional range 

dong the series KAISi30, - RbAiSitO,. Both are widespread minerais ocamhg 

in the interior unes of complu-type rareelexnent pgrdtes,  aMociWd with 

pollucite and Rb- and Cs-rich micas, aibite, quartz, cookeite and @te. A 

typicai grain-size of l e s  than 20 Cm, extending to S50 Cm, precludes 

meaningfd characterization of most physical and optical properties by routine 

methods, including streak, hardness, fracture, density, refiactive indices, 2V or 

dispersion. Its small grain-size and similarity to microciine in thin section and in 

X-ray powder diffraction probably hindend its earlier identification. By electron 

microprobe, the EDS Rb La peak is hidden under Si Ka, leaving ody WDS 

analysis and BSE irnaging as methods of detection. 

For Rb-feldspar occurring in rnicmline, diffuse compositional gradients suggest 

structural coherericy of the (Rb,K)-feldspar and imply structural coherency with 

the host microcline Fig. 4.13C, 4.16A, 4.20D). Li thin and polished sections, 

cleavage pases through both the host microdine and the exsolved rubicline. Thus 
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by anaiogy with microcline the c l a m  i s  (001) mat, (010) gooâ. Structural 

coharncy hinders manuai Sepyption of phases. Rubiclh is 0010ur1ess. From the 

grains positively identifid in thin section, the rekf is higha than that of the 

adjacent microclinc, the bixefringence is bw (first.order grey inwerence 

colours) and the crystaîs arc agparently untwinned. Refiactive indices arc siightly 

higha than those of the host microche, as detumiaed by Bcckc-line tests in thin 

section. 

For rubidium feldspr occurring in untwuuied adularian sanidine, opticai 

continuity of the mned (K-Rb)-feldspars suggests structural coherency resulting 

h m  parallel to subparallel growth (Fig. 4.7A, B, 4.10D. 4.16F). Rb-feldspar 

also occun as fine-gnined clustered aggregates in Or,, adularia associated with 

cookeite and apatite (f albite, quartz) (Fig. 4.22D, E, F). The Rb-feldspar is 

probably as disordered as its host, which extends compositionally to end-member 

adularian high sanidine (e.g.. High Grade Dyke). 



c m 7  

CONCLUSIONS 

(1) Latt low-tempurturr fmtjpained Rb-feldspan wcre found in 12 highly 

fractiomted poliucite-karing pegmatites, and Kdorniaaat but Rb4ch fddspars 

w a c  studied h m  an additionai 21 locaiities. These represent the h t  mineral(s) 

with Rb ac an essential constituent. Paagenetic conriderations indiate that 

(Rb,K)-feldspars may k present at a much greater numkr of rare-element 

pegmatites worldwide, particularly in association with poilucite. 

(2) Compositions of the feldspars Lie close to the join KAiSi,O, - RbAISi,O,, with 

up to 26 W.% Rb0 (91 mol.% Rbf) and 1.5 wt.% Cs@ (3 mol.% of a 

hypthetiai Csf component). Na and Ca contents are negligible, and the main 

deviation h m  ideal stoichiometry is due to a few per cent 0Si,08 and light- 

elemerit M-cation substitutions. Mineral compositions are constrained to within 

2% suracy by using internally consistent standards with stoichiometry 

compatible with their structural formulae. 

(3) Although verified as feldspar phases, the structural state of most samples of 

RbdomUiant feldspar cannot be mea~ured due to small grain-sk. Appnwed 

minerai names will kcome available for the Rb-analogs of monoclinic sanidine 

and trichic microcline for a few localities. However, samples can be generally 
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named on the basis of chernical composition: K-feldspar as commonly used for 

PUraü feldspars containhg mkdy K in the M-site; nibidian K-feldspat for Rb- 

a a M g  to Rb-rich K-feldspar with Rb<K; (potassic) Rb-fddspar for (Rb,K)- 

fddspar with Rb ZK. 

prthite) of intemal pegmatite zones commonly adjacent to poilucite bodies; (2) 

in late veins of non-perthitic microcline crosscutthg poilucite; (3) in adularian 

feldspar metasomatic after microche and pllucite. Rubidium feldspars are 

formed by three genetic mechanisms: (1) exsolution from Rb-bearing K-feldspar 

precursors; (2) reequilibntion by local solu tion-reprecipitation of (K. Rb)- 

precursors; (3) dinct crystaiiization of adularian (K-Rb)-feldspar. 

