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The simpsonite paragenesis,

with simpsonite, comprises 30eo

rences, and shows some of the

from a mineralogic viewpoint, i

of Ta-oxide minerals.

ÀBSTRÀCT

the suite of aLl oxide minerals associated

of alL Ta-oxide mineraLs in a me:e 9 occur-

greatest degrees of Ta fractiona:ion; thus

t is one of the mosi important parageneses

The members of the simpsonite paragenesis are: alumotantite, cassiter-

ite, cessLibtantite, ferrocapiol-ite/ manganocolumbite, mangai:ctantalite,

microlite, nalrotantite, parabariomicrolite, plumbomicrolite, :ankamaite,

simpsonite, sosedkoite, stibiomicrolite, stibiotantalite, Lanta:owodginite

and wodginite. 0f these, iirree are new mineral species (parabariomicrol-

ite, stibiomicrolite, and tanralowodginite), and alumotantite, :esstibtan-

tite and natrotantite are recefined. The crystal structures cÍ alumotan-

tite, cesstibtantite and parabariomicrolite have been solved, ai:i structure

refinements have been done for microlite, nairotantite, si:psonite and

partially-ordered wodginite. In addition to the study of the c:ystaI chem-

istry of the simpsonite paragenesis, the crystal chemistry oi wodginite-

group minerals has been done, establishing (1) the ranges in ciemistry for

wodginite-group minerals, Q) two addiLional new species: ti¡anowodginite

and ferrowodginite, and (3) the style of cation disorder in woôginite.

Simpsonite localities are: the Tanco pegmatite, Canada; the ÀIto do Giz

and Onça pegmatites, Brazil; the Bikita and Benson no. 3 pegma:ites, Zim-

babwe; the Leshaia pegmatiie, ussR; the Tabba Tabba pegmatite, Australia;

- lV -



Lake Kivu and the Manono pegmatite, Zaire. A study of the geochemistry of

the paragenesis shor+s remarkable similarities amongst occurrences, despite

their w:äe geographical separation. The ox:ie mineralogy of the Tanco peg-

matite i:as been studied as background to the setting of the simpsonite par-

agenesis, and shows that enrichment in Ta:cupled wirh depletion in common

transiticn-meLal cations (e.g. Mn,Fe,Sn) i.s necessary for formation of the

simpsoni:e paragenesis. Crystallization :.i.stories of all occurrences of

the simpsonite paragenesis can be exptainec cn the basis of either increas-

ing ¡, ft¿/L) or increasing acidity of the pa:ental melt/f luid.
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FREOUENTLY USED ABBREVIÀTiONS ÀND SYMBOLS

D: density
, 
E?: energy-dispersive
lFl: structure factor

H: hardness
I: X-ray diffraction intensity
n: refractive index

0 eff): effective number of oxygen
at,oms for charge balance

p, Í. u. : per formula unit

P: pressure
r: effective ionic radius
s: bond valence

SQI: spodumene-guartz
intergrowth

T: temperature
VHN: Vickers hardness number
WD: wavelength-dispersive

anron
linear absorption coeff i-
cient (x-ray)
chemical potential of
element Z

Øz
pi

^E' 
.

site vacancy
isomer shift
quadrupole
splitting
line width

(uössbauer )
n

ll p(
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Chapter I

1.,1 CRYSTAL CHEMiSTRY OF TÀNTA;,UM ÀND NIOBIUM OXIDES

Tantalum and niobium are G:oup Va transition metal elements, separated

by the lanthanide contraction in:he periodic table, so Ta (180.948 a.m.u.)

has approximately two times the mass of Nb ß2.906 a.m.u. ) associa:ed with

it. Otherwise, the two elements are extremely similar. ions of bo:h ele-
ments strongly prefer the +5 valence state, they have identical :adii of

0.64 Â (Shannon, 1976), they have similar elec¡ronegativities (Hb: -,,6, Ta:

1.5) and ionization potentiais (ist ionization porentials are Nb: 159, Ta:

182 kcal/n), both have do coniigu:ations, and both show an extremel-v strong

preference for octahedral coordination. Consequently, Ta-Nb isomori:ism is
quite widespread.

Àlthough various exotica such as Ta- and Nb-chalcogenides are :eaoily
synthesized, Ta and Nb only form oxygen-based ninerals. The slight ciffer-
ences in the electronegativi',ies of Nb and Ta often play an importai:: role
in the crystal chemistry of Ta,Nb-oxioes (Blasse , jg64). Nb-o ronding

tends to be more covalent than Ta-O bonoing, which accounts for the gener-

a1ly greater degrees of poiyhecral- distortion observed for Nb-ox:des as

compared to isomorphous Ta-oxides (Ercit, unpublished data), for greater

stereochemical activity of l-one-pair cations in Ta-oxides than Nb-oxides

(steight & Jones, 1973), ani for the significantLy lower energy oí charge

transfer (oxygen-to-metal) bancs for Nb-oxide compounds than Ta-oxjoe com-

pounds (ehiIlips, 1970),

-2-
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The rai:us ratios of Ta and Nb compared tc 3 (both 0.47) are optimal for

octahedraL coordination of the cations. Uni:i the solution of the natro-

tantite st:ucture in this thesis, it was thou;rt that all Ta and Nb in min-

erals was cctahedrally coordinated; it is n:',¡ known that [7]-coordination

is also possible. Exclusive preference for :re pentavaJ.ent stale, coupled

with octaiedral and septahedral coordinati:n resuLts in pauling bond

- 1- - - t-srrengths ci 5/6 and 5/7 v.u, for both Ta-O and Nb-O bonds, allowing poly-

merizalion of both or either of [t"tou1z-, [¡lO;.3- (tq=fa,Hb) polyhedra. Ta-

and Nb-ox:de minerals tend to be high-; polynrerized (tinite clus-

ter-+f ramevork structures ) .

Because of the high charge on Ta5* and

these elenents in significant quantities i

substituen:s is Tir', Ï^Iu*, sno'', Al3*, Fe3

1,2 GEOC!:EMISTRY OF TÀNTALUM AND NIOBIUM I}. GRANITIC ROCKS

Às a conseguence of the strong crystal-ci.:;licaI similarities of Ta and

Nb, the ¡çc elements show a close geochemica- relationship. On the basis

of the lower electronegativity and ionizatior: potential of Tas* compared to

Nb5*, Ta5- might be expected to be concent:a:ed into early geneiations of

(Nb,ta)-ox:de mineraLs. However, this is n:: the case; during the main

course of ;abbro-to-granite differentiation, :he Ta/(Ta+Nb) ratio is prac-

ticaJ-Iy invariant, remaining close to 0.09, :ypical of upper-crustal rocks

(n1örke e: a1., 1974). Late differentiates silicic Ieucogranites, pegma-

titic Aran:tes and granitic pegmatites) are ihe first to show significant

changes in the Ta/(Ta+llb) ratio, and contrar:'io predictions, it is Nb, not

Ta, Lhat is preferred by the earry genera:ions of oxide mineraLs. To

Nbs-, few cations substitute for

n rì::ure. The list of confirmed

I --
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explain this phenomenon, mosi investigators have suggestec that it is the

complexing behaviour of Ta and Nb r+ith respect to liquid fra:tionation, and

transport in a (diffuse or exsoived) hydrous phase that are responsible

(e.g. Parker & Pleische:, '1968; HiJ.dreth, 1981; ðerny et aL., l9g5). Spe-

cifically, Ta-fluoride ccmplexes are generally stable to 1oçer temperaLures

than Nb-fluoride complexes (wang et al., 1982). If Ta and Nb exisi as

fluoride complexes in granitic melts or derived supercriticai fluids, then

the fractionation of Nb into early crystallízation products may be due to

its decreased stabirity:n sorution with decreasing tempera:ure.

Concommitant with inc:easi ng Ta/(Ta+Nb) in J.ate granitic differentiates
is an increase in the absolute contents of Ta and Nb. The nean upper crus-

tal abundances of Nb an: Ta in calc-alkaline igneous roc.<s are 23 and 2

PPm, respectively (flörice et a1., 1974). These figures inc:ease to approx-

imately'150 and 40 ppm fcr Nb and Ta in silicic leucograni:es and pegmati-

tic Aranites (Beus et aì., 1968) and have been recorded:c reach 500 ppm

and 4500 ppm for Nb ani Ta in rare-element granitic pegma:ices (ðerny et

â1., 1985). increasei rare-metal abundances in granites and pegmatites

have conventionally been at:ributed to the effects of f:actionation and

volatile-related transpo:i (".g. as described .above, a F-rich supêrcritical
fruid in coexistence wit: the silicate melt) (ðerny et ar., l985). How-

ever, the fluid inclusion studies of London (1986) show tha: (some) pegma-

Lir-ic melts are homogeneous at rhe time of Ta,Nb-oxide mineral precipita-

tion, and that the flu>::ng properties of an alkali borate ccmponent of the

melt could play an impo:tant role in concentrating Ta, Nb and other rare

elements in these systens. However, until the speciation cf boron in hyd-

rous alkali borosilicaLe liquids is better understood, it is difficult to

elaborate further on its role in Ta,Nb accumul_ation.
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Ta,Nb-oxide minerals in granites ani granitic pegmatites are predictably

more enriched in Nb than Ta. Ta-oominan: species are restrícted to highly-

frac::onated, complex-type rare-element granitic pegmatites. Exclusive of

exso-¡tion relationships, multiphase ?a,Nb-oxide mineral assemblages are

unco:.':ron to rare; usually onJ-y a single phase is present, or much less com-

moni-;, two phases coexist. The mineralogy of Ta,Nb-oxides in granitic peg-

mati:es is complex; the reader is referred to Foord (lgAZ) and ðerny e

Erci: (1985) for detailed reviews. To -oeneralize on the rare-element class

of ç:anitic pegmatites, the columbite-group minerals (usually disordered to

part:a1Iy ordered) are the most common Ta,Nb-oxide minerals, excepting the

REE-s.:btype, where REE,Nb,Ta-oxides (aeschynite, fergusonite, euxenite,

poJ.y::ase) can be the most common species, and the lepidolite subtype with

domi:.ant microlite.

1.3 THE STMPSONITE PÀRAGENESIS

P:ior lo the start of this thesis (1980), a maximum of three oxide m!n-

erai species were known to coexist wi:i: simpsonite (¡lto do Gí2, Brazil

occu::ence). The works of the present author and of A.V. Voloshin et aI.
(198'-) have extended this number to ten; in general, simpsonite-bearing

asse:blages are the most diverse of all Ta-oxide mineral assemblages.

Defj.:.ing the simpsonite paragenesis as:he suite of all oxide mineral spec-

ies associated wilh simpsonite, 17 mine:al species are members of this par-

agenesis, 16 of which are Ta-oxide minerals proper (30 % of all Ta-oxide

mine:als known to 1986). Ta-oxide mine:al paragenesis.

!t:ih only one exception, all members of the simpsonite paragenesis have

Ta>lr:, and generaJ-ly average Ta/(Ta+Nb)>0.9, indicaLive of extreme Ta frac-
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tionation. Furthe:nore, many of the menbers of the paragenesis are the

Ta-richest examples cf their species (e.g. manganotanta-ite from Bikita).
The purpose of ti.is thesis is to examine the crysta- chemistry and geo-

chemistry of the s:::rpsonite paragenesis. Part 3 of :he thesis describes

the crystal chemis::y of the simpsonite paragenesis, and includes first
descriptions of twc new mineral species, and s:ructure soLut ions/

refinements of six species. Part 4 describes the geociemistry of the vari-
ous occurrences of :he paragenesis, and elaborates on the origin of the

paragenesis. À re-investigation of the oxide mineralcgy of the Tanco peg-

matile, Manitoba is providec (Chapter 18) as a background study to the set-

ting of the simpson::e paragenesis.
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Chapter I I

MINERAL SEPÀRATION

Several of ti:e oxide mineral samples from the Tanco pegmatite were of

1ow grade and/or extremely fine-grained. ManuaI separation, both ineffi-
cient and highly subjeclive, rvas inadequate for these samples, and heavy

liquid separation was used. Bulk samples were firs: crushed and ground by

hand; to prever:: overgrinding, samples were ground in small batches and

regularly sievec .approximately three times per batc:). Àpproximately 100

cm3 of each samc-e was ground by this procedure, except for sampres of

extremely low gra:e, for which twice the normal quan:ity was ground.

Pure bromoforn (CHSr.) was used in the separaticns because of its higi:

specific Aravity (E=2.88 g/nl), its efficient recove:y, and lesser toxicity
than other availatle heavy liquids of comparable censity (".g. methylene

iodide). Because of the low average grade and fine grain size, a centri-
fuge was used to:mprove setr.Iing rates. The test-:ubes avaiLabte (50 ml)

required the use of small baLches of sample in eac: separation. Samples

were placed in b:cmoform-fi11ed tubes, mixed and cen:rifuged for 3 minutes;

the lighter sepa:aie was remixed with the upper pa::s of Lhe bromoform to

reduce drying ani caking. Àfter 5 more minutes of cenlrifuging, the hard

cake of light gar.gue mineraLs (dominantly albite + cuartz + muscovite) was

removed with a s-latu1a. This waste material was discarded in a large,

waler-fi11ed beal<er, and saved for Ìater bromoform recovery.

-8-
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After washing in acetone, ihe heavy separate r¡as examined under a micro-

scope. One or tr+o of the largest grains pì.us a random sampling oi 20 to

100 grains were used for microprobe mounts. Any remaining mate::aI was

reground to a coarse powder and centrifuged to remove bits of silica:e gan-

gue still attached to the oxice minerals. Âfter this second phase oÍ sepa-

ration, samples were relativej.y pure, except for occasional contan:nation

by minor amounts of albite anö micas contained as inclusions in some cf the

larger oxide mineral fragmen;s. This fraction was used in X-ray powder

diffractometry.

Upon completíon of each work period, contents of the waste beaher were

vigorously mixed and filtereq, lrvice for their solid contents and a third
time to separate reclaimed bromoform from water. FTith this treatmen:, bro-

moform recovery was found to be about 80c" effective.



Chapter III

ELECTRON MICROPROBE ÀNAL:SiS

1n the fi:st 1{ years of study, only manua- operation by wavelength-

dispersive ('fÐ) spectroscopy rvas possible. Àf:er this period, purchase of

an energy-dispersive (nO) spectrometer made :apid quantitative analysis

possible, su-oerceding the wavelength-dispersive mode of operation. Most

work on Lhe simpsonite paragenesis proper was done by WD spectrometry;

nearly aII wo:k on the oxide minerals of the Tan:c pegmatite was done by ED

spectrometry. All analyses presented here were Cone by the author, unless

otherwise inc:cated.

3 . 
,1 

WAVELE}iGTH-DI SPERSIVE SPECTROMETRY

Ànalyses vere done with a Materials AnaIys:s Company electron micro-

probe, model YÀC 5. Crystals used in analysis rere thatlium acid phthaJ.ate

(t¡p), pentae:ythritol (pnr) and lithium fluoriie (LiF), which when consid-

ered r+ith ths operating ranges of the spectrome:ers of the MÀC 5, allows

f or analysis cf aIl elements f rom Z=1'1 (l¡a) to z=92 (u) .

Standard cperating conditions were 20 kV anc 40 nÀ (measured on ZnS), a

10 s collect:cn time and a beam dianreter of 1-3 ¡¡m. Non-standard condi-

tions of ope:ation were necessary for the anaiysis of some elements in

order to imp:ove counting statistics and to min:nize high absorption. Data

were reducec with the program EMPÀDR VII (Ruckl:Cge & Gasparrini, 1969).

- 10 -
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First attempts at analysj.s r+ere met with failure: simpsonit: analyses

had oxide sums 3-4 % higher chan i.deal-, and the recalculated for:ulae were

grossly non-stoichiometric. The situation was eventually remed:ec by: ( 1 )

improved analyses of selecied microprobe standards, (2) operat:on at low

kV's, thereby lowering absorpiion, (3) improvement of the ZÀp :outine of

EMPÀDR ViI (eppendix A). The most significant improvement under point (1)

was a re-analysis of the manganotantalite standard used in Ta anc Mn analy-

sis. Ànalysis of several wodginj.tes, tantalites, tapiolites and simpso-

nites using the standard, and cross-analysis against synthetic :alciotan-

tite (ra) and manganocolumb j.te (t'tn,llb) showed the analysis accompanying the

standard (Hb=3.9, Ta=65.8, Mn=10.9, o=19.4 e") to be wrong. Àssuring idear

un(Ta,Nb)zos stoichiometry, anc repeatedly analyzing for Nb, whic.: could be

more precisely delermined ¡han Ta at the time, a ner+ composition'¡as deter-

mined for the standard (Nb=5.7, Ta=63.3, Mn=11.3, o=19,j >.), Th:s composi-

tion has been used in all analyses involving the manganotantali:e standard

which are reported in this ¡hesis, and has given consistently gccd results
(botn cation and oxide sums scatt.er about their ideal values) Íor a wide

range of species and of compositions within species.

3.2 ENERGY-DISPERSIVE SPECTROMETRY

The MÀC 5 used here is equipped with a KEVEX Micro-X 7000 analytical

spectrometer. The ED speci,rometer uses a Si(li) detector with a Be window

of 0.008 mm thickness, anci a 1A24 mul-tichannel analyzer. Rescl-ution is

144.6 eV f or Mn Ka at '1000 Hz.

À11 ED analyses were done at an accelerating potentiaL of 15 kV, chosen

so as to minimize absorption, yet sti1J. provide good peak-to-background
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ratios of all lines analyzed. All sample cl:rents were 5 nÀ, measured on

fayaiite cr zns; however, ilmenite sampl=s were anaryzed at 10 nÀ to

improve cEad-time correction. Under standa:: conditions of operati.on, Lhe

beam diame:er r+as 1-2 yn.

in all cases, the multichannel analyzer'¡as set for operation at 10 eV/

channei, wirich made f or a detection range of t->10 kev. For this range, at

least one a,-line for all elements from Z=11 (xa) Lo z=92 (u) was potential-

1y available for analysis.

The da:a were reduced using KEVEX software based on the MAGIC V program

(CotUy, :980) . Techniques for routine quantitative analysis of REE-free

Ta-btb-Sn-Ti oxide minerals using this softwa:e were developed by the author

and are described in Àppendix B.