(5) The occurrence of Rb- and Cs-nch-todominant micas and clay minerais, and 

a cornplex internai mning history of cesian anaicime, indiate widespread 

chernical activity of Rb and Cs under subsolidus aonditions. Characteristic 

sequerices of alteration of poilucite, petaüte and spodumene, of leaching cavities, 

and sequences of crystdhtion in gem- and zeolite-bearing clay-filied pockets, 

aii indicate that hydrothermal wallrock-denved fluids have negligible influence on 

the intenial evolutioo of late pegmatite fluid except at very low temperature. The 

micas ne& additional characterization as new mineral species. The chys need 

TEM-scaie identification as they are signifiant to the containment of nuclear 



waste and its fate in contaminated mils. 

(a) Exsolution t y p i d y  operaccs in early &,Rb)-felldopan which disphy 0s- 

substitution, foliowed by coYscnLig d s t e d  by deuteric pn>cesses. Structural 

coherency of the exoolvcd Rb-dominant phases with the triclinic host is definite 

in one case and stn,ngiy wggested in othas. Tk exsoiution i s  promotcd by 

migration of M-site vacancies, and (A1,Si)adering is possibly catalysed by 

partial occupancy of O by molecular H@. 

(7) hte-precipitating Rbf-, adularian felâspars are probably as (AisSi)- 

disorderd as their Orlm disordered host. These occur as distinct phases due to 

the presence of a strain-fkee solvus in the Kf-Rbf system cresting at T <400°C. 

Compositionaiiy uuied feldspars in the range Rbf, to Rbfm are not infrepuent, 

but are probably metastable kause of slow Rb diffusion at low temperature. The 

mechanism of feldspar growth at low-temperature does not ailow signifiant 

(A1,Si)srdering except in the presence of a catalyst. 

(8) Substitution of light elements, particularly in association with P substitution, 

needs ta k verified by chernical malysis. For feldspar with substitution of 

0Si,,08, potential occupancy of the M-site by H20 needs to be vuified. Rates 

of altali-cation diffusion neeû to be measured for this feldspar and compared with 

those of ideal stoichiomeüic feldrpar. There may be diffennces in composition 
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between orthoclase and microche in typid granitic rocks if substitution of 

OSi,O, is rrlztcd to the HiO-catalysed reconst~ctive phasetransfodon. 

(9) Rietveld rehement of X-ray powda-diffraction data gives accurate ceil 

parameters for feldspars. Howwcr, study by TEM is neœssary to provide 

stniaunl infonaaton on a l o d  scaic. The œii parameters a 8.591(1), b 

13.047(2), c 7.170(1) , fl 1 lS.W(l) O are closely representative of the structure 

and amposition of Or,, end-member high-sanidine. 

(10) The precision of EMP measurements at a 4-sigma level of confidence is 

about 1%. By using intemaIly consistent standards with compositions compatible 

Mth stoichiornetnes of the structural formulae, minerals with a generally sirnilar 

matrix may be analyscd with S2% accuracy. Systernatic anaiyticai emr of a 

standard rnay k greatly reduced by examination of the nsults of analysis of 

closely-related Nnerals. If a standard is compositionally and structuraily well- 

characterized, the accuxacy of analysis of samples of near-identical composition 

may then approach 1 96 absolute. The buik of the results, which give the expected 

stoichiometry of the structure, may be cfassified as no&, and anomalous 

measurements which do not confonn to ideal feldspar stoichiometry may be 

identifieû. 
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APPENDIX 1 

List of Samples 

Iuohdki, Fialaad: PAQO3 (P0U-45, P. bfi; PA-004 (POU-18A, K.J. 

Newoncn); PA-a09 ( P o U - ~ ~ S ,  P. hf); PA410 (Poil4, C. Guillemin, 

Ecok dts MWs, PÎN); PA414 (POU-16, R. Kristianstn); PA417 (POU-38, 

O. von Knorring); PA-019 (POU-18B.2, K.J. Neuvonen); PA- (Poil42, P. 

b f l .  
V W d ,  Oiivesi, F b d :  PA- (P0ll-43, P. bf); PA411 (POU-34, 

O. von Knorring); PA-013 (POU-14, R Kristianscn); PA431 (S.I. Lahti). 

Hhapaiuomi, Paaitinajoki, Finknd: PA-132 (P. bf). 

Vanttr4Csk, Swêden: PAU16 (POU-28, J.S. White, U.S.N.M. #RI 1884); PA- 

072 P O U ~ ,  O. von Knorring); PA-090 (VAR-38, P. &mi); PA491 (VAR- 

4, P. h y ) .  
NyL&pingsgruvan, Ut& Sweden: UtMn; UtMn (P. temf). 

herbem, Sweden: PA-179, PA-180, PA-181 (PoUucite Type 1, II and m, 
respectively, F. Graisman). 

NovP Va u -ho KNmlova, Czech Republic: PA-157, PA-166 (M. 

Nova). 

VttnP, Czech Republic: PA-161, PA-162, PA-163 (M. Nova). 

Mongolian Altai, W1, Chllia: PA442 (Zhou Tiamn). 

Mongolian Altai, W 3 ,  ChUia: PA-144 (Zhou Tianren); PA453 (Qui 

Yuzhuo) . 
Mongolian Altai, W 3 ,  China: PA0146 (Zhou Tianm); PA456 (Qui 

Yuzhuo) . 



Kola PeninsuIa, NW USSR: PA-039 (POU-2, C. Guillemin, Ecole des Mines, 

Pans). 

East Siberin, USSR: PA471 (M. Nova). 

San Picm in Campo, Eiba: PA-4 (POU-3, C. Guillemin, Eoole des Mines, 

Paris). 

Tamminen QuMy, Greenwood, Maiw: PA435 (MA. Wise, U.S.N.M. # 

126627); PA405 (C. Fmndcl, HIavud 194630); PA4M (C. Frondel, 

Harvard Y92864 primuy); PA-006 (C. Fiondel, Hanard 194791 secandary). 

Laahty 1, near Norway, Maine: PA431 (Poil-7, University of Manitoôa M- 

4'1); Locality 2, near Normy, Maine: PAU78 (POU-12, Univ. MB). 

B W  MUK, Nomoy, Maine: PA-026 (Poil-26, V.T. a g ) .  

WIiIden Gem Mine, Portland, Co~ecticut: PA-139 (MA. Wise, U.S.N.M. # 

Rl6îO8). 

IROmirrctc!r, Massachusetts: PA-020 (Poil-30, J.S. White, U.S.N.M. # 

103386). 

Old Tom Mt., Greenwoad, Maine: PA434 (M.A. Wise, U.S.N.M. # 

126152). 

Dunton Quarry, Newry, Maine: PA438 (Po11-24, V.T. King). 

Brown Duby, Colorado: PA-080 (P. &rny). 

H i d a y r i  Dike, Ciiltifoniia: PA0216 (S.I. Lahti). 

Th Mountain, near Custer, South Dakota: PA-008 (Polid, D.H. G e ) ;  

PA422 and PA-025 (Poil-20, D.H. Garske); PA-O?$ (POU-21, D.H. Garske); 

PA-127 (TM-20, J. Farrar); PA428 (P. &mi); PA436 (MA. Wise, 

U.S.N.M. # 97634-5); PA437 (MA. W h ,  U.S.N.M. # 95890); PA-133 

(M.A. Wise, U.S.N.M. # 133855). 

Benson #l, Zimbabwe: PA423 (Poil-27, V.T. King); PA479 (POU-35, 0. 



von KnOrzing). 

Bi*, Zimbabwe: PA-018 ( A L  Andason); PA421 (POU-22, D.H. G e ) ;  

PA028 (Poli-lû, C. Guillemin, Ecok Dcs Miau, PyW). 

Hcllkon, Namib& PA-029 (Poil-31, J.S. White, U.S.N.M. IYRû270); PA477 

(Pol-36, O. wia KnOfting); PA-125 (G. Fticdrich); PA467 (M. N d ) .  

MoM., Mozambique: PA-032 (POU-39, O. von Knorring). 

~ t o ~ o n d R h . n o ,  Modpgarar: PA437 (POU-1, C. Guillemin, E d e  

des Mines, Paris). 

Valor prospect, Lacorn Twp., Quebec: PA436 (Poli-9, M. Latulippe). 

Tot LPLc, Dryda, -MO: PA-093A-H. 

RubeUte pegmatite, Lilypad h k e ,  Ontario: PA-097A-E, Lüyl-12. 

R d  Cross LPLe, Manitoba: RU-Mes; multiple Jpecimcns. 

Tanco pegmatite, SE Manitoba: PA-Yna; CsA-series and POU-&es; 

multiple @mens of P. &mi. P. Vanstone, D.K. TaztStra. Samples EMP- 

analysed: PA-043,051, 101, 10.5, 112, 117, 119; 85~32, CS3-201', 203'. 

204', 207'. 

Lower Tanco: PA-158, PA-159, PA-160 (P. Vanstone). 