3 .3 STÀ}{DÀRDS

Standa:ds used in analysis reere chosen

tions. TabIe 1 Iists the standards used

each stancard were used in analyzing each

traL lines used in analysis are given in

pr:narily to minimize ZAF correc-

in analysis, and which elements of

mii:eral or mineral group. Spec-

Tab-e 2.
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TabIe 1: standards used in Electron Hicroprobe Ànalyses

St¡niari Sa npì e

ÀLSPPB1ÞPYacRUCTHD

.å

x:

IL

Hôngano-
t¡ntalite

CoNb ?0 €

stibio-
tant¿l i te

Rutile

I lnren i re

Fayaì i te

a¡<Ei..ri!a

Sc anc: um

?r0¡

llicroiite

DtsT.

Pollucite

0rthociase

U0¡

Be 2NêNb50 r :

SrTi0¡

Sphene

YÀG

Tô Tð

Nb Nb

(ìib)

T¿

Nb

NÞ Nb

B:

T¿
Hr

N!

(x:

TaTaTa Ta
Hr lln l'ln Hn

N! Nb Nb

SnSn

Ti

Fe Fe

Sn Sn

C¿ Fe
¡¡

À1 Àt

NbNbNb
sb
Br

Ti

c-

hi F:¡¡ ¡.

(Ti) (r:) (T:

Fe Fe Fe

Sn Sn S¡:

C¡

Zt

(r: ) (Ti )

Fe Fe

sn sn

c-

NA

CaCaCa

Be

Sr

N¿ Na

Ca Ca
Ta T¿
Nb

Pb Pb

Cs Cs

K

Na

Ca

Pb

E: yodginite group ninerais, Ç!: colunb!te-tantalite group ninerals,
TP: tapiolite series niner¡1s, Fu: rurile, cs:.cassire;it., ii,-ifienite,
'-_EI: 

pyrochlorê group n:ne:¿is, õE, cesst:b:ã¡-rite, pgi p"ii¡;ioiicroltre,
!i: nð:rotåntire, Sp: sinpscnite, ÀL: al.,'ctantite, 5::- sribiotantalite
- elemenrs in parenrheses ¡¿rk infrequently usei sianoards
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Tab1e 2: X-ray Spectral Lines Used in Ànalysis

Li ne E1 emenr s

Ka
La
Ma

Na, À1, K, Ca, Sc,
Zr, Nb, SD, Sb, Cs,
Ta (g¡s), Pb, Bi, u

Tl, Mn,
83, Ta

Fe, Sr
(wos )

3.4 PRECJSION OF MTCROPROBE ANÀLYSES

The program MÀGIC V gives estimates of ::re standard deviation in the

weight per:entages of elements analyzed. ¡.:1 such estimates are based

solely on:ount statistics for the line anai'.'zed (of both the standard and

the sample ) . The standard composition its:-f is assumed, ro be free of

error, ani other systematic errors are disre;arded (..g. errors in drift
corrections). As such, the estimated prec:.sion of analysis tends to be

opiimistic.

The standard oeviations in the oxide wei;:rts of the sample are simpJ-y

propagatei from those of the element weights; the standard deviations of

atomic proportions were propagated using: -

sQz=r{s(i). [¡(i)-s(1)]'y(i) ]2 (1)

(l,et'taitre, 1982).

çz

The various terms of (1) a:e defined as follows:

À(i)=No'a(i)'w(i

¡(i)=Q.b(i)

c=Ix(i)'b(í)/u(i

Q)

(J)

(4)
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N6 is the number of an:ons used in normalizalion, a(i) is the number of

cations in the ith oxide icrmuLa, Þ(i) is the number of an:cns in the ith

oxide formula, U(i) is ti:e moiecular weight of the ith oxide iormula, l(i)
is the ith oxide weight, anc s(i) is the standard deviation ci a(i).

Q is the quantity of aioms for which the sLandard devia:ion is being

estimated. I f the stanca:o oeviation of a singJ.e cationic constituent is

desired, Q is equal to i:e number of these ca;ions per [o anions. If the

standard deviation of a site sum or of the total cation sum is desired,

then Q is equal to the su: of all cations in the site, or in ihe total.
The ternr g(i) is a weighting factor. It has a value of I for al]

cations involved in Q., anj of 0 for all other cations.

The quantity cal.culatej in equation (1), sr]z, is the variance of Q; note

that iraditionally, 2sQ is reporied with microprobe analyses (Dunham & g¡i1-

kinson, 1978).

À sampJ.e calculation is shown in Table 3 for an ED analys:s of synthetic

manganocolumbite, analyzej unoer the standard conditions ou¡-ined earLier.

The procedure outlinec here was appLied to typical ED anaiyses of typi-
ca1 compositions of mine:a1s most frequent!-y encountered :n this study.

ResuLts of the calcul-ations for site sums and cation sums of these mineraLs

are given in Table 4. lhe WD analyses of this study do nct readily lend

themselves to siatistica- anaiysis. Because of vacuum ins¡ability when WD

analyses were done, ani because of focussing errors (whic: can be large

with microprobes with inc-ineC stages), reliable estimates of the preci-

sion of WD analyses are pcssible onLy through repeated anaiysis. Because

of ihe smal-I proportion oÍ WD data presented here, no suci: estimates were

made; however, standard cevia:ions reported for ED anaJ-yses should serve as

approximate (lower?) esti:ates of the precision of WD analyses.
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lable 3¡ Propagation of Errors for Àiomic proportions - MnNbzoo

0x:ce

Ì'1n l
Nb ¿Cs

0:: : de

Mnl
Nb:Cs

Y

20.98
79.34

100.32

u

70,94
265.81

Cations
pet z+ Iõl

3.97
8.01

11.98

2s

n d.)

0.80

CalcuIat i on f or l'fn 2

Ex(i).¡(i)/r'r(i)
0.296+1.492 = 1.788

Calculation for Nb5*

À !. [s . (¡-¡ )/u] 2

0 8.01 .000s6
48 40.06 .0001 4

sQ2.C2 = .00070
2sQ = ' 030

À

24
0

E Is.(e-s)/u] 2

3.97 .00352
1 9.85 .00089

sQz.gz - .0044'1
ZsQ = ,074

Calculation for Ca'uion Sum

Oxide U À

MnO '10 .94 24
Nbzo¡ 265.81 48

i [s . (n-s )/þr] 2

1 1 .98 .00127
59.-c1 .00032

cô1,î2 = nnlCAeY

2sç = ,044

Tab1e 4: Precision of ED ÀnaLyses (¡tomic proportions)

H: neral
c: Group

À-site

Q 2sQ

B-s::e

A 2sQ

C-s i te

A 2sQ

Cation Sum

Q 2sQ

No

Cclumbi te-
:anta1 i te

iapiolite
Hcdginite
Cassiterite

H:crolite

244
122
324

+

46+1

.08

.04

.09

.0'/

.03

.02

.01

.04

.02

.05

. 001

.003

.05

I
1t

12
6

16
2

2
?

.06



Chapter IV

ROU:INE X-RÀY DiFFRACTION EXPERTMENTS

4.1 POWDER MEîHODS

Due to major equipinent purchases during the course of:his study, and to

the variable amounts cf sampte involved in the experimei:ts, a number of

X-ray powder methods and insiruments were used. Most wo:k involved powder

diffractometers, but fcr sma1l samples, film methods were used.

4.'1 .1 Dif f ractometrv

Initially a Philips X-ray powder diffractometer (Pt,i105a goniometer) was

availabLe, anC abou: one-quarter Lo one-third of all jiffractometry was

done r+ith this insirunent. Furchase of an automated Fi.:i.ips pW1710 X-ray

powder diffractometer :n 1982 provided a means of rapii and precise data

colleciion, a great i:rprovement over the older model. Most work done on

minerals of the simpscnite paragenesis was done with :::e old equipment;

mosi work done on Tancc pegmetite oxide minerals involvec the newèr instru-

ment.

Low detector effic:ency of the PW'1050 necessitated sloç scanning speeds.

Each sample was run e: a goniometer speed of 1/4" 20 pe: minute, using a

chart speed of 10X; :his provided diffractograms tha: could be read to

rvithin 10.02" 20. À-I data were measured from diffrac:ograms. In all
experiments, Ni-filte:ed CuK¿ radiation was used.

-17-
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The PWl710, with its improved ce:ector and goniometer drive, ani its
automated recording system, couLd be cperated at speeds of 0.01" 2e/s, yet

s:i1l produce data of better precis:.cn than the PW1050 (by a factor of 1.5

=c 2). In all experiments, grapirite-nonochromated CuKo radiation was used.

Tre PW'l7'10 uses an "automatic Civercence sLit" - the divergence of the siit
is coupled to the 0-20 ðrive so as tc irradiate a constani area of the sam-

p.e over aII 20. This has the effeci of intensifying high angle diff:ac-
:ions Þ40o 20 CuKo) as compared tc oiffractometers with slits of fixed

c:vergence.

Diffractograms were produced at a scale of 1/20 29 per cm; however, cif-
f:actograms were only used qualiualively. Gross peak intensities and pcsi-

::ons were determined with the PI^717'1Û hardware routine CSp. CSp is a ccn-

i:nuous scanning routine which al-sc searches for the tops of diffrac:ion
peaks. The position of each peak -"cp is determined by fitting a parabcla

:c seven datapoints about the most in¡ense point of each peak. The rou:ine

p:ovides the fitted peak-top posir:on (in o20) and gross intensity (in

ccunts) as printed output. These positions do not correspond exactty to

Kor, Kaz, or even Ka peak positions:n the range where the Kar and Ka2 ccm-

pcnents of a pattern are at best incc:npletely resolved (00-+650 2ú for mod-

e:ately to well-crystallized samples), and, consequentJ-y, are of li:."Ie
use in this form. For the data to ce of immediate use, internal stanoards

riith regular and small diffraciion spacings (u.g. every 10" 20) mus: be

used. Often this is not practical-; standards with only 3 to 5 strong cif-
f:actions in the range of investiga:ion and of irregular 20 distribu:ion

e:e more typicaL. Consequently, sys:ematic errors in individual peak pcsi-

:ions as large as t0,02o 29 (ai.i wi:: the same bias) can result from incis-

criminant use of uncorrected data w::h CSp.
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To correct this problem, a FORTRAN program, FIX' was written by the

author to conver: CSP-measured peak tops to true CuKcl peak locations. FiX

using the empiricei equacion

A = À.xa + B'X3 + C'x2

corrects the data, where x is the CSP-measured pea,i top position (in o20,

cuKa) and a is :he deviati.on of x from the expectec Kør position. The

order of the polynomial and the values of the coeff:cients were determined

with the SAS least-squares linear regression roui:ne GLM, using hand-

measured Ko posi::ons and CSP-measured top positions cf peaks in CaF2, BaFz

and LiF as input. The results were:

.r'l -
!=

-3.4 (s )

3.e(3)
-1.1(6)

x '10-8

x '10-6

x 10-a

The use of iIX reduces systematic errors in positional data to

t0.01o 20, and is intended for samples of moderate tc excelleni crystallin-
ity. Use of the ?W17'10, wiih its data reduced by FIX, cut down on the time

involved in unit cel1 refinement by a factor of 3 tc 4 over the older dif-
fractometer.

Internal stancards usei in data calibration $¿ere annealed CaF2

(a=5.46379(4) Â), annealed BaF2 (a=6.19896(8) Â), anc LiF (g=4.0280(1 ) Â).

The unit ceIl pa:ameters for the standards themse-ves rvere refined from

resolved Ko1 peaìi positions (800->130o 20), calibra¡ed against NBS refer-

ence standard Si (batch 640a; a=5.430825 Â). This not only resulted in

extremely precise unit ce11 parameters for each standard, but also elimi-

nated the possib:iity of systenatic error due lo the use of different stan-
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dards in oifferent sampLes. In a few early experiments, unannea)"ed CaF2

(a=5.4520 Â) was used in place of the much more crysialline ai:nealed

material. Its use is not consioe:ed to have lowered the precision cf the

results because it was used oniy in experiments involving the less c:ecise

PW'1050.

4.1 .2 Film Meihods

Conventional 114.6 mm diameter Debye-Scherrer and Gandolfi cameras (var-

ious makes) were used to obcain powder-type diffraction patterns of samples

too small to examine by diffractcmetry. Most work was qualitative, but

occasionally film methods rlere used in colJ.ecting data for uni: cell
refinement. In all cases Ni-f:Ltered, CuK¿ radiaLion was used in the

exper iment .

Patterns were measured with a Supper precision film reader; rvi:r this

instrument, the 20 angles of s:arp patierns can be determined to about

t0.06o 20. Inlensities r.¡ere est:nated vi.sual1y. Data used in un:: cel-l

refinement were corrected for "fj.:m shrinkage", but not for absorpticn.

4.1 .3 Unit CeIl Refinement

The 20 angles measured by oiff:actometry and film methods were used for

unit cell refinemenl by the CELREF program of Àppleman & Evans i1973).

Weights were assigned to each measurement according to the fo-)-owing

scheme. Sharp peaks of normal w:dth at half height were assigneo reights

of 1; all ragged, or abnormaJ.).y broad peaks (indicating possible ove:iap of

two or more reflections) were subjectively assigned weights of 0.1:o 0.5,

depending upon the quaì.ity of the peak. Peaks which were obviousl¡' over-

lapped were omitted from refinemeni. when Lhis weighting scheme was useci,



the majority oÍ peaks of unit weight were found tc fit
within the levei of precision expected from Lhe me:hod

the

and
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refined model to

equipment used.

4.2 SINGTE C?YSTAL METHODS

All photog:aphic work with single crystals invc-ved Gandolfi and preces-

sion cameras. Gandolfi photography produces powcer-Iike patterns; conseq-

uently, this neihod is described in the preceding section, and only preces-

sion photograp:y is described here.

Charles Supper Co., Model 3000 and Model 3532 precession cameras were

used in the s:.:oy. ÀLl precession photography used Mo Ka radiation, both

Zr-f.iltered an: unfiltered. In all cases, a crys:a1-to-film distance of 60

mm and a precsssion angle of 25o were used. Hi;:r-speed Type 57 polaroid

film rvas used:or setting photographs, while Kodai Ns-sT and DEF-S, and cEX

Reflex 25 X-ra¡ film were used for the final phoicgraphs.

Àt least one crysLal of all minerals of the si:psonite paragenesis which

were large enc::gh for precession photography were studied with this method.



Chapter V

CRYSTÀ:, STRUCTURE ÀNALYSIS

5. 1 SINGLE CRYSTÀI METHODS

5..1.1 Data Collection

nI1 intensity data collections were done by automatic s:ngle crystal

diffractometry using graphi:e-monochromated ì4oKa X-radiation. À11 intensi-

ty datasets were collectec wiih Syntex/ticolet 4-circle dif::actometers.

One dataset collected on alumo:antite was done with a P21 mode- at McMaster

University; aLl other datasers were collecced with an R3m mode- at the Uni-

versity of Manitoba.

ÀIthough X-ray methods are inferior to neuiron diffractio:. experiments

for strong X-ray absorbers Iixe Ta, careful shaping of crys:als coupled

with the efficient empirical absorption correction routine used here pro-

vided high-quality data, resulting in refinements of good ;o excellent

quality. Bond length stanoarC oeviations of 0.02 to 0.005 Â a:e typical of

these refinements.

Data collection with Syntex/Hicolet diffractoneters involves four pre-

liminary steps: (1 ) mounEing and opticaL aJ.ignment of the :rystal , (2)

centring, (3) automatic reflection indexing and (4) J.east-squares refine-
ment of the orientation mai:ix ancj unit cell parameters. Ti:ese steps are

described below.

-¿¿-
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Àfter siaping, each crystal was mountei on a gLass rod with epoxy.

Crystals çere crudely oriented on the gJ-ass:cd such that their two most-

similar se:i-axes were approximately in the c:llimator-detector plane (hor-

izontaJ.), :hus minimizing differential absorp:ion. Crystals were optically

aligned or. the goniometer head such that thei: centre of mass approximately

coincidec '*ith the centre of rotation of ti:: goniometer assembly. This

condition was inspected by rotating the cry::al about / at seLected set-

tings of x, and vice-versa.

Af ter o-o'"ica1 alignment, a random orientai:cn rotation photograph of the

crystal was taken. Using verticaL and horizcnial components of the spac-

ings between equivalent diffractions in the :rotograph as input, the dif-
fractomete: computer centred on each di f frac: ion, thereby ref ining 29, o

and x @ '-s held consiant). A subset of 15 ¡o 25 reflections was used ín

centring.

The iniexing program uses the refined ang-es from the centring routine

to set up a J.ist of up to 60 axial vectors an:59 inter-vector angles. By

either au:cmatic selection of a vector set, :: by user-intervention in the

solution, unrefined values of ¿, b, L, ar ß and 7 vlere chosen and the

reflections indexed.

Àfter :ndexing, the selected unit ce11 pa:aneters and orientation matrix

were refined using a least-squares procedure. When the starting cell was

not approc:iate (e.g. if a subcel1, or pseui:-symmetric cell were chosen),

a second c:ogram involving index and axis transformation was used to carry

out both :he desired transformation, and re-refinement of the orientation

matrix anc unit cell parameters.
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À11 intensity datasets were collected using 96-step 2020 scans, with

scan ranges from 2-2.5o 29, plus the dt-ez separation. scanning speeds

were variable and ranged f:on 4o/n tor weak diffractions to 29.3o/n f.or

intense diffractions, and çere adjusted automa-uica11y. Two',: three stan-

dard reflections were mon::oreo every 46 reflections for cha:.ges in beam

intensity or crystal orien:aii.on during data collection. Àlr such changes

were insignificant. In each case¡ aIl unique data to sin0/ìr=0.7035 were

collected. Background cor:ections were made during data colle:-,ion.

Subsequent to formal in:ensity data colleciion, additiona_ data, for

calculating an absorption :orrection, rlere collected on a subset of an

average of '1'1 strong diff:actions. These dala were collec::C every'100

while rotating each reflec:ion 3600 about its diffraction vec:cr (ú). The

rf-scan collection used the same set of scan paraneters (..g. scan rangef

speed) as the main collect:cn.

5,1 .2 Ðata Reduction

Ðata reduction was car:iec out with the SHELXTL package of programs.

The main dataset and ry'-scan cataset were first processed wi::. the program

xrÀPE which rejects bad oa:a (judged on bases of peak symme::y,. centroid

location in the scan range, and background balance), scales on ¡he standard

reflection data, and calcu-ates L'p corrections.

The program XEMF was usei for empirical absorption correcticn (spherical

absorption + shape correct:cn). The program uses the r/-scan cala as a cal-

ibration dataset for correction of absorption in the main da:aset, after

the approach of North et a-. (1968). One of two approaches is taken in the

correction, depending upon tire shape of the crystal. If t::e crysLal is

plate-like, a thin prate nooeL is used for the shape, and ihe product of
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the linear absorption coefficient (p) times the crystal thickness (t) is

refinei (pIus tr,lo "edge effect" fudge fa::ors). if the crystaJ. is not

plate-i:ke, a pseudo-ellipsoid is used as the shape model in the calcula-

Lions. The average value of s'R is input, where R is the crystal radius.

The leng:hs and orientations of the semi-axes of the eJ-Iipsoid are refined,

holding <4R> constant. Àlthough this app:oach works moderateLy well even

with ir:egularly-shaped crystars, in practice it lras found that a good

absorp::on correction could only be had fo: strong absorbers like Ta-oxides

if crys:als were first shaped to be as close to ellipsoidal. as possible.

5. 1 .3 Structure Ref inement

Stru:¡ure solulion/ref.inement was carried out with Lhe program X in the

SHELXTT package, or with the program RFINE (finger, 1969). Prior to acqui-

sition cf the four-circle diffractometer, Rl'INE was the only program local-

ly ava:-able. One of the alumotantite dacasets was refined with nriwn; all
other caiasets involved the use of X. Sca:tering curves for neutral atoms

from Crcmer & Mann (1968) and anomalous dispersion coefficients from Cromer

& Libe:ran (1970) were used in both programs. Both use full-matrix least

squares methods in refinement. The prograr X, however¡ uses a blocked cas-

cade p:ccedure if the number of refined pa:ameters exceeds 103; this situ-

ation uas not encountered in any of t.he reiinements done here.

The l-indices used here are of the form:

R = Il lr(obs) l-lr(calc) I lw wR = {:wt lr'(obs) l-lr(catc) 1721t/z

All ref:nements involving RFINE and those involving X but r+ith no extinc-

tion co:rection use E=1. Refinements involving the use of an extinction

correc::.on with the program X are limited :o using y=o-2lf(obs) l.
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unique to each

5.2 POWDER METHODS

Powoer diffractior:

ref inement (Rietvelc

Rietveld ref inement

conjunction with the

data were used only once

method). Consequently,

are described in a later

resul-ts of the study.

in this study for structure

experime::al methods used in

chapter (Natrotantite), in



Chap:er VI

HEATING EXPERIMENTS ÀND MINERAL SYNTHESES

Most heaLing experiments were icne in air, in a Fisher Isotemp muffle

furnace, Model 186. The tempera:ure gauge rlas periodicaLly calibratec by

mcnitoring the meJ.ting point of NaC- (f(fusion)=801oC). Temperature:egu-

Lation by the furnace is precise to t20oC.

Some heatings were done in con!:olled atmospheres in furnaces des:gned

and constructed by Dr. À.C. Turno:k of the Ðepartment of Earth Sciences.

Temperature control vlith these fur¡laces is precise to t.10oC.

À11 mineral syniheses were oone anhydrously at atmospheric pressu:es.

Starting producis were reagen:-grace pure oxide compounds. Starting pow-

oers were weighed to produce 0.3 tc 0.5 g samples, and were mixed by iight

hand-grinding in acetone for 20 nr:nutes. The mixed powders were :hen

pressed into pellets under a 1500 psi load, to optimize reactivity. Àiter

4 to'10 hours of heating, sanples rlere removed from the furnace, 
.reground,

and subjected to continued heating. In most cases reactions were compiete

afLer 4 to 20 hours; however, some samples required repeated grinding and

heating (up to 40 hours).

Ag-Pd foil was used as a substrete or sample holder for runs at 1C00oC

or lor¡er. Runs at higher tempera:ures and some runs at 1000oC usec Pt-

foiI, which was iron-soaked wirere necessary.

Specific run conditions for eaci: set of experiments are outlineC in iat-

er chapters.

-27 -



Chapter ViI

MiSCELIÀNEOUS METHODS

7.1 DENSITY DE:ERMINATIONS

Densities were measured r+ith a Roller-Smith Be::ran balance (mooel B).

Toluene was usei as the immersion liquid. À11 sampies used in the experi-

ments were betr¡een 15 and 25 mg in weight (air). Five repeated weighings

were done on eaci crystal fragment. In the case oÍ the simpsonites, this

procedure was re:eated on three separate days to :est the reproducibility

of the results.

7.2 MINERAL OF:iCS

Refractive iniex determinations were done using:he Becke line method.

Cargille oils we:e used as immersion liquids in all-:ases. Studies at the

University of Mar.itoba involved uncalibrated liquics, due to the inavail-

ability of a sui:able refractometer. Studies at :re Royal Ontario Museum

(simpsonites) invclved liquids calibrated using a tï'c-circle goniometer and

the minimum devia:ion method (¡. Sturman, pers. comn.).

AIl extinctioî measurements were made with a Cha:ies Supper Co. spindle

stage using Cargille oils as an immersion medium. The program EXCÀLIBR

(nloss, 198'1 ) was used to calcul-ate 2V f rom the ext:nction data.

Na-light was used in all studies, except where o:::erwise indicated.

-28-
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Chapter VI I I

SI MPSONI TE

8.1 INTRODUCTION

Simpsoniie (rigure 1) llas discovered in a ;:anitic pegmatite at Tabba

Tabba, Weste:n Àustralia by Bowley (1939) t1l. 3owIey enumerated the phys-

ical, optica- and chemical properties of the mi:eral; X-ray crystallography

was given ir: a companion paper by Taylor (1939 lZ). Eleven independent

studies of s:nrpsonite from eight additional loc::ities (tabte S) have since

been carriec out: Guimarães (1944) t3l, pougi: (1945) [4], Kerr & Holmes

(1945) t5l, Macaregor (1946) t6l, sosedko & Den:sov (1957) t7l, safianni-

koff & van wambeke (-l95.1) tBl, von Knorring & H::nung (1963) [9], Borisov &

Belov (r963¡ [r0J, ðerny er a]. (1981) [11], vc_cshin & pakhomovskii (1993)

112), Sarp " Deferne (1983) t131. (The numb::s in brackets are assigned

reference nunbers lo be referred to in later ta:l_es).

Table 5: Simpsonite Loca-ities

Tabba Tabba, Western Àustralia.
Àl-to do Giz, Rio Grande do Norte
Onça Mine, Rio Grande do Norte,
Mdara Mine, Bikita, Zimbabwe.
teshaia, northern Kola Peninsula
Benson l'line , Mtoko, Z imbabwe.
Mumba, Lake Kivu, Zaire.
Tanco Pegmaiite, Bernic Lake, Ma:itoba, Canada.
Manono Mine, Shaba, Zaire.

, Brazil.
) - dL L L ¡

, USSR.

-30-



31

Fiqure 1 : Simpsonite crystal-s f rom À1lo do Giz, Brazil (f rom Pou;ir, '1945) .
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Tabl-e Publ i shed S impsoi: :. te Ànalyses

6

À120¡
Fe z0¡
Ti0 2

Sn0 z

Nb z0s
Ta z0s
Li z0
Na 20
Kz0
Mgo
Ca0
Fe0
MnO

Pb0
si02
ZrO z

Pzos
Hzo*
Hz0-
F

0=F

73.80

22.58
0.1i

0.42
6.05

bU.U I

16.75 18.64
0.14 0.48

23.79 23.52
0.0 0. BB

0. i 0 0.08
1.45 1.31
1.84 1.80

69.46 66.20

26.15 26.15 25.2C 25.06

2.00 1.19
0.33 0.32

72.31 71 .48 73.45

0.02 0.05
0.1c 0.47
1 .82 1 .61

1 1 q/. Ê,1 q)

3 .40
0.16
0. 08
0.42
1.78

? lo

0 .44
0. 04

1.16 0.68
0 "24 0 .42

0.39
0.23
0.0
0.32
0.82
0.03
0.0
8.0'1
0.0s
0.55
0.19
0.27
0.0
0.0

1 00.03

0.3s
0.13
0.0
0.41
0.60
0.32
0.0
1 .60
0.0
0.0
0.12
0,32
0.0
0.0

'100.49

0 .46
0 .44
0.0
1 .40
0.69
0.38
0.0
2,40
0.0
0.0
0.62
0.03
0.0
0.0

100.21

0.0 0.01
0.12 0.12
0.16 3.65
0.0 0.44

2.34 1 .0c 0.50

0.20
0.21

-0.09
1 00.44

1 .39
0.03
0.38

-0.16
1 00.86 99.50 99.9s

0.c 0.0
0.0 0.0

99.9b 99.83

'1,2. Tabba Tabba. Contaminated with micr:-ite, quarlz, and mica.
BcwJ-ey (1939 ) .

3,4. À:;o do Giz. Guimarães (1944).
5. À-io do Giz. Kerr & Holmes (1945).
6. B:xita. Kerr & Holmes (1945).
7-9, ts: kita. l'lacgregor ( 1 946 ) .

"0.0": not detectedrr---rr: not anal.yzed
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Table 6 (cont.)

17tbIJ14IJ12
.11

10

Alz0s
Fez0¡
Tio 2

Sn0 z

Nbz0s
Ld2v5
Li z0
Na z0
Kz0
Mgo
Ca0
Fe0
Mn0
Pb0
Si0z
ZrO 2

Pz0s
H zo'
Hz0-
F

O=F

0.92
1 .82

73.00

23.e9
0.c
0.c
l.r-u
2.'0

70.{8
0. c4
0.c7
u. b

,9:1,

t1-l t

24.47 23.û0 23.30
0.c 0.0

22.70 23.30 24.00
0.0 0.0 0.0

0.0 0.20 0.79
3.55 0.96 1.02

68.32 7 4.90 73 . 90

1.58 2.35
r.r+ t.5¿

72.00 69.90

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

0.0 0.0 0.0 0.0 0.02 0. c0

0.,"î 0.0 0.0 0.0 0.0
0.85

l.¿tJ
0.c6
0.25

-0.'0
100.û6

9:?o

98.89gç.u Ts.06 em-î -ffi4'4 -ge.õ'7 m
'10. Leshaia. Scseoko & Denisov (1957).
'1 1-15. Leshaia. Vcloshin & Pakhomovski i (1983 ) .16. Mtoko. von Knorring & Hornung (1963). Contam:nated

1'7
with mica.
Manono. Sa:p & Deferne (1983).
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è.-1 published chemical data for simpsonite (rabte 6) are variable; on

the :asis of these data the folLowing ideal formulae for simpsonite have

beer. proposed: CaO.5Àlz0s'4Ta 2A5'2H2C (Bow1ey, 1939), ÀI6TaaO1e (Guima-

rães, 1944¡ Kerr & Holmes, I 945 ) , Ài sTa6027 (Macgregor, 1946), ÀLTaOa

(Dar.a , 1944 ) and AlaTasOr s (OH) (von Kno:ring & Hornung, '1963, and aIl- sub-

sequent studies ) .

È. summary of all- crystallographic da:a is given in Table 7. These data

are:cre similar than the chemical data. OnJ.y Taylor's (1939) data diffe:
fror chose of the other studies; however, re-interpretation of her data

(Ke:: & Holmes, '1945) shows that the e period that she reports is actual.ly

d(1i:). Subsequent recalculation of a gives results consistent with the

oths: studies.

P:clished physical and optical properties are given in Table 8. The

data are reasonably similar with only a few except,ions. Àn apparent change

of cpiic sign reported for simpsonite from lhe Benson pegmatite (von Knor-

ring & Hornung, 1963) was due to a misprint, and a positive optic sigr:

repc:ted by Bowley (1939) for simpsoni:e from Tabba Tabba was unsubsianti-

atei by later studies (Macgregor, 1946; von Knorring & Hornung,'1963).

I: is surprising that the structural, physical and oplical properties of

simpsonite are so similar in light of the apparent variability of the chem-

ica- data. Contamination, as shown fcr example by the presence of SiOz,

and :onsiderable error in the chemicai analyses, as shown by comparing

ana-'¿ses of samples from the same locaiity but analyzed by different l-abo-

ratc:ies, are certainly two sources for the variability. UnfortunateJ.y,

few cf the studies involved samples from a number of localities, thus the

deg:ee of true chemical variabil-ity cannot be assessed. A study of the
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large-7 for this reason;

examine: by modern minera-

Table 7: Publishei Cryst.allographic Data for S:mpsonite

Crys:aI
Sys: em

a
(Â)

L
(Â)

Space Re f erence
Group

Hexagcna 1

Hexa gcna I
Hexagcna I
Fiexa:ona l-

Hexagcna I

6.2 4
'7 ?'71 t
7.377 4
7.38 4
7.39 4

. s P6/n
tr1À

.51 P3

.50

lz'.
[tr'
LtJ-

lt'.
[10:
tti
L I v-
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Table B: Published Physical and cptical properties of simpsonites

Lccality e e Optic D H Colour pLuor- Clea- Ref.
S i gn (g/cn3 ) escence vage

Tabba 2,06 - 5 ,92 CL none t 1 j
Tabba

ê.ito 2.045 2.005 - 6.77 7+ I^7 B-r,t none t4l
cc Giz to to to

6.81 Y Y

vllç d 6.60 W B-t? none t¿l
to to

6.70 Y

B:kita 2.035 1.995 - 6.68 7+ y B-vj none i6j
to

6.84

leshaia 2.034 1,976 - 6.61 7 W y-B none lj',
to
Y

M:oko 2.036 2. 004 - 6,72 >7 I.7 B-l1 none i 9,

Manono Y --- none | 1 3:

CL: colourless, W: white, Y: ye11ow, B: blue
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8.2 SAMPLES

Samples were:btained from a1l known simpsoniLe:ccalities except Manono

and Mtoko (see Tacle 5). Except for the Leshaia sanple, there was enough

materiaL for pou:er diffractometry and for physicaJ. property determination.

For most locali::es only one sample rvas available, wj.th the exception of

Mumba and Tabba labba (2 sampl-es each) and Àlto do G:z (>20 samples). Sam-

ples and their s3urces are given in Table 9.

Table 9: Simpsonite Samples

Sample .oca1 i ty Sourc e

F-8, 9

GSC-1
KO-1,2
L-12
L_IJ
L-1 4
L-t5
L- rb
L-17
L-1 I
ROM-1
ROM-2
RVG series
SMP series

Tanc o
Mumba
Lesha i a
ÀIto do Giz
3ikita
Munba
Àlto do Giz
Cnça
ÀIto do Giz
Tabba Tabba
Àlto do Giz
Tabba Tabba
Àlto do Giz
Tanc o

Dr. P. 0erny
Geological Survey of Canada (NMC 62089)
Dr. À.V. Voloshin
Harvard University (97557À..1 )
smithsonian Institute 

iiffii riili¡i
,, " (NMNH 104739)

,, " (NMNH 1 oso02 )

" (NMNH 1 03440 )
Royal 0ntar i o Museum $2260i )

ltil " (M'l9325)
Dr. R.V. Gaines
Collected by T.S. Ercit, Dr. p. ðerny

8 . 3 PHYSI CÀL À.}iD OPTT CAL PROPERTI ES

Physical and cptical properties of simpsonites examined in

are summarized :: Tab1e 10.

this study

All sinrpsoni::s investigated range from ye1low to white in colour. They

do not fluoresce under long-wave ultraviolet lighc, but under short-wave

ultraviolet ligi:, they fl-uoresce blue-white to ye.low (¡tto do Giz onJ.y).
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Table 10: Physical, Optical and structural properties of simpsor.:ies

SampJ.e CoIour UDT lC IJ

sign (s/cns)
a

(Â) (Â)

L-t¿
L-1 3
L-'14
L-.15
L-1 6

L-17
r-1 I
ROM-2
SMP_2

ye 1 low
yeIlow
yel I ow
ye1low
yellow
yel1ow
white
white
white

2.040
2.C30
2.035
a 

^)=? n?q
) 

^ô.n2.025
2.025
2.025

b. /J(51
5. s9 (3 )

7.385 4.
1 .387 4.
7 .387 4.
7.385 4.
7.385 4.
7.386 4.

6.82(4)
6.76(s)
6.7eQ)
6.31(1)

7+
1l
7+
t+
7+
7+
1Jt¿

7+
IL

5tb
5t5
5t5
5¡b
trl c
JIJ

5'1 6

6.68(1)
7 .387
7 .387

4.5'15
4.515

À11 refractive
For unit cell

index dete:minations are 1.005
parameiers, o=0.001 Â

All have a prcminent blue-whiie cathodoluminescence under the e-ectron

beam. PowdereC simpsonite is aJ.ways white. In thin section, simpsci:ite is

colourless; aII simpsonite is op:icaIl-y negative. Às a test of var:ability
in terms of optical properties, r,l's were measured for '10 simpsoni:esi o)

shows little variability: 2.025 to 2.040 (r.005).

The simpsonites have no cleavage, but have a conchoidal fracture. All
have a Moh's hardness of i+. Their densities range f rom 6.31 --o 6.82

g/cn3; however, macroscopically unaltered material has a tighter range of

6.68 ro 6.82 g/cn3.

Simpsonite shows subhedral to euhedral crystal development. E:¡hedral

crystals most frequently consist of a hexagonal prism pJ.us basal pinacoid;

however, more complex forms have been found (eough, 1945). Prism fa:es are

always striateo parallel to Z anc frequently show parallel qrowth features.
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8 .4 CHEMI STR'J

Electron mi::oprobe analyses of the simpsonites are given in Table 11.

The simpsonites are all similar in chemistry and s:oichiometry, in contrast

r¿ith the resu-:s of the earlier studíes. Àl- and Ta are the dominant

cationic consi::utenLs of simpsonite, Nb can be a major constituent(to 8.6

oxide e") and S:., a minor constituent (to 1.9 oxice c"); Ti (to 0.02 oxide e")

and Fe (to 0.C: oxide eo) are at most only present !n trace quantities. Ca,

Mn and Si were not detected.

0n the basis of charge and size considerations, Fe should reside at the

Al-site, and N:, at the Ta-site. The ratio of (ll+fe):(Ta+¡lb) is close to

423 in aI1 sa:ples; the apparent large variat:,cns indicated by earlier

studies must h.a,¿e been due to problems in wet che:ical anal.ysis and to con-

tamination. lhe cation sums are tightly distri¡uted about 7 (mean cation

sum=6.997, mea: absolute deviation=O.011) when fo:nuLae are calculated on a

basis of 27 n=Sative charges per formula unit. This suggests that the

fourteenth ani:n in the formula unit is exclusive-y monovaLent. The ideal

formula for si:psonite is thus À14Ta¡Or¡(OH). Using this formula and the

measured densi:ies (fab1e 10), Z, the number of fc:mu1a units per unit cell
is 1.

The behavio.:: of Sn and Ti is unknown and is difficult to assess given

the minor amounts that tend to occur in simpson:¿es. Two possibilities

exist: eithe: Sn and Ti are disordered over the Àl- and Ta-sites, or they

are ordered at:he Ta-site, and charge balance is achieved by substitution

of hydroxyl ac ihe O-sites. The lack of correl-ai:on between the cation sum

per '13(0)+1(OF. and Sn,Ti contents, and the more ideal sites sums f or the

disordered moieL (mean IÀ1-site:XTa-site = 3.992:¡.005) versus the ordered
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Table 11: Electron Microprobe Analyses of Simpsonites

F-8 F-9 L-|2 L-13 L-1 4 L-t5 L- tb L-17 L- 1 B

Àl203 23.0 22,9
Fe203 0.0 0.0
Ti02 0.0 0.0
SnOz 1.5 0.9
Nbzos 0.9 0.9
Taz0s 71.9 72.6
Hzo 1.0 1.0

98 .3 98 .2

À13* 3.gg 3.gg
Fe3* 0.00 0.00
Ti4* 0.00 0.00
sn  t 0.09 0.05
Nbs * 0.06 0.06
Ta5* 2,87 2.91

7 .01 7.00

23 .3 23 .3 24.3 22.8
0.0 0.0 0.01 0.0
0.01 0.01 0.0 0.0
0.05 1.0 0.9 0.0
1.'1 0.0 8.6 0.0

73.3 74.9 64.6 76.4
1.0 1.0 1.1 1.0

98.8 1 00.2 99.5 1 00.2

Cations per 1 3 (0)+l (Ou)

4.02
0.00
0.00
0.07
0.00
2.91
7.01

23.0
0.03
0.02
0.1
0.2

74,8
1.0

qq ?

3.98
0.00
0.00
0.01
0.02
2.99
mo

3.99 3.97 3.93
0.00 0.00 0.00
0.00 0.00 0.00
0.06 0.0s 0.00
0.00 0.54 0.00
2.96 2.44 3.04
7 .01 7.00 6.97

22 .B 22 .6
0.0 0.0
4.02 0.03
0.02 '1 .9
0.7 1 .0

74.6 72.4
1.0 1.0

99. 1 98.9

3.95 3.92
0.00 0.00
0.00 0.00
0.00 0. 1 '1

0.05 0.06
2.98 2.89
6.98 6.99

All analyses by wDS. À]L t1zc calculated for 1(oH) per unit ce__.

Sample L-.15 was analyzed against YÀG (¡I) anc manganotantalite (ta).
À11 other.samples.rvele anaiyzed against L-15 (el,ia) assuming :âea1
À1¿Ta¡0r ¡ (OH) stoichiometry for simpsonite l-l 5.
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one (mean tÀ1-site:ITa-site = 3.971t3.026) sug;est that the disordered mod-

el is to be preferred.

À part cí the infrared absorption spectrum:cr simpsonite L--15, covering

the range 3000-3800 cm-1is given in Figure 2. The spectrum is character-

ized by a s:rong absorption at the row fregue:.cy of 3300 cfi-1, indicative

of the presence of substantial hydroxyl in the strucLure. The low frequen-

cy of the 0-H slretch further indicates that sirong hydrogen bonds exist,
which makes the hydroxyl site in simpsonite an extremely unlikeJ-y locus for
(OH)+r substitution. To this effect, F has cnly been reported in sampLes

contaminatec with microlite and micas (muscov:.te and lepidolite). À fair
correlation (R=+73%) exists between F and b,a2O+K2O+Li2O+CaO contents (=

alkali plus alkaline earth parts of the F-bearing contaminants); it is
probable ti:at most, if not all F is containei in the typically F-rich con-

taminant piases.
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Fiqure 2: simpsonite L-15: Infrared absorption spectrum in the o-Hstretching region. Th" sharp a-bsorptioñ at- 3300 .rrt -is
assigned to 0-H srreLchilg il simpsonitä. Th; br;;d absorptionar 3450 cm-r is due ro adÃorbed wãrer in rhe pÀrråil
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8"5 CRYSTAT STRUCTURE

8.5. 1 X-ray Crvstalloc:aphv

X-ray powder diffrac::on oata for all simpsonites are ioeniical, as are

the ceLl parameters (Tab-e 10) Consequently, powder diff:action data for

sampl.e L-17 (fabte lZ) e:e representative of ait simpsonites. The diffrac-
tion pattern consists cf groups of strong diffractions çhich regularly

repeai themselves with :ncreasing 20, This repetative c:aracter implies

that simpsonite possesses a layer structure.

Precession photographs were taken for three simpsonites: L-13, L-15 and

L-17, The photographs show P3 diffraction symmetry, giv:ng p3 or p3 as

possible space groups. The diffraction pattern has a st:cng pseudo-P6/m

diffraction symmetry whi:'n accounts for the earlier assign:ent of P6/n as

the space group (ray1or, 1939). (Hote: a reconstruction cí Taylor's data

by Kerr & Holmes, 1945 shows lhe true 3-fold character of :le unique axis,

although the authors dii not recognize it).

8.5.2 Structure Ref inerent

The crystal structu:e of simpsonite was solved by 3crisov & Belov

(1962). Their work confirmed Àl-¿TasOr s (OH) stoichiometry and p3 diffrac-
tion symmetry for the nineral as well as correctly deter:rining the atom

positions (Table '13). Because their model was refined i:om projections

using photographic data, resulting in high R-indices (ñ='15 .2ro) , a structure

refinement was required.

SampJ.e L-15 was chcsen for the refinement because :i most closely

approaches ideal simpsor:ite in cation chemistry and was wan¡ed as a micro-

probe standard for the c:her simpsonites.
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Table 12: Powder Diffraction Dara for Simpsonite l,-17

d(obs) d(caIc) hkl o(obs) d(ca1c ) hkl

6.40
4.52
3.69

3. 196
2.859
2 .609
2.417
1aÈ.1

¿. tJt

1 .926

1?

19
62

?t)

67
37
40

6

59

25

6.40 10.0
¿. q) nn I

3.69 11 .0
3.69 10. '1

3.198 20.0
2.859 11.'1
2.610 20,1
2.418 21 .0
2.258 00 .2
¿.t3¿ JU.U
2,131 21 .1
1 ,926 11 .2
1 .926 30.1
1 .844 20 .2
1.774 31.0
1.651 31.1
1 .599 40.0
1.sso 30.2
1.507 40.1
1.467 32.0
1.396 41.0
1.396 32.1

| ,36¿ b

1 .333 10
1 .305 2

1 .278 7

1 .230 10
1 ,209 3

1.137 9

1"1

1 .352 20.3
1 .334 41 .1
1 .305 40.2
1 .278 21 .3
1 .230 32.2
1 .209 42.0
1.188 33.1
1.187 41 .2
'1 .168 42.1
1.148 31.3
1.129 00.4
1.113 5'1 .1
1.113 50.2
1.096 40.3
1 .080 11 .4
1.066 60.0
1 .066 42.2
'1 .0s1 32.3
1 .038 50.'1
1 .024 52.0
1 .024 43.1
1 .024 51 .2

1 .844 10
1,773 16
1 .651 '100
'1 .599 3

1 .550 2

1 .507 12
1.468 5

1 .395 54

t.
t.
It.

58
48
29
1aIJ

,)
J

9

2

2

2

2

10

11
'7

10

1 .095
1.079
1 .066

1 .05'1
1 .038
1.024

Phiì-ips powder diffractometer, Ni-f iltered cuKa radiation.
LiF internal standard.
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data collection.

f f ractometer for

a=7.381(1) and

c=4.51 6( 1 ) A, in ex:ellent agreement with powder data fcr this sample

(tabl-e.10). Data were collecteô over two asymmetric uniis, empirically cor-

rected for absorplior: (/=385 cffi-1, Mo Ka) by approxi:aiing the crystal

shape to an ellipsoii and were merged to give 867 unique:eflections. The

criterion, I>3o was used to decide whether or not a reflection ¡+as

observed; this resui:ed in the suppression of only 1 :eflection from the

dataset. E-statistics for the total dataset strongly s:pported an asymme-

tric model (<E2-1>=0.135 for reflections with sin(e)r/I>0.1 ), so refinement

was carried out in P:.

Parterson synthes:s indicateo only t heavy atom site (fa ) at x=0.1 1 3,

g=0.394. These parareters were used to refine the Ta pcsition; the origin

was fixed by setting Z(Ta)=0. Àt this stage, a differe:'.:e Fourier synthe-

sis showed the two è.- positions. Refinement of the ca:ion positions and

isotropic temperature factors resulted in an R-index ot 9,Seo, and a subseq-

uent difference Four:er map gave the six anion sites. Refinement of all
atom positions and anisotropi.c temperature factors, an: of an extinction

correction, resulLed:n final values of R=5.3eo, wB=6.9io for Lhis fully-

ordered model. Àn attempt io disorder Ta and À1 resu-:ed in divergence,

showing that the assunption of full cation order was vai:i. Observed and

calculated structure Íactors are given in Appendix G. F:nal positional and

temperature paramete:s for the atoms are given in Tabre 13 and Table 14.

Bond lengths and ang-es are given in Tab1e 15.

ç^-
LJ-

;,i
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Table'f3: Positiona- Parameters for Simpsonite

This Stucy Borisov & Belov (1962)

Àtom

m-té
À1(1 )

Al(2)
01
o2
03
04
05
06

Ã

0.1118(1)
0.423Q)

0

0.246(5)
0.392(s)
0.192(4)
0.482(s)

1/,1¿/3

v.

0.3910(i)
0.303(2)

0

0.062 ( 4 )

0.472 ( s )

0.238(5)
0.111(s)

1/3

0

0.496Q
0.499(4
0.730(7
0 .777 (8
0.2740

0.112
0.423

U

0.237
0.376
0.183
0.481
1/3
2/3

0.00c
0.50c
0.50c
0.72C
0.765
0 ,271
0.266
0.204
0.70i

z v.

0 .265 (7 )
0.1e4(9)
0.691(10

0.391
0.297

0

0.067
0 .4't 4

0.227
0.'1'13
2/3
1/3

TabIe l4: Thermal Pa:ameiers (,82) for Simpsonite

Atom Ulr Uzz Uss Ur z Ur ¡ Uz¡ U(eq)

ñ-1é

ÀL(1)
Àr(2)
01
o2
03
04
05
06

8s(s)
120(34)
87(32)
77(100)

261(139)
231 (123)
112(110)
9s(104)

3s4(170)

119(5)
1?q/?¿\
1s9(65)
148 (10i
154(122
111 (101
21 0 ( 12'¡

s3(148
98(171

42 (4)
seQ6)

0

-2 (81 )

0(3)
14 (23)

0

20(6s)
-s5(88)
-67(8s)

63(102)
t)

U

JIJ)
7 (28)
0

7 (76)
-70(e3)
-24Q3)
46(9s)

0

177(Bs)

98(4)
13e(28)
131(30)
140(80)
242(',37 )

1s9(91)
227 (99)
81(8s)

269(127 )

88
149

87
125
464
146
239

95
354

cl
37)
?a \
JL I

102)
213)
101 )

12s)
104 )

170 )

-¿\o t I
295 (1 47 )

102(103)
-3(11s)
48(52)

0

Ai.1 U's are x '104
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Table 15: selected Bond Lengths (Â) and Àngles (") in simpsonite

Ta 0ctahedron

Ta-O1b: 1.ti(3) O'1b-Ta-O2a: 96(1 02a-Ta-05a: 75(
-O2at 2.-a(4)
-Q¿Di ¿.t-'J\+)
-03a: 1.95(4)

-05a: 2.C5(2)

<Ta-O>: 2 .00

-02b: 91 (

-03a: 103 (

-04b: 97 (

-03a: 86 ( 1

02:-Ta-04b: B7

-05a: 77
0:a-Ta-04b: 93

-05a: 89 (

04b-Ta-05a: 92(
-04b: 1.9E(3) O2a-Ta-O2b: 92Q

1

1

1

1

'1

'1

À1(1)-O1a:
-Q¿Ai
-03a:
-04b:
-04c:

.8¡ (4 )

.e3(3)
q: I ¿ \

À1(1) Octahedron

.9'(3) ola-41(1 )-02a z 89Q
-03a: 85 ( 2

-04b: 85 ( 2
-06a: 91(1)

.8-(3) oZa-Àl(1 )-O3a: 98(2)

<O-Ta-0>: 89.8

C2a-41(1)-06a: 92(2
C¡a-À1(1)-04b2 92Q

-04c: 100(2
c;b-ÀI(1)-04ct 8'r(2

-06a: 78(2
C.!c-Al ( '1 

) -o6a z 81 (2-06a: 1.9'(3)

<Àl(1 )-O>: '.90
-04c: 97 (2)

<O-Àl(1 )-O>: 89.6

' Al(2) Octahedron

À1,2)-01 x3: 1.94(3) 01-41(2)-01 x3

<ÀL(2)-O>: 1.93

-03 x3
-03 x3

03-41(2)-03 x3: 9a(1 )

<0-41(2)-C>: 90.0

-03 x3: 1.91(3)
94(1)
88(2)
84(1)

Equivalent Positions

a3 x, y, z b: -yt x-y, z c3 y-x, -xr z
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8.5.3 Descriotion of the Struc:ure

The gross structural detairs (nigure 3 and Table 13) are the same as

those reported by Borisov and 3e_cv (1962). Ta and Àl occur in oc¡aredral

interst ices in an approximateiy :exagonal closest-packing of oxygen etoms.

ÀLl Ta atoms occupy one raye: in the packing and aLl Al atoms, a:jacent

layers. Each Ta octahedron sha:es two edges wich adjacent octaheCra form-

ing dense irarO, sllt- trimers. À1 occupies interstices which, in p:cject-

ion, correspond to unoccupied oc:ahedra of the Ta rayer. Às suchr:'ne Àl-
layer consists of a sheet of ÀL cctahedra, each octahedron sharinc three

edges with adjacent Al octahec.:a. The inter-relationship of the A- and. Ta

layers is such that they connec: via corner-sharing of their poryhei:a.

Details of the srructure a:e ilrustrated in Figure 4. A1l pc_yhedra

show features in good agreemen: ç:th paul-ing's rules. The shared e:ges of

each polyhedron are shorter tiran :he unshared ones. The A1(1) poii'heoron

has three shared and nine unshared edges. The shared edges are no: symme-

trically disposed about the poly:edron, so cation-cation repulsion i:splac-
es the A1(1) cation toward :he side of the polyhedron rvith the fewest

shared edges. 0n the other hani, the À1(2) po).yhedron has three shared

edges symmelrically disposeo abcut the polyhedron (threefold synr:etry),

resul-ting in balanced repulsive forces; consequently, ÀI(2) sits at the

centre of its polyhedron. The Ta polyhedron has two adjacent sharei edges;

Ta-Ta repulsion across the sha:ec edges displaces the Ta cation wel: roward

the opposing corner of the poiyireoron.

Empirical bond valences are g:ven in Table 16. À11 bond valence sums to

the cations and anions approacn :heir ideal values cLoselyf excep: for 06

and, to a lesser degree, 04, Tie sum at 06 (.1.50 v.u.) impries tha: much,
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Fiqure 4: Coordination polyhedra in simpsonite.
ing of the oxygen at,oms.

ooH
oo
&At
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æ gþq¡sd
edge

See Table 1 5 for the cod-
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if not a).-, of Lhe hydroxyt is located at:ris position in the structure.

À bond va-ence of.2-1.50 = 0.50 v.u. is assigned to the o-H bond, which

corresponcs to a bond lengrh of 1.19 Â. lre low bond valence sum (1.81

v.u.) to nearby 04 suggests that hydrogen :cnding between the proposed H

atom and C4 exists, which explains why the b:nd valence sum to 06 is higher

than idea- for an oxygen atom of an OH group ii.e. 1).

Because 06 marks the common corner of tr:ee edge-sharing A1(1) octahe-

dra, the H atom bonded to it must lie e:cve or below the plane of Àl

ociahedra, but not within it. Furthermor:, because 06 lies on a triad

axis, the C-H bond must be perpendicular to::ris pl-ane. Whether the H atom

were to i:e above or below 06, the 0H boni would protrude into a tetrahe-

dral in:e:stice (figure 5). The lower :::rahedron is bound by three

shared, and one unshared face between th::e symmetrical-1y equivalent 04

atoms ani C6. Por this location, the ca::ulated 05-H distance of 1 .'19 ,4

gives an 04-H distance of 1.71 Â. Each c,.!-H bond would have 0.23 v.u.

associate: with it, resulLing in a bcnd va-ence sum of 1.20 v.u. at the

proposed I-. atom position and of 2.05 v.u. a: 04. The upper tetrahedral

interstice has no shared faces between its:cunding anions (06 and 3-04's)

- a nuch:lore favourable location for the H atom than in the.first model.

Here the i.19 Â o6-H distance gives an o4-t separation of 2.08 Â. Each

04-H boni would have 0.15 v.u. associated çlth it, resulting in a sum of

0.96 v.u. to the proposed H atom position a:d of 1.97 v.u. to 04, clearly

superior :o the first model.

0n the basis of both steric and bond vale:ce considerations, it is con-

cluded that the undetected H atom lies 1.19 ¡. above 04. The O6-H bond has

approxima:eLy 0.50 v.u. associated with it;.:ydrogen bonding to three near-

by 04 atons accounls for the remaining 0.50 v.u.
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Table 16: Bond Val-ences (v.u. ) in Simpsoni:e

ra Àt(1) À1(2
Octahedron Ociahedron Octahei:cn

Sums to Atoms

Bond s Bond s Bond S.

ra-01b 1.21 À1(1)-01a 0.s0 À1(2)-01 0.¿6 (x 3)
-02a 0.58 -O2a 0.54 -03 0.:0 (x 3)
-02b 0.'/9 -03a 0.61
-03a 0.90 -o4b 0.42
-04b 0.84 -04c 0.55
-05a 0.65 -06a 0.50

Ta: 4 .97

A1(1)z 3.12
A1(2): 2.88

01 : 2.11
02: 1 .91
03 : 2,01
04: 1.81
05: 1.95
05: '1 .50
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The bond valence sum of 1.50 v.u. to 06 (ignoring H) is 50% in excess of

the ideal value expe:ied if F occurred at that location. This environment

is extremely unfavou:able for F substitutíon. Consec'.:ent1y, simpsonites

should not show mucn F=OH substitution and, âs indicaisd previously (Chem-

istrv subsection), F reportei in early analyses is probacly due to contami-

nation.



Chap:er IX

ALUMCTANTI TE

9.1 INTRODUCTION

Àlumotantite has only been found as a member of the simpsonite paragene-

sis. It was first described as a nerv mineral by Voloshin et al. ( I 9g1 )

f:om granitic pegmatites of the KoLa Peninsula. They assigned the forrnula

ÀiTaO¿ and orthorhombic symmetry, anó inferred an isomorphous relationsrip
between it and stibiotantalite group minerals. Some of their resulrs are

civen in Tab1e 17.

Àbout the time voloshin et ai. (i981) described their mineral, I founi a

r¡ineral resembling alumotantite fron the BikiLa pegmatite, zimbabwe. A

:iterature review showed that thís m:neral had actually been encounterec 35

years earlier by Macgregor (1946). Microprobe analyses and X-ray diff:ac-
:ion studies confirmed it as aiumotantite. Close inspection of other s:;.irp-

sonite paragenesis samples showed a third locality for alumotantite, À:to

co Giz, Brazil (sample L-1 5) .

-55-
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Table 17: Data for Type Àlumotantite

Composition: Àlo. g eTao. s sNbo. o zO¿

0rthorhombic, a=4.90(1 )

b='1 1 .58 (2 )

c=5.66(1) Â

An i sot ropi c
Colourless, transparent, fluoresces blue-white

in W lighc.

Fiqure 6: Alumotantite (¡)
Bikita pegmatite.

in a muscovite
Reflected light,

vein cutting simpsonite (S),
200x magnificaticn.
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9.2 PHYSICÀL ¡.ND OPTICAL PROPERTIES

Alumotantite:anges from colourless (Bikita, Ko-a) to translucent white

(¡Ito do Giz). Similarly, the lustre ranges from acamantine to greasy with

increasing opac::y. Crystals are subhedral ro eu:.ecira1, elongale and are

rectanguJ-ar lo :rombic in cross-section (Figure 5,. Crystals are always

sma11. Alumoi:;ltite from Bikita is typically Iess than 0.1 mm in length,

much like the i-;pe material (voloshin et al. 1981); that from ÀILo do Giz

is up to 1 mm:n length. Crystals of the Bikita material often occur as

oriented parali:i growths on simpsonite, with the axis of elongation of the

alumotantite pa:a11e1 to Z of simpsonite (Macgrego:1946). None of the sam-

ples examined s.:cw any cleavage. Because of the small crystal_ size, no

density determ:..aiions were possibJ-e. The x-ray s;udy, however, gives a

cal-culated dens::y of 7 .48 gn/cn3 .

in reflectei :ight, alumotantite has higher ref-eccivity than simpsonite

and is also mariedly more bireflectant. In transn:'-ted light, alumotantite'

is biaxial nega::.ve; refinenent of extinction da;a obtained with the spin-

dle stage gives 2\,1=66(2)" (sample L-'15) . None of :he ref ractive indices of

alumotantite is less than 2.00. This is consis:ent with Gladstone-DaIe

calculations G.=2.21; constanLs from Mandarino, 1976) and MacGregor's

assignmenl of a birefringence of 0.12 Lo alumotan::te.

9. 3 CHEMI STRY

Table'18 giv:s al1 available

purposes, the ::ea1 composition

a1. (1981) prcposed the formula

motantites con:crm well to this

analyses of alunc:antite; for comparative

of alumotantite is also given. Voloshin et

A1Ta04 for alumo:antite; all anaJ.yzed alu-

stoichiometry. ÀIumotantite may possess
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minor amounts of SnOz (up to 1.0 rvt.%, Bikita) and NbzOs (up to C.B wt.eo,

Kola) j.n addition to TazOs and Ài203. In the present study, manganese, iron

and titanium Here sought bui no: detected.

Àlthough the cata are not precise enough to be conclusive, Sn4* probably

substitutes for equaJ- amoun!s of À13- and Ta5* as charge balance considera-

¡ions would dictate. Niobiurn-;antalum isomorphism is very minor :c unde-

tectable, most probably due to a geochemical, not a crystaL-chemi:aI con-

trol.

Table .18: Eieci:on Microprobe Analyses and
ideal Composition of Alumotantite

À120s
Sn0 z

Nbz0¡
rd 2\J5

rð.5

ì:;
81 .1

.100.4

16(0)

3.93

0.07
3. 98
7.98

18.7
0.0
0.0

81.3
100.0

À13 *

Sn4*
Nbs*
m- 5 +lct

4.00
0.00
0.00
4.00
8.00

18.6 18.9
0.2 1.0
0.0 0.0

81.6 80.9
100.4 i¡0. d

Ca:ions per

? o( ? ooJ. JV J. J )

0. 01 0 . 07
0.00 0.00
¿ nl ? qq

7.98 8.01

'1 . Àlto do Giz, Brazif (L-15).
2, Bikita, zimbabwe (L-13).
3. Kola Peninsul.a, USSR - Voloshin et al.

(1981).
4. ideal comoosi.:ion of alunotantite.
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q¿. STRUCTURE ANÀLYSIS

9,4.1 T-Rav Crystallooraphy

Powde:-rype patterns for alurnotantite crys;aI fragments were recorded by

the Ganoc-fi methoo. Àn uncontaminated pa::ern was obtained for the Alto

do Giz me:erial but only simpsonite-contamin:,:ed patterns could be recorded

for the 3:kita material. Initially, an at:=npt was made to index the pat-

tern for:he Brazilian al-umotantite on the cEil proposed by Voloshin et al.
(1981) fo: the Type material, but this faile:. In addition, several of the

lines repcrted in the indexing of the type ma:erial were not present in the

uncontam:nated pattern but were present in ¡.:e simpsonite-contaminated one,

suggestir:g that the type pattern was contan:nated with simpsonite diffrac-
tions. ?recession photographs of the ÀLto Co Giz crystal fragment showed

that the ceIJ- proposed by Voloshin et aI. ('981) was not truly orthogonal;

however, :he diffraction pattern possessed rnn symmetry. From the diffrac-
tion symnetry, a nerv set of axes was loca::C and the diffraction patterns

were indexed on this cell. Systematic a:sences of the types Okl with

k=2n+'1 , b01 with 1=2n+'l and hk0 with h+k=2n*' uniquely determined the space

group as Pbcn. The data for the type mate:ial were re-indexed on the new

ce11 resuiting in ce11 parameters in gooi agreement with the Brazilian

material and standard deviations an order c: magnitude better than before.

The indexed patterns of Lhe Brazilian anc :ype alumotantite are given in

Table 1 9.

TabLe 20.

CeIl parameters for all ihre: alumotantites are given in
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TabIe 19: x-Ray powder Diffraction Data for Al.umotan:ite

ALU¡1CTAH'i tTI t{rlNH ì 0t 7]8 ÏYPT ALU¡1OTANT I TE
(u5sR)

020
I t0
021
lìr
130
0/r0
t3t
Oli ì

002
200
o2z
t,! r

t02
220
ì ì2
150
221
060
l5ì
132
042
2\0
24 t
202
222
152
021
170
tì3
o6z
3ì0
r7l
260
2\2
o8o
JII
0¡* 3

330
08r
172
223
ì53
350
262
082
t90
351
3)2

2.

1.

4

3

.6

.ì

.6

.ì
2.8

2,11

t.\
2.388
I :2f

5.66

3.61
3.ì3
2 .89
2.83

z.\39
2.389
2.238
2 .195
2. ì ¡.2

2 .068
t nr)
ì .90¡{
I .881{
ì.86t
I .817

ld
(ca ì c) (c¿ ) c)

d
(obs)

30 5.63
20 !.16
50 3.61.

ì00 3. tl
6o 2 .88
t0 2.82

lio 2.\27
30 2.38t
ì 0 2.23t
ì0 2.192
'r 0 2 .133
ì0 2.t02

30 r.44À

20 I.1.t0
20 I .382

l0 1.352ìo ì.278't0 1.262
ì 0 ì .21.6

ìo ì -?1r

)u

7o
t00
8o
ì0

50
l0
30
t0
20

t0
30
¡+u

20
30
5o

ì0
5o
1.0

t0
¿U

20

30

30

40
!0

t7
ì0
\2

t00
\7
!
ì

20
il

7
l.

4

2

3
l.

5
l4
5

ìì
2\

3
t

2ì
ì2
)
!

¿

I
li
I

I
3
¿

2

6

3

3
2

I

Ir

I

2
2

5

\
6.

/.

E

68

2.1
¿,1

2.0
t.!

J'
7

6
3
0

.7 5\

.619

.63i

.563

.)¡.J

.528

.¡r8l

, ¡.À8

.4ìl

.188

zo
ì0
20
l0

30

ì0

20

Calcuìated (froo the refined structure with the pro-
gram 0Bll 2.9, Wi ìes Ê young, ì98ì) for a powder
diffractorneter equipped with an automatic divergence
sìit. 0nly refìections with l>ì are reported.
llÀ.6 nrn Gandolfi camera; Ni-fi ìtered Cu radiation.
Corrected for shrinkage but not absorption.
Voìoshin er al (ì98.l) . powder camera, ì ìA.6 nrm,
unf i I tered Fe rad i at i on.

.357

.28ì
, ¿64
.2\9

.235

I .200
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Table 20: Unit Ce11 parameLers (Â) for Àlumotantite

a
LD

L

4.471(1) 4.{5 4.477(1)
11 .302(4) 11 .29 1 1 .309 ( 3 )4.766(1) 4.,16 4.767(1)

1. Àlto do Giz, Brazil (t-15). Four-circle
diffractometer, MoKa radiaticn, C monochromat,or.

2. Bikita, Zimbabwe (f-l¡). precession camera,
Zr-f.iltered MoKo radiation.

3. Kola PeninsuLa, USSR. Refined from the data of
Voloshin et a1. ( 1 981 ) .
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9.4.2 St¡uçture Solu::on anC Refinement

A search of the Iite:ature shorved no compounds isostruc:ural with alumo-

tantite, so a structu:e analysis r,¡as undertaken. Àn ec-:ant fragment with

dimensions 0.10 X 0.i2 x 0.14 mm was used for the inter.sity data collec-

tion. Data were co-lecteã rvi.th the four-circle diff:actometer of the

Materials Research Ins::tute of McMaster University.

À toLal of 553 ref-ections was measured, of which 288 were considered

observed (i > 3o). Of;hese, four very weak reflections (I only slightly >

3o) violating Pbcn grcup symmeiry were removed from the set. The highly

absorbing characteris¡:: of the material (g = 480 cff-1, Mc Ko) necessitated

absorption correction; an emcirical correction was used, based on an eIIip-
soidal approximation :c the shape of the crystal. Cei- dimensions were

obtained from least sqiares refinement of a set of reflec:ions automatical-

Iy aligned on the oiff:actomeier.

Consioeration of the proposed stoichiometry and possib:e densities for

alumotantite indicatei:hat its true ce11 coniains 4 forrn'.::a units. Àssum-

ing complete cation c:cer, Àl and Ta were assigned to separate 4c sites
(}Jyckoff notation). i.thile r"he diffractometer intensir¡ data were being

colLectedr âFl hk0 Pa::erson projection was made from precesslon camera

intensities; Ta-Ta vec:crs were located giving y(Ta)=0.i7.

The composition of:he sampJ-e used in the refinement was approximated as

ÀLTaO¡. In the firs: stage of the sorution, the Ta-a:om position was

refined. À differencs Fourier map was then constructei from which the ÀI

position was located. The cation positions were refined and a A(ta,Àl) map

was constructed. The :ap sugges'ued that oxygen atoms occupied four general

positions, not the twc expec¡eC from the stoichiometry. Nevertheless, the
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pcsitions of all four sites were ente:ed in the refinement. The isocropic

re:rperature factors of the oxygen atcns clearly indicateo the spurious oxy-

gens (s=¿.5); these were discardec irom the refinement. Two more cycies

oi refinement with isotropic tempera:ure factors reduced the R index from

13,geo to 5.0e". À difference Fourier nap at this stage showed no unexpec:ed

anomalies. The thermal vibrations cf the tantalum and oxygen atoms were

mcäe11ed as anisotropic (the analogous parameters for ÀL were non-posit:ve

cefinite, so an isotropic model was retained for Al) and a seconcary

exiinction correction was applied, :esulting in final R-indices of !=4.4%,

wR=5. 59o.

Bond valence caLculations shor+ed :hat the sums to the cations diffe:ed

s:gnificantly from lheir ideal values. The sum to Ta was low (E=4.7 v.u.)

and to À1 was high (E=3.2 v.u. ) suggesting possible ca¡ion disorder. An

a:iempt was made to refine cation s::e order according to the constraint,

nc. ÀI atoms = Do. Ta atoms = 4 cat:cns/cellr suggested from microprcbe

analyses. The model converged on a ful-Iy-ordered scheme (0 nf in the Ta-

s:¡e and vice versa) indicaLing tha: cation disorder was not cause for:he
ceviant bond vaLence sums. Erro:s in Lhe absorption correction r,;ere

suspected, and the experiment was repeated.

The second data collection follcwed the same procedure as the first,
except that data were collecteo with the R3m diffractometer at the Univer-

s:ty of Manitoba. Starting with atcm positions from the fírst experiment,

:he second ref inement converged cn improved R-indices of R=3 . 9eo and

çR=4.2eo. Unlike lhe first experimeni, all sets of anisotropic temperature

factors lr'ere positive definite; hence all atoms were modelled with aniso-

t:opic thermal parameters. An ex¡inction correction was not appl.ied

because it did not make a significan: contribution to the model.
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Observed and calculated siructure factors for both experimen:s are given

in Appendix G. Fj.nal positional and thermal parameters a:e given in
Tab1e 21.

Table 21: Positional and Thermal parameters for Àlumstantite

Àtom Exper-
iment

Ta1
)

À1 1

2

01 1

2

02 1

2

0

0

n

0

0,222(1)
0.223ß)

0,266(4)
0.264(?)

It
J-

0.16817(9)
0.16813(7)

0.43460)
0.4344(s)

0.312(1)
0.315(1)

0.0s8 ( 1 )
0.0s5 ( 1 )

t/+
1/4

1/4
1/4

0.086(4
0.083(3

0.073 (4
0.073Q

U(eq),q2

52Ø)
146Q)

56 (14 )

i63(16)

68(29)
20:(32)

84(32)
135(26)

Anisotropic Temoerature parameters (nxperiment 2)

Atom U,' U¿t h¿ L_2,

ra 144(4) 129(4) 16s(4) OÀ1 152Q7) 129Q6) 208(30) 001 2se(61) 12s(4't) 224ß7 ) S1(4s)02 176(47) 13s(46) 96(44) s3(42)

lI¡.¿ !i:¡.

s(5) 0

4(37) 0

-32(60) 19(17)
-38 ( 47 ) -37 (42)

À11 U's are x 104
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9.4"3 Description of the Structure

The cxygen array of the alumotantite s::ucture is approximatety hexago-

nally c-csest-packed (nigure 7) , víth cations occupying half of the octahe-

draL in:erstices of the array. The closes:-packed layering is perpendicu-

lar to x. Considered in terms of polyhed:a, each leveL perpendicular to x
consis;s of branched, zíg-zag chains of ecge-sharing, slightly distorted
octahei:a running parallel Eo z, Àluminun octahedra make up the backbone

of these chains; tantalum octahedra are a-,tached lateral]y to this back-

bone. Gross chain configuration is the sane for arl levels.

Pro;ection along ! (Figure 8) illustra:es the interrelationship of the

tantalun polyhedra. Each octahedron shares four corners with tr+o octahedra

above and two below it. The resul-t is a Ðerforated, corrugated sheet of
tantalm polyhedra normal to L. Each saeet is linked to neighbouring

sheets by edge-sharing with the backbone oi aluminum polyhedra.

Inte:atomic distances and angles for the second refinement are presented

in Tabie 22. Details of the two types oi polyhedron in alumotantite are

given in Figure 9. <Ta-O> and <41-O> distances compare well with calculat-
ed values from shannon (i976) (<ta-o>obs = 2.013, <Ta-o>caLc = 2.00¡
<Àl-O>obs = 1.883, <Àl-O>ca1c = 1.895 Â) supporting the assumptiòn of ful1
cation ordering. Deviations of the coordination polyhedra from ideal octa-
hedral geometry are slight.. Most deviations can be rationalized in terms

of caticn-cation repulsions and Lhe numbe: and localion of shared edges.

The aluminum octahedron possesses three shared edges regularly disposed

about the polyhedron. Two of these edges are shared with adjacent aluminum

octahecra and one with an adjacent tanLalum octahedron. Because of this
immediate environment of nearly balanced repulsions, the aluminum atom Iies
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Fiqure 8: Àlumotantite ¡ Ta-sheet projected along y.
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Tab:z 22; Selected Interatomic Distances (Â)
tite and Angles (o)

69

in Alumotan-

Ta Octahedron À1 0ctahedron
ñ-Ld -01a x2

-01b x2
-u¿a ,<¿

2.09(1
2.02(1
1 .93 (1

2.013

2.779(17)
2 .7 63 (20)
2.s27 (36)
2.880 Q2)
2.861 ( 30 )

2,944124)
2.920 (42)

2.825

8s.3(4)
84.7 (4)
7s.7(10)
92.7 (7 )
e2.3 0 )

es.9(8)
99.0(11)

89,7

Al - O1a
- o2b
- o2f.

<A1 -0>

01a - 01d
- 02b
- o2g
- O2c

ozb - ozf.
- o2g

a2f - o2g

<0-0>

01a-À1-01d
-À1-o2b
-À1-02c
-À1-029

ozb-A1-O2f
- ÀJ. - 029

Ozt-À1-029
<0-À1 -0>

1.86(1
1.87(1
1 .92(1

1 .883

2.527 (36)
2,752(30)
2.783(22)
2.628Q5)
2.s64(38)
2,722(14)
2.6e3ß7 )

2 ,677

84.6(11)
94,7 (8)
89.2(8)
93.7(7)
84.8(9)
91.4(8)
88.0(11)

90 " 0

x2
v1
x2

<Ta-0>

01a - 01b
- 01c
- 01d
- OZa

01b - 02a
- 02d

O2d - 02a

<0-0>

01a-Ta-O1b
-Ta-01c
-Ta-01d
-Ta-02a

01b-Ta-O2a
-Ta-02d

O2a-Ta-02d
<0-Ta-0>

Ãt

x2
x2
x2
x2
x2
XI

x¿
x2
xt
x2
x2
x2
XI

XI
x2
x2
x2
x2
x2
x'1

v)

x2
x'1
AL

x2
XI

c: 1/2+x, 1/2-y , z
g: xr y, 1/2+z

b:Y,
Y,

ô¡¡. X,
X, 1 /2-z

Equivalent Pcsitions

1/2-x, 1/2-y, 1/2+z
1/2+x, 1/2+u, t/2-z
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near the geometr:: centre of its coordination polyhedron. Because the tan-

talum octahedron shares only one edge and because ihe Ta-Àl interatomic

vector lies along g (the only positional variable for Lhe tantalum atom),

tantalum-aluminun repulsion distorts the tantalum oc;ahedron more than the

aluminum octahed:cn. Às a result, interato¡nic distances and angles in the

tantalum polyhed:cn shov¡ greater variability than r,hose in the aluminum

polyhedron.

Examination of Table 2'1 shorvs that the atomic positions of each experi-

ment agree welLi however, the temperature factors diifer significantly. À

half-normal probacility plot (Àbrahams, 1974) was constructed to compare

the results of tÌ:e two experiments (rigure '10). Fo: such prots, the dif -

ferences in the values of identical parameters of each experiment (A(i))

divided by thei: pooled standard deviation (ø(i)) are plotted againsi

expected values ci A(i)/o(i), which can be obtained from tables (".g. Ham-

ilton, 1972). Fcr sets of experiments with only random error, the points

should scatter about a straight line of unit slope and zero intercept.

Distributions whi.ch are non-linear, have non-unit slope, or non-zero inter-

cept contain sys:ematic error in one or both of the datasets. Às can be

seen from the point distributions, there is no iniication of Èystematic

error with the pcsitional parameters; however, the eguivalent isotropic

thermal paramete:s show a large systematic error. The most obvious source

of this error is incorreci absorption correction; because of the lower

R-indices of the second experiment and because the experiment was done by

lhe author with absorption correction in mind, the error described above is

expected to belong to the first dataset.
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Fiqure 10: Harf-normal probabirity plot for arumotantite. circres: posi-tional parameters, squaies: eguivalent iiãiropii temperatureparameters. The dashed line marks the ideal cuiu. for distri-butions with only random errori the unbroken line, an approxi_mate fit to the tenperalure parameter dala.
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Bond vaLer.:es and bond varence sums are given in Tab1e 23. The good

agreement bei'¿een positional parameters of both experiments produced insig-
nificantly di:ferent results in terms of bond va-ences; consequently, only

those calcula:ions for the second datasel are g:ven. As mentioned in the

previous sec::on, the bond valence sums deviaie significantly from their
ideal values. Ruling out inadequate absorption correction and cation dis-
order as causes, it is difficult to explain the eeviations. one possibili-
ty is that tre deviant sums may be due to nearest-neighbour effects upon

the bond leng:hs, from which the bond valences are derived (i.e. the Ta-O

bond valence curve is derived largeJ.y from Ta-oxide structures with large,

low-valence À-cations, and alumotantite hos:s smalI, highly-charged

cations ) .

Table 23: Bond Valences (v.u.) in Àlumotantite

Ta
0ctahedron

À:
0ctahedron

Bond

'1',4-u ra
-01 b
-w¿d

s

0. 60
0.74
0. 99

Bond s

À1-01 a 0.57
-Q2a 0.56
-03a 0.48

Sums to Atoms

Ta:4.66
A1: 3.22

01 : 1.91
O2z 2.03
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9.5 SIMPSONITE_ALUMOTÀNTTTE TOPOTÀXY

In addition to prismatic alumotantite crysials, isolated patches of a

"cloudy alteration" in Bikita simpsonite (rigure 1 1 ) can be observed

(Macaregot 1946). Gandolfi photos of this opaque, whíte maierial showed

both simpsonite and al_umotanrite. Qualitative microprobe analysis also

showed a minor third phase with only deteciable À1. These da:a and para-

genetic considerations suggest the phase to be a hydroxide, pe:haps gibbs-

ite.

0n the basis of the simiLarity of several of the interplanar spacings of

simpsonite to alumotantite, a topoLaxic relationship between these minerals

v¡as suspected. To investigate this, a fragment of the opaque region was

studied by the precession me¡hod. The topotaxic relationship u-as confirmed

in the photographs taken, w:rh

I(a) ll Z(s)

I(a) ll [210] (s)

!(a) ll [a1o](s)

where Lhe letters in parenlheses refer to alumotantite and sLmpsonit.e.

This alumolantite is twinned; topotaxic control on the twinning has pro_

duced threefold rotation twins of alumotantite about Z(s) in the partially
consumed simpsonite. No adoitional diffractions indicative of a third
phase were observed in the precession photos.

Comparison of the simpsonile structure to that of alunotanij.te in Iight
of the above relationships shows that the hexagonal cLosest-paciring of oxy-

gens in simpsonite is preserved through the topotaxic reaction generating
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alumotar:tite (nigure 12). Hence, the reaction is marked by cation migra-

tion th:ough an essentially unchanged oxygen array.

Optical- examination of the Bikita samp-e shorvs that both the prismatic

alumotaniite and the alumotantite in the urite patches possess (at least)
paraLle: E axes. By inference, the sa:e crystal.lographic relationship
(less t'*inning) exists between simpsonitE and both alumotantite textural
varieties. However, important differences between the two varieties do

exist:

(1) The prismatic variety occurs as par:iaJ. replacements of, and over-

grcwths on simpsonite, whereas the patchy variety occurs as replace-

ments onIy.

(2) The prismatic variety occurs along f:actures

ni:e, whereas the other variety occurs as

in:erior of simpsonite crystals.
(3) ÀLuminum silicates (muscovite and aIb::e) and

occur ¡vith the prismatic variety.

not aluminum hydroxides

Àlthough the two varieties differ greatly in occurrence and paragenesis,

the rari.ty of al-umotantite, the similar paragenetic tj.ming of the vari-
eties, and the same topotaxic relationship between simpsonite and both alu-
rnotanti;e varieties suggest a single react:.cn mechanism. The observations

outlineo above suggest the reaction of simpsonite with minor voLumes of

late fluids with which it is no longer in equilibrium. In particular, â¡

increase in ¡r(ra) is the most feasible ceuse for the breakdown of simpso-

nite. A genera).ized equation describing tbis reaction is:

and rims of the simpso-

isolated patches in the
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Tas' + 2ÀI+Ta¡Or¡(0H) = 7ÀITaO++ 2H* + A:3'

In the interiors of a.umoian¡ite crystals, the aluminum released in this
reaction is bound up as a hydroxide (i.e. in the white pacches). Àt the

rims of , and along frac:ures in the simpsonite crystal, piSi) (and p(l¡a),

l(n)) is great enough;o result in the incorporation of tie liberated A13*

in aLuminum silicates. Quite c1early, the phases formed f:om lhe Iiberated
À13* do not play an ac:ive role in simpsonite-alumotanti¡e topotaxy -- the

same topotaxic relationship between simpsonite and alumotaltite is shown by

both parageneses despi:e their cifferences in mineralogy.
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Fiqu:e 1 1: Àlunotantite replacing
MacAregor,'1946). Laths
nl orl¡.'reu !ÊgtOn tS a pervas
tant i te.

Bikita pegmatite (fron
te crysLaIs. The stip-
of simpsonite to alumô-

simpsonite,
ôre alumotanti

ive alteration
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Chaptei X

NÀTROTÀI,iTI TE

1 0.1 INTRODUCTION

lfatrotantite is only known as a member of the simpsonite paragenesis.

It ç'as first encounlered by voloshin et al. (1981) in granitic pegmatites

of:::e Kol-a peninsula. on the basis of microprobe and powder x-ray dif_
frac;ion data, they described it as monoclinic NaTa30s. I^lhire examining

sinrpsonite-bearing samples of the Arto do Giz pegmatite, Brazil, I found a

mineial similar in chemistry and opticaJ- properties to natrotantite (samp!-e

t-1;). Àlthough agreement between chemical data for this sample and type
nat:ctantite (voloshin et ar., 19gr) was only fair, I concruded that the
two ninerals were the same on the basis of identical powder diffraction
pat:erns.

In an attempt to resolve the problenr of the chemical differences between

the samples, a literature search was done for data on syntheses in the sys-
tem NaTao3-Ta205. Interestingly¡ poor agreement exists between the differ-
ent studies, and no firm conclusions regarding the true composition of
nat:otantite courd be derived from these data. Horvever, more recen:
syn:Ì:eses indicate a strong dependence of the results upon temperature
(chaminade et al., 1972). I.iith the intent to synthesize a compound isos-
truc¡ura1 with natrotantite, the join NaTaos-Tazos r,¡as investigated ai
9 50'c .

-78-
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10.2 NÀTROTÀNTITE

10.2,1 Physicaj and Optical properties

Natrotantite f:om BraziL is colourless; that from:he USSR is colourless
to pale yeIlow. Natrotantite has an adamantine lus;re and is transparenE

to translucent. Unoer reflected light, natrotantite has a relatively high

ref lectivity (> s::irpsonite). .Crystals of Brazilian natrotantite are blad-

ed; ones from the USSR are irregular in shape. C:ystals occur in patchy

aggregates or as veinlets in simpsonite (r'igure 13). Crystals are always

very small; samples from Àlto do Giz are typically less than 0.05 mm in

diameter, but can range up to 0.5 mm in length. Because of the smal1 crys-
ta] size, the oensity of the mineral has never been measured; however,

D(ca1c)=6.0 g/cns.

Fiqure '13: Backscattered electron image
simpsonite (s), ¡Ito do Giz.

ofa
200 x

natrctantite vein (¡¡)
magnification.

IN
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10 "2.2 Chemistry

À11 available analyses of nal:otantite are given in Table 24, as'øe1l_ as

calculated oxide contents of. the compounds NaTa¡oe, Na2Taac, 1 and

Na2Tae0zr. Immediately obvious from Table 24 is that analyses of ¡ie Bra-

zilian material (tilis study) ao not agree well with those of .,:e type

material (voloshin et a1., 1981 ). Furthermore, although the analysis of

the type sample closely approximates NaTa30s, the analyses of the Brazilian
samples most closely approach Na2TasO21 in composition.

To evaluate the precision of the results of this study, sample L-17 was

analyzed twice, using two different sodium standards (microlite a;rd syn-

thetic NaInsi zoo ) . In terms of reproducibility of results, the precision

was good. The analyses with microlite as a Na standard are ave:aged in

Table 24. use of NaInsi206 produces simil-ar results (<Na2o>=3.6e), sug-

gesting adequale absorption correciion of the daia. voloshin et al. (19g1)

also analyzed their sample several limes to evaluate the precision c: their
results. If the difference in composition between the two anal-yses is not

real, it must be due to errors in ZÀF correction of the microprobe data.

However, the difference in Na20 between the samples is approximate:y 50%;

as it is improbable lhat the zÀF-type corrections of the two data-reruction
routines differ by this amount, much of the difference should be reai.

Natrotantites typically contain minor amounts of NbzOs, pbo, and CaO and

can also contain trace amounis of Kzo. In the Brazilj.an samples,

Pb/(Na+lt+ca) increases with Ta/(Ta+Nb), indicating that solutions responsi-

ble for natrotantite formation became richer in pb with respect to smaller

alkali cations, with fractionation.
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Composition of Natrotantite and Similar Compounds

Na z0
Kzc
uau
Pb0
Nbz0s
rc2u5

0. '1

3.¿
0.4

ol 1

e87

0.08
0.9
2.7

91 .3
qq7

6,6
,].0
,1.0

,1.0

N.0

1û'J.0

3.1 3.2
0.06 0.2
0.3 0.4
0.6 1.8
1.0 1.0

q¿ ? a? I

ee.4 ç1

3.3 4,'l 4.s 3.4
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0. 0

95.5 96,6
100.0 100.0

1. Natrotantite $-ll ), À1to do Giz, 3raziI.
2. Natrotantite (nvC-lC-6), ÀIto do Giz, BraziL.
3. Natrotantite (nvC-lC-5), ÀIto do G:2, Brazil.
4. Natrotantite, Leshaia, Kola peninsula, USSR(voloshin et a1. , 1 981 ) .
5. Ideal Na2Ta+Or r.
6. Ideal NaTagOs.
'1 , Ideal Na2TaoOz r.
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i0.2,3 X-Rav Crystalloq:aphv

À 2 x 10-6 mm3 crysial fragment was extracied from the

for x-ray studies. Gandolfi patterns (rable 25), arthough

pletely with the pattern :eported for type na:rotantite

1981).

mic:oprobe mount

weai, agree com-

(vo-oshin et a1.,

Voloshin et al. (1981) pointed out the correspondence bet'øeen the X-ray

powder diffraction patterns of synthetic Na2TaaOl 1 and natrotantite. They

proposed the space group C2/c for the mineral; however, all dara for it and

that of Chaminade et al, (1972) for Na2Ta4Olr cân be completeiy indexed on

a hexagonal-R cell of dimensions a=6.21, c=36.6 Â. Long-exposure preces-

sion photographs of sampie L-17 fragment confirm this ass:gnmenti all
aspects of the diffraction data indicate R3c or R3c as pcssible space

groups.

Late in this study, the unit cell parameters of a natrotai:iite fragment

from sample RVG-'1C (srazil) were refined from single crystal ciffractometer

data (15 reflections). The unconstrained unii celr parameters are:

a=6.210(1)

g=89.99(1)

which indicate that natro;an¡ite

leve1 of precision.

b=6.207 (1) 9=37.026(6)

ß=89.99(1 ) a=120.03(2)

i s metrically hexagonal e'¿en at a high

Pfr

o
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Table 25: Porsder Diffraction Data for Natrotantite

l{atro!ant ite Ha"Ta,0. .

ldd
(obs) (obs) (ca I c)

Bra2iì

I

(ob s)
d

(ob s)

006
0ì2
r04
0ì8
'I t0
00 ì2
l0r0
I l3
I ì6
02!
I ì9
0r rÄ
zoE-
02ì0
oo r8,
2ì ì

t22
2ì1.
125
ì l.ll
2t7
ì 28
300
2 ì t0
02 r6
l2t l

306-
l ì ì8
2 lff
l2ì4
to22
30r2
223
00 2,{
lì2r
--7¿¿6
t3t,
312
ì 2lz
3ì5
229
137
2 ì19

6.ì2
5. ì9
! .66
3 .50

3.06

3.02
2.778
2.60r
2.\7\

|.721
| .707
r .648
| .595

| .556
r .5À8
t.527

I .509
I .493

I .466
I . ¡,53
I .42 ì

r.q04

6.zz\ (z\
36.76(r)

6 6. ì4
5 5.t7
ì a.6l
I 3.52

6. ro
5. t6
4 .6À
1- 4q

3. t0
1.o52
3.027
3 .009
2.767
2.579
L ¡ibö
2.352
2.3ì8
2. t67
2 . 011.
2.029
2.020
ì .98¡.
ì.958
ì.9ìg
r .894
1.857
t .792
| .777
ì .743

.7 35

.7 20

.7 02
I .648
r .605

¿

ì

ì0
9
I

5

ì

7

t0
9
2

6

3 .07
3.0¡.
3.ol
2.772
2.58c
2.\77

2 .32\

2.0Ä2

¿.U¿¿

ì .958
I .93À

| .535
I .501i
t.r84

6- 199 (z)

37.08 (2)

30 6.09
Jr 5.15
5 \.6t,
4 3.49ì 3. ì049 3.051ì0 3.025ì00 3.0ì0

8 ì 2.766
9 2.579

3À 2.U67
3 2.35)
I 2.3ì8
| 2. t67

15 2.03¿t 2.036

I ì.973
5 1.926
ì t.884
3 ì.8t 9
6 | .799
l I .783

3

2

I
¡.

ì

6

5

5

3
2

2

8

I

2

I

I
I

I

I

3
¡¡6

5
5
ì

lì
35

3

3
ì

¡.8
t5
t0
20
ì6
t2

2.023
r .98À
ì .958
ì.9t9

' 891'
.858
.792

I .778
I .743
1.735
r .720
r.70r
I .648
'r .605
I .590
1.5\7
1.543
t .527
r .520
ì .50.lt
t.487

6.2086 (3)

16.618(2)

.552

.51 0

.526

.520

.501
r.&go
I .1186
ì . ¡{78
ì.46ì
r.À50
r.{3À
¡ .398

I .590

2

3
I
2

2 l.¡{80
2 I .1.63

l0 t.À50
2 ì.434
2 t.399

USSR sample: data froí: Voloshin et al. (ì9gì) .
Brazilian sample: ìì!.6 rm Gandolfi camera, Ni-filtered

Cu radìation, Correctcd for shr inkage.
Na2Ta40rr: Phi I ips pul/ì0 powder diffractometer, automat¡c

d i vergence s I i t, graph i te-!¡onochroma ted, Cu Ka
radiation.
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1 0.3 THE JOIN NaTaC.-Ta zOs

Because of the diversity of results of separate s:udies of the join

NaTaO3-Ta205, each s:udy is summarized in Table 25. Tc date, the phases

NaTaO¡, NaTa30s, Na2Ta¿0r r, NazTaeozr and L-Tazos have been reported for

the system. 0f these phases, NazTaqOr r of Chaminade e: al. (j972) and

Jahnberg (1970) mosr closely resembles natrotantite in ierms of its X-ray

powder dif fraction pa:tern.

For the present study, the following starting ma:erials were used:

Taz0s (Puratronic, 99.99%), Na2co3 (r'isher, 99,99%) end NaHCOs (nisher,

100.2e"). The components were dried, weighed, thoroughL; mixed and pressed

inLo pellets prior to firing in an electric furnace. Heacings were done in

a platinum crucible a:850"c for 4, 10 and 20 hours. À1: run products were

characterized by X-raï powder diffractometry. Annealec reagent-grade BaF2

and CaF2, calibrate: againsi U.S. National Bureau of Standards silicon
(batch 640a) were used as internal standards in unit ceL. refinements.

The run results a:e shown in Figure 14. Three phas:s exist at g50oc:

NaTaOs, NazTaq0r I anã TazOs. Cornpositions more sodic :han Na2TaaOl 1 pro-

duced mixtures of NazTa¿Or r and NaTaOs; less sodic couoositions produced

mixtures of NazTa¿o:: and Ta2o5. The results of this study cÖnfirm the

findings of Chaminace et al. (1972) for the join at low temperature

(700-900'c). unit ce;l parameters of all phases are given in Table 27.
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Tabie 26: Results of Previous Investigations of the Join NaTao3-Ta2o5

Reference NazTa¿Crr NaTas0a Na2Tas021 T ('C)

King et aI. (1956) T T --- from melr
a=l 5.4C a=7.806
c=l6.81 c=7.66

Reisman (1962) O O --- 1300
a=6.00 a=7 .7 4
b=7. 66 b=7 "7 4c=5.08 c=5,97

l{hisron&Smirh(1965) T T 1000
a=7 .86 a=12.5
c=7,152 c= 3.92

Jahnberg (1970) n 1000
a= 6.209
c=35 .6'18

Chaminade et aI.(1972\ 0
a=1 2.430
b=37.290
c= 3.900

1 300

H

a= 6.2A8
b=36.659

900

T; tetragonal, 0: orthorhombic, H: hexagonal p, R: hexagonal R
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Fiqure 14: The Jo:n NaTaO3-Ta205 at g50oC.
investigated. Fill.ed squares: single
phases.

Sgua:es mark compositionsphase. Open squares: two

Tabie 27: Unit Cell
Phases of

Pa rameters (.4 ) f c:
the Join NaTaOg-TazOs

NaTa0: NazTa¿01 I !-rd2u5

a: 3.8913(1)

u: 58.923(5)

Cubic

a: 5.2086(3)
c: 36.618(2)

v: 1222.4(1)

Hexa gona I

a: 6.231(3)
b: 40.18(2)
c: 3.8890(4)
V:973"7(3)

0rt horhomb i c

PhiÌips powder
mon cc hr oma t ed

di f f ractometer, graphite-
CuKo radiation.
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10.4 NazTa¿Or r

10.4..1 Structure Analysis and Ref inenrent

Powder diffraction data for the compound Na zTaqOr I are gi,¿en in
Table 25. These data confirm that NazTaqOr r is isostructural with natro-
tantite. This is surprising: chemica). analyses (tabte z¿) suggesi either
NaTa¡0s or NazTas0zl as possible compositions for natrotantite.

As shown earlier, the X-ray powder diffraction data for both ne::otan-

tite and Na2TaaOl 1 can be completely indexed on a R-centred ce1l, aespite

suggestions of Chaminade et al. (1972) and voloshin et al. (.1981 ) to the

contrary. The content of this cell is six formula units, i.e. Nar2Ta2ao56.

The true cell is related to the monoclinic pseudo-cell proposed by vcioshin
et al. (1981) by

a(hex)

b(hex)

c(hex)

1rlJ3 a (mon )

b (mon )

3c sinß(mon)

The relationship is shown in Figure 15. The pseudocell is nearly.icentical
to the true celI of the compound Na2Nb4O11; comparison of the diff:action
patterns of these compounds strongì.y suggests that the Na2NbaO11 sc:ucture
is merely a monoclinic distortion of the NazTaqOr r structure (Ja::nberg,

1970). In order to assess the validity of this model, a structure refine-
ment of NazTa¡Or I wâs done.

Because of the strong struciurat simirarities between NazNbqc:r and

NazTa¿Orr, the dala of Jahnberg (1970) for Na2Nb4O11 were used to gsnerate

the starting model for Na2TaaOl 1. Because NazNbsOr r has a centric struc-
ture, the space group R3c r+as chosen for the refinement. The equation,
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Fiqure 1 5: Relationship
ruie) and its

between the hexagonal ceLl of
monoclinic pseudo-celI (iight

natrotantite (boId
rule and dashed).
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E=AM+

where I 2, o, -2/3 / 1, 1, -1/3 / o, o, -1/3 l

| -1/2, o, o l

I x, y, z ] monoclinic

I x, y, z ] hexagonal

was used to transform the coordinates of NazNb¿Or r to R3c-compa:ible ones.

the transformalion placed Na at a 12c site (wyckoff notation) wlih z= 1/6,

Ta at both an 18e site with x=0.364 and the 6b site and O at three sites:
35f (x=0.055, y=0.4.13, z=0,197) , 18e (x=3/+), 12c (z=0,406).

For the data collection, rhe sample of Na2TaaOl 1 (powder) from the 20

hour run was used. Data were collected with the pI.r1710 powder ô:ffractome-

ter over the range '10 o-'1 s}o z0 (cuxø) with a step size of .0'1 ' 29 and a

counting time of 5 s per step.

Refinement was carried out using the Rietveld method with a slightly
modified version of the program DBW 2.9 (wiles and young,'19g1). The pro-

gram has problems with rhombohedral space groups, so the st:ucture was

refined in the subgroup P3cl, r¿ith all shifts constrained to comply with

R3c. Thus, the refinement was effecLively done in R3c. Data used in the

refinemenl covered the interval 12-78o 20 in 0.040 increments, chosen on

the basis of space restrictions of the program. À small region in this
range (21.5 - 24,9") was excluoed from refinement due to the presence of

the (001) peak of minor (<1%) contaminant TazOs. The profile function used

was the modified Lorentzian of Khattak & Cox (1977), which gave a better
fit to lhe data than a conventionat Lorentzian or Gaussian func¡ion, The

9,

fì-

L-

U=
tt 

-n-



90

preferred orientation parameLer v¿as fixed a:0.0 because of the uncertainty

of the morphoLogy and cJ-eavage of crystalli'"es in the powder and because of

the absence of any such data for the compound or natrotantite.

Refinenent was done in three steps. F:rst, the scale factor, cell
paramete:s and 0o 20 position were refined, with all structural parameters

fixed at values for the transformed Na2NbaCl 1 starting model, and with a

fixed background model based on visual estination. In the second step, the

half-wid:h parameters, background (a quadraiic function of 20), peak asym-

metry pa:ameter and overall isotropic tempe:ature factor were included as

variables. In the final step, al-l slruc;'.¡raI parameters were eventually

allowed :o vary, including individual isotrcpic temperature factors of the

atoms, and the background model was expanieC to a fourth order polynomial

of. 20.

The tenperature factors of lhe atoms all converged on values higher than

expected (i.e. those of NazNb+Orr) by a fac:or of Z Lo 3; this may be due

to absorpcion, which is not moderled by iÌ:e program. In an attempt to

evaluate ihe effect of the problem on the positional parameters, the temp-

erature factors were fixed at expected val-ues and the data were re-refined.

Àlthough the pattern R's increased by a facicr of 1.5 and the Bràgg R by a

factor of 3, the positional parameters of :he atoms showed insignificant

shift (mean absolute shift =1.5 o, maximum absolute shift = 2.5 o). Thus,

the probiem does not affect the positional parameters significantly.
In the last cycle, 26 parameters (profile, lattice and structural) were

refined simultaneously until all shifts were less than 0.1 o, Fina1 values

of the important profile parameters are given in Tab1e 28. Lattice and

structuraL parameters and final R-indices are given in Tab1e 29. À plot of

the observed and calculated profiles is given in pigure 16.
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Table 28: Proi:Le Information for Synthetic Natro:antite

Preferred c:ientation parameter: 0.0 (fixed)

Àsymmetry Darameter: 1.04(4)

Halfwidth Eerameters:
u=0. 12i ß), v=-0.054(6), }¡=0 .0263(g)

20(initial): 12.0o , 20(final): 78.0o, step: 0.C4o

Number of iaiapoints: 1565

Table 29: struc:ural paraneters for synthetic Natrctantite

Àtom B (Â)z

Na
ra(1)
ra(2)
0(1)
0(2)
0(3 )

0

0.3641,2)
0

0.0s2 ( 1 )

0.7s0 ( 2 )
0

0

0
0

0.414(1)
0

0

0.3323 ( 3 )
1/4

U

0.197s(1)
t/q

0.4074 ( 4 )

J. t(Jt
3.14(t)
3.35 (i )

2.2Q)
3.6(-?)
1.8(4)

Space group: R3c,

Rp = 8.7, Rwp =

a=6.2092(1 ) c=36.619(1 ) Â

9.2, RB = 2.3 %

Rp

Rwp

RB

E I y, (o)-y, (c ) | / zy, (o)

[Ew; [y.l(o)-y¿ (c)]2 / E*, [yi (o)]z]ttz
w-"= 1/(yi+yu, )

rli. (o)-r,. (c) | / tr*b)
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Fiqure 16: x-ray powder diffractometer profire (cuna) of natrotantite.Àbove' sguares: datapoinÈs, ci:rve: catcùi"iåa piorii", Berow,difference plot.
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10.5 DESCRIPTION CF' THE STRUCTURE

The general- topoicgy of the NazTa¿Orr structure is:he same as that of

NazNb+0r r; the two s:ructures differ onJ.y in geometric :etail. The struc-
ture consists of al:ernations of two types of layer a_ong a (Figure l7).
Each layer has edge-sharing arrangements, r+ith adjace:t Iayers connected

via corners and edges. One layer consists of isolatec TaO6 octahedra in a

sheet of NaOz capped octahedra. The other layer cons:sts so1ely of TaOT

pentagonal bipyramiis. These shalt be referred to as the octahedral and

pentagonal bipyramical layers respectively.

Bond lengths anc angles are given in Table 30. T:e Ta octahedron is
regular. À11 Ta-O bond lenglhs are equal and all O-Ta-O angl-es are within
1.10 of the mean (9c'). conversery, the Ta pentagona_ bipyramid is quite
distorted. Àxial Ta-O bonds (ta(1)-o(1)) are shorter t-ran equatorial bonds

(ta(l )-o(2), Ta(1 )-C(3) ), as is to be expected for tn:s type of coordina-

tion polyhedron. Iicwever, there is considerable va::ation in equatorial
bond angles and leng:hs, a consequence of repulsion due to crowding of Ta-O

bonds in the equato:ial plane (<O-Ta-O>eq. = 7g,Zo), in conjunction r+ith

the high degree of eige-sharing of the bipyramids in the prane.

the Na polyhedron is also highly distorted. Each Na polyhedton shares

three edges with three Ta bipyramids of one of the adjacent pentagonal

bipyramidaJ- layers. The capping-oxygen bond is the longest of the poJ.yhe-

dron. Because this bond points alternately upward and downward fron Na

polyhedron to Na poJ.yhedron within an octahedral layer, adjacent Na polyhe-

dra Link via edge-sharing to different pentagonar bipyramidal layers.

Comparison of the details of the NazTa¿Or r struc:ure with those of

NazNb¿Or I gives predictable results (tabte 31 ) . Na 2TaaO1 1 and Na zNb¿Ol r

show no real differences in terms of polyhedral bond length distortion. In
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A

B

Fioure 17: Natrotantite structure. (a) "octahedral" rayer. The smaIIoctahedra contain Ta, the large octahedra, ,ôãiúr, Circlesover-the .Na polyhedra marh the seventh oxygen in-the true Nacoordination polyhedron; Na polyhedra *itt,oui circles haverheir sevenrh oxygen_berow ri:e þrañe of rhe ii;;;"" (b) pen_
tagonal bipyramidal layer
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Table 30: selected Inreratomic Distances (Â) and Àngl-es (")

Ta ('1 ) Pentaqonal Bipyramid

ra(1) - 0(1)
- 0(2)
- 0(2)
- 0(3)

< ta(1) -

0(1) - oQ)
- 0(2)
- 0(2)
- 0(3)
- 0(3)

o(2) - 0Q)
- 0(3)

v ) ì q\

x 2 2.00
x .l 2.40
x ¿ ¿.ut

0 > 2"05

x 2 3.00
v) )q1

x 2 2.74
x 2 2.81
x 2 2.70
x '1 2.69
x 4 2.40

¿./¿

Equatorial Àngles

o(2) -ra(l) -cQ) x1
- c(3) x 2

- c(3) x 2

< O(eq) - ta - o(eq) >

84.3
78.0
75.6

78.3

91 .1
88.9

90.0

<0-c>

Àxial-Equatorial ÀngIes

o(1) -ra(1)-cQ) xZ Bs.7
-cQ) x2 98.8
-cQ) x2 87.7
-0(3) x2 86.0
-c(3) x2 90.4

< O(ax) - ta - O(eq) > 89.7

Ta(2) 0ctahedron

ra(2

0(1
0(1

- 0(1)

- 0(1)
- 0(1)

x6 2 "01

2.81
2.88

2.85

0(1) - ra(2)

Na Polyhedron

0(1) - Na

c(1
c(1

x6
x6

<0-c>

x6
x6

x3
x3
x'1

x6
x6
x3

<O-Ta

- 0(1
- 0(1
- 0(1
- 0(1
- 0(3

-0>

X

x

X

*u_

0(1) -

0(1)
0(1)
0(3)

Na-0

0( 1)
0(1)
0(3)

) L9,

2.66
2.75

2 "60

2,81
2.88
2.70

¿.ó¿

? q1 ô.

3 94.0
3 84.1
? q¿n
3 61.9

<0-0>
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terms of bond angles, the M5- poLyhedra of NazTa¿or r are marginaJ_ìy ress

distorted than those of NazNb¿Orr, at the expense of additional dis:crtion
in the Na polyhedron. l{hy the lower symmetry exists for this niobium

oxide, and for niobium oxides versus tantalum oxides in generaJ-, is not

understood.

Às pointed out by Jahnberg ( 1 970 ) , the structure of natro:antite
(NazTa¿Or: ) is similar to that of calciotantite (cara¿or r ), âs calciotan-
tite possesses alternating "octahedral" and pentagonal bipyramidal layers

like natrotantite. The pentagonal bipyramidaL layer of calciotan:ite is
topologically identical to that of natrotantite. The octahedral layer
(rigure 18) is similar to that of natrotantite, except that only one out of

every two of the potential large-cation sites is occupied (in an crdered

manner), and that the large-caticn polyhedron is 8-coordinated. T:e dif-
ference in coordination of the large cation between the trco structures is
responsible for their different layer-stacking seguences. Seven-

coordination of the large cation in natrotaniite introduces an adc:iional
translation in the layer stacking that calciotantite does not have,:esult-
ing in a 36.6 Â g. period in the latter compared to 12.3 Â in the for:er.
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Table 31: Polyhedral Distortion in Na2MaO11 (M=Ta,tqb)

NazTa¿0r r Na zlrc¿01 r

ø2o2

u'[",.,

u"[Mt . 
]

u,,,IHu 
]

a

5,

1

10 [o(eq)-¡l-o(eq)]
23 [o(eq)-u-o(ax)]

1s0

9,18 !o(eq)-M-o(eq)l27,25 [o(eq)-u-o(ai)]

104

)

45 ,48

3

A=

02=

t/n î,[(r,-r o)/to1z * 104

t/n i,(o¡ - oo)z

eq: equatoriaJ., ax: axial

where

where

Io = 't/n

0o = i/n

n
Eli
n
Eoi
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Fiqure 18: The octahedral J.ayer of carciotantite. Àr1 symbols have thesame significance.as in Figure 17. The eighfir-å"ygen cf the capolyhedron lies directly under the po1yh.ãion, r¡ith the sameLateral coordinates as Lhe seventi, oiygËn:- 
- '
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10.6 ÐISCUSSION: THE CRYSTAL CHEMISTRY OF NÀTROTÀNTITE

À11 samples of natrotantiie and synthe::c Na2TaaOl 1 âr€ i somorphous ,

indicaling that natrotantite ideatly possesses À'zB5 * 
¿O r r stoichiometry.

The natu:aI samples are all non-stoichiome::ic; variable NazO and near-

constani laz0s + Nbz0s of these samples suggest that partial A-cation

vacancy, and perhaps anion vacancy is the nc:m for natrotantites. By anal-

ogy with behaviour in the pyrochlore group {äogarth , 1977 ), Ta-Nb analogues

of "tungsten"-bronze structured compounds, and defect sodium "oxyfluorotan-

talates" (chaminade et aI., 1972), iL is expected that the B-cation sites

should be fully occupied. Table 32 contains the contents per formula unit

of natroiantites, calculated assuming fulJ- 3-caLion site occupancies. On

the bas:s of these calculations, the À-ca+.:cn site of Àlto do Giz samples

is apprcximately 50-60 eo occupied, and of :he Leshaia sample, 70 % occu-

pied. Space group restrictions indicale t:e A-cation site vacancies to be

distribuced in a disordered manner.

The matter of anion vacancies is not easily resolved. The recalcula-

tions aiiow for the possibility of vacancies; however, synthesis studies

suggest ihe opposite. Consequently, it is most likely that charge balance

in À-caiion deficient natrotantites is brought about by hydroxyl or fluo-

rine substitution for oxygen. unforluna',eLy, this model has yet to be

directly tested experimentalLy. Samples of natural natrot,antites are less

than 0.i mm3 in total volume, precluding powder IR spectroscopic examina-

tions. Chaminade et al. (1972) did no: detect O = F substitution in

Na2Taa01 1; however, the join needed tc evaluate such substitutions,

Na2Taa01 1-Ta¿0gFz, l¡as not investigated in his study. Àndersson (1957)

suggested 0 = 0H substitution in Na2Nb401 1, but did not test this model.
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Table 32: Forinula Contents of Natrotantites

234

Na' 0.93 0.95 1.03 1.40
K* 0.01 0.04
ca2* 0.04 0.07 0.02 0.01
Pb2* 0.03 0.07 0.14 0.04
Nbs* 0.07 0.07 0.03 0.19
Tas* 3.93 3.93 3,9i 3.81

EA-site: 1.01 1.13 1.19 1.4S

0(eff): 10.54 '10.63 10.68 10.75

Calculated on 4(ta+¡¡b)

'1. L-1i (¡l_to do Giz, Brazil).
2, RVG-1C-6 ',3. RVG-1 C-5 ',
4. Leshaia, Kol-a Peninsula, USSR.

- see Table 24 for references
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In light of these conclusions, it is instructive to re-examine the X-ray

data ior the natural and synlhetic natro:antites. In Figure 19, a plot of

the c period of natural and synthetic natrotantites is shown plotLed

againsi À-site occupancies. Àn excellent negative correlation (R=-9Se")

exists between the layer stacking period (c) and ¿-site occupancy; that is,
as the À-siie occupancies decrease, the c period increases. No correl-ation

exisis, however, between the a period anc À-site occupancies (nigure 20).

Às !-site occupancy decreases, the polyhedron size of the site should

probably increase (Shannon, 19''16), which would be reflected in increased

ceJ.l parameters. Because natrotantite consists of strongly-bonded Iayers

which are sodium-free (pentagonal bipyranidal layer), alternating along Z

with iayers with a Na-polyhedron framewo:k, the g period is quite sensitive

to À-site occupancy. The lack of vacancies in the pentagonal bipyramioal

layers and high relative strength of B-C bonds in the layers (x-y ptane)

make a relativeLy insensitive to ô-site occupancy.

Thus, on the basis of the present understanding of natural and synthetic

natro:antites, the formula of natrotanti:e is best writt,en as:

(M*rMz*r)Mt*qOr l -, (ogrF).

where z = 2-(x+y). In natural sarnples, 1 < x+y < 1.5 and x >> y.
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Chap:er XI

RÀNKÀMÀITE ÀND SOSEDKOITE

1 1 .1 INTRODUCTION

Rankamaite, a sodium-bearing tanialum oxide of complex chemistry, r.¡as

oiscovered by von Knorring et aI. (1969). At the type loca1ity, Mumba, at

Lake Kivu, Zaíre, it occurs as soft, white, fibrous replacements of simpso-

nite and other oxide minerals whicÌ: together occur as aIluvial pebbies.

T:re potassium anal-ogue of rankamai:e was discovered by voloshin el al.
(''982) and was named sosedkoite. Ài the type locality at Leshaia in ¡he

Kcla Peninsula, USSR' it occurs as late (post-simpsonite) acicular c:ys-

tals. Rankamaite and sosedkoite a:e assumed to form a continuous scLid

scl-ution series (voloshin et aI., 1982) on the basis of the intermediate

Na:K ratios shown by both species. Rankamaite and sosedkoite have only

been found at these two localities, and as such are unique to the simpso-

nite paragenesis.

Àlthough samp].es from both Mumba and Leshaia were obtaineà for the

s:udy, rankamaite-sosedkoite was oniy found in the Mumba samples. Conseq-

uently, all new data for the mineral presented here are based on stucy of

this occurrence onIy.

- 103 -
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Fiqure 21: Rankamaite
Reflected

replacing simpsonite
X magnification.

(roundec crysials).(fibrous)
light, 100
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11,2 PHYSICAL AND OPTICÀL PROPERTIES

Rankamaite-sosedkoite a).ways occurs as acicular crystals, elongated

along Z. The style of aggre-oation varies from deposit to depos::: at Mum-

ba, the aggregation is always fibrous, aJ-mosi asbesiiform (Figure 21 ),
whereas at Leshaia it only forms single crystals.

The mineral is colourless to white, but may appear yellow because of

iron staining due to weathering or to relict simpscinite in the:ankamaite-

sosedkoite fibres. in transmitied Iight, it is biaxial negati'¡e with z I I

c. In reflected 1ight, it has a high reLative reflectivity (> simpsonite).

It is reratively soft (H<¿) and has variable but high densi:y (5.5-6.9

g/cnt ! von Knorring et al., 1969; voloshin et al., 19g2), which increases

with increasing Ta:Nb ratio.

1 1 .3 CHEMI STRY

À11 chemical analyses of rankamaite-sosedkoite from this stuCy and from

previous investigations are given in Table 33. Analysis (2) (from von

Knorring et aI., 1969) has been correcied for muscovite impurities.
Rankamaite-sosedkoite has a comprex chemistry: Na, K, p, À1, Fe3*, Nb, Tâ,

0H, 0 are all major constituents of the mineral, and the ratj.os of these

elements to one another, particularly Na:K and Nb:Ta are qui;e variable.
Because all but one analysis are electron microprobe analyses, Ii20 determi-

nation has been done for only one sample to date. ti is of cuestionable

origin, and may be due to "mica" contamination (u.g. atomic absorption

analysis of sosedkoite by voloshin et al., 1982 gave no detectabLe tizo).
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Rankamaite and Sosedkoite ÀnaLyses

Na z0
Kz0
Pb0
Ca0
À120s
Fe203
Sbz0s
Nb205
Ta z0s
Hz0*

¿.3
1.9
))

2.36
r.bJ

2 .69

lo
))
1.8
0.05
¿.¿
1.1

1.2
2.8

0.1
2.0

0.s
2.7

91.3

¿. t
t.¿

2.64

19.8
69 .4

17 .77
70.94

1 .48
99.s2

15 "7
73.6

99.6 98.4 1 00.4

Ions per 24(Ta+Nb,À1+Fe+Sb)

Na*
K*
Pb2*
¡^2+ucr

T

À13 *

Fe3*
sb3 *

Nb5 *

Ta5*

0H-
0

3 .41
1 .84
0.43

J.bi
1.64
0.57

2.84
2 .17
0.38
0.04
q ¿?

1 .88
,oo

il;
4.96s. 68

2.42
0.67

5.82

2,45 2.02
0.63

5. 59
15.7 6

1 .94

0.16
1 .03

20.8'1
6,73

14. 18
6.34

t5.¿t

? ?o

55.8s

0(eff) 59.96 60.74 60.28 60.42

1. Rankamaite (ttris study).
2. Rankamaite (von Knor:ing et al.,

1969). Corrected for muÀcovite
impurities.

3. Rankamaite (voloshin et al., 1gg2).
4. Sosedkoite (voloshin et a1., 1gg2).

0(eff): effective oxygen for charge
balance.
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X-ray powder diffraction data for

Table 34. The di f.f.r¿ction patterns

orthorhombic unit ceL. of dimensions

parameters are given in Tab1e 34.
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rankamaite and sose:roite are given in

are complex, but can be indexed on an

a=17.2, b=17.7, c=3.9,4. precise ce1l

Because of the fib:ous nature of rankamaite, single c:ysta1 diffraction
photographs could not be taken. ÀlL attempts at taking precession photo-

graphs gave multiple ciffraction maxima or smeared, arcuate maxima indica-
tive of subparallel orientation of fibre-like crystaLs in the fragments

photographed. However, a photograph taken paraltel ts the length of one

clump of fibres was oí good enough quality to confirm t:e long axis of the

fibres to be Z.

As a conseguence oi the lack of suitable single crysiais for study, aj_I

conclusions regarding the space group of rankamaite-sosedkoite had to be

derived from systematic absences in powder diffraction ca:a. The daLa fol-
low a pseudo c-centreo distribution, with the conditioi: h+k=2n saLisified
for all diffractions except one; (21) (and perhaps another: (210) of

sosedkoite?). A check for possible contamination was nrace by comparing the

rankamaite pattern tc its only possible contaminant: sinrpsonite. The

unambiguous absence of many of the strong lines of simpscnite in the ranka-

maite pattern indicaied that there v¿as no detectable concamination at aII.
Consequently, the space latiice of rankamaite must be p-centred. From lhe

data of this study, tae following systematic absences ho-d:
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Table 34: X-Ray Powder Diffraction Data for Rankamaite and Sosedkoite

Rankamaite (L-1{ ) Sosedkoite*

hkl d (calc ) d(obs) d(obs)

020 8.84
?

220 6 .16
130 5,73
31 0 5.45
040 4,42
400 4.30
330 4,11
001 , 3 .94
240 3.93
420 3.86
201 3.58
1 50 3,47
510 3.3'1
3'11 3.194
440 3.08 1

3s0 3.01 0

530, 2,969
060, 2.949
041 2,942
600, 2.864
331 2 .844
260 2,789
421 2 .7 59
620 2.725
1 51 2,602
51 1 2.563
450 2.431
351 2.392
531 2.31 1

5.19 2
5.58 <1
q Á.Á ?

l!.? ?

4.30 2
4,1i 3

?qrq
3.86 2
3.59 <1
< 4Ã h

3,3/ 5
3.1 93 <1
3.078 1

3.014 7

2.9'ô2 1 0

8.8 2

t.¿ I

b. r 5

5.47 2

^4.) 
?

4,24 2

4.12 2

3.95 10

3.41 5
3.28 2

3.15 1

3.03 9
2.99 2

2.95 2

2.85 1

2.79 5

2.611 2

2.57 4 3

2.396 1

2.37 4 '1

2.853 2
2.787 4
2.755 1

¿.t¿¿ I

2.607 <1

2 "564 1

2"427 <1
2.394 1

2.369 2

þ=
17 .184 (5 ) ,t
17.689(8)
? qÂ3()\

't f rom Voloshin et. aI ( 1982 )
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hko 
't'irh

h01 with

0kl with

þ+lç = /¡ +'l

¡=l¡ + 1

k=2n+'1

which indicate the space group to be pban

11.5 DIScussIoN! THE cRysrÀt cHEMrsrRy oF RÀNKÀMÀIrE-sosEDKoITE

Rankanaite-soseqkoite shows diffraction patterns and unit cel1 dimen-

sions which indica:e that its structure is derived frc;n that of the tetrag-
onal tungsten bronzes. The a:b ratio of rankamaite-scsedkoite ranges from

0.973 to 0.983, ve:y close to the ideal value of '1 foi tetragonal symmetry.

The similarity of i.ts powder data to those of orthorhombically distorted

"tetragonal tungslen bronze"-derived structures (von Knorring et aI., 1969)

indicates it to be a close relative of these comccunds. Rankamaite-

sosedkoite is proposed to be an orthorhombic superstructure of the simple

tetragonal tungsten bronze siructure (nigure 22).

Synthetic tungs:en bronzes are typically alkali-ca;ion deficient, yet do

not have any vacancies at the octahedral sites. Àl:hough the anion sites
are not typically anion-deficient, the possibility of O=OH substitution
v¡ithout previous hnowledge of the O:OH ratio or of the ideal number of

anions per unit ceil- makes normalization on an anion basis impossible.

Consideration of the measured density and unit ceLl volumes of

rankamaite-sosedkoite in conjunction r+ith its chenistry indicates that
there are approximately 28-30 cations and 60 anions (= effective oxygen for
charge balance) per unit cell. using a basis of 50 anions per formuJ.a

unit, von Knorring et al. (1969) proposed
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Fiqure 22; Tetragonal.tungsten bronze structure as Èypified by K,lio¡ (from
Lundberg , 1971). The Èungsten polyhedra ishaded)' corner-Iinkto form 3-, 4-, and S-sided holãs"- Àlkali cations occupy the4- and 5-sided interstices. Nb and Ta analogues have octahedraof these cations in p).ace of l{. the unít cell volume ofrankamaite-sosedkoite is 2x .Èhat of the tetragonal tungstån
bronze structure.
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(Na,K,Pb,Li ) u. e, (ta,Nb,A1 ) z z. r ¡ (O,OH) eo

as the formula ícr rankamaite. Àlong a similar Iine, Voloshin gave

(Na,K) sAl z (Ta,Nb) rr o,OH) 5 e

as the ideal fo:nula for rankamaite-sosedkoite, whereby Na>K for rankamaite

and K>Na for scsedkoite. The probLems with the above formulations are

numerous:

von Knorring et al. (1959) made errors in ca.culating the formula of

rankamaite ¡v:ich resul-t in an underestimation oi the anion:cation ratio.
Voloshin et al. (1982) incorrectly calculated :he formula of rankamaite

on a basis o:60 oxygens, not 50 anions, which i:as the effect of artifi-
cia1ly lower:ng the cation:anion ratio.

Voloshin et aI. 's ( 1 982 ) ideal formula underes¡inates "observed" site
occupancies iinferred from chemistry) by as much as 17eo.

Fe3* is ass'¡med to substitute for Ta in the nodel of voloshin et al.
(1982), whersas from both size and charge consiceratíons, it shouJ.d pre-

fer lhe ÀI-s:ce instead. Transfer of Fe3* to tle proposed Àl-site caus-

es an overfi-ling of the site by 321".

An ideaL sitE occupancy of 5 cations (for the Ne+K site) is not possible

on the basis of site multiplicities for the space group pban (note: nor

is it possible for any of the c-centred space groups proposed by von

Knorring et aI., 1969), invalidating voloshin e: al.'s (1ggz) idear for-
mula.

a¿.

?

5.
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From lhe above and previous discussions, it is obvious that cne must

consider 0=0H substitution, ihe ideal- anion:cation ratio, the possibility
of variable alkal-i contents, anc possible octahedral cation orderir:g before

proposing a fornrula for these minerals. }jith very Little data ava:.-able on

H20 contents of rankamaite-soseckoite, aIl of these aspects of ranal<amaite-

sosedkoite chemistry are difficuit to assess.

' Variable (Na+lt) contents mai<e normalization on the total ca:ion sum

impossible. Hon¡ever, the improbability of vacancies at the oc:ahedral

cation sites allows normalization on the octahedral cation sum. Àssuming

À1, Fe3*, Sb3*, Ta and Nb to be in octahedral coordination, rankanaite has

24 octahedral cations per unit cell (on the basis of the measurei densiLy

of rankamaite). Unit ceI1 contents for rankamaite and sosedko::e on a

basis of.24 octahedral cations are given in Table 33. From this:alcula-
tion, it can be seen that the aLkali caLion site sum is variable, ranging

from 5 to 6 cations per unit ceLl. The maximum of 6 cations is:he best

estimate to date of the ideal fuIl occupancy of this site. The number of

effective oxygens is only slighiJ.y variabre, ranging from 50 to 60.75; how-

ever, the total nunber of anions for the one analysis r¡ith HzO deiermineil,

is 64.6. The ratios of (Ta+Hb)s.: (41+Fe+sb)3* are variable, rañging from

721 to 11:1. Looking at A1 alone, although voloshin et al.'s (1959) analy-

ses give 2 À1 per unit celL, the analyses of von Knorring et al. (j969) and

of this study give significantiy more than 2 À1 per unit cell (ra¡te g3).

No ideal À1:(Fe+Sb+Nb+Ta) or (Àl+Fe+sb):(Ta+Nb) ratio exists for this min-

eral, and full trivalent cation - pentavalent cation order is unlikely.
0f all the tetragonal tungsien-bronze derivative compounds, ihe X-ray

powder diffraction patterns of pbNb¿Or r and NazTasOzl âÍê most similar to
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onJ.y rankamaite-sosedkoite on which an

estinate of the total number of anions can be made (analysis (2) of

Table 33), ¡he nearest integral number of anicr.s is 65. However, site muJ.-

tiplicities for Pban dictate that ideal ranka:aite-sosedkoite should have

an even number of anions per unit cell. In te:¡s of both the alkali cation

to octaheoral cation to anion ratio and powder diffraction data,

rankamaite-sosedkoite is most similar to Pbiibq0r r. Ideal natrotantite
probably has ABaØr stoichiometry (i.e. uni: ceIl content of ÀoBrnØuu).

The observec number of anions per unit cell lor the Mumba rankamaite is

onì-y 1.5e" bel-ow the ideal number for this sto:chiometry, which can easiJ.y

be ascribed to analytical error, or to minor anion vacancies. That the

number of eifective oxygens (for charge baLance) varies only slightLy

between ali analyses, suggests that the C¡CH ratio is similarly only

sJ-ightly variable. Às voloshin et a1. (1982) noted, most rankamaite-

sosedkoites give reasonably stoichiometric-Iooring formulae when calculated

on 50 effec¡ive oxygens. This corresponds to 54 O + 12 OH, a result some-

what at odds with von Knorring et aL.'s analytical results (57 O + I CH).

r'Tithout better data on the behaviour of À1 and without more water deter-

minations, the ideal formula of rankamaite-soseCkoite is best given as:

(Ha,n) r-x (Ta,Nb,Al)¡(O,CF.), r (z=6)

whereby positive charge deficiency brought about by alkali cation site
vacancies and Ta,Nb -> Al substitution is offsei by increased O -> OH sub-

stitution. Results from the structural studies of simpsonite and alumotan-

tite make complete Àl - Ta disorder seem unlire).y which, considered with



the persistence of À1

between these elements.

f orm

in the mineral, suggests at

It is possible that the ideat

114

least pa:tia1 order

formul-a may Lake the

(Na,K) , -* (AJ.,Ta) (ta,Nb)¡ (O,oH) r r

but in the absence of materia¿ suitabre for structure analysis, :_his cannot

be tested.



Chapter XI I

WODGI Ni TE

12.1 INTRODUCTJON

Àlthougir wodginite was first encountered :y Simpson ('1909) at wodgina,

Western Àusiralia, recognition of its status as a new mineral species came

only when;he work of Nicke1 et aI. (1963) cn oxide minerals of the Tanco

pegmatite showed it to be distinct from tanta-ite. wodginite is much more

common than initially realized; since 1963, i: has been recognized at thir-
ty other localities (rable 3S), over half of which were found in the last

decade.

Nickei et al. (1963b) correctly inferreô wodginite to be a superstruc-

ture of ixiolite; however, it was not unti.- much later that its details
were deduced. The first published structure cí wodginite was that of Grice

(1973). Grice and Ferguson (1974) oraJ.Iy ¡resented the results of this
study at the same time as Graham and Thornber ( 1974b) published the results

of their anaì-ysis of the wodginite structure. Later, Ferguson et aI.
(1976) showed that all earlier studies of t:e structure were in error due

to incorrectly chosen origins or space groups, They re-refined the data of

Grice (1973) and obtained the currently accsoted model for the structure.

Às such, the ideal formura of wodginite was p:oposed to be MnsnTa2os, z=4,

and space group C2/c.

Àlthough the existence of partially disorâered wodginites was suggested

in early siudies, proof rqas not established until recently (i,atrti , 1gB2),

- 115 -
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Table 35: tvodginite Localities

Local- i ty Sample Samp1e No.
Obia i ned

1. Alto do Giz pegmati.;e, Brazil
2. Ankole, Uganda
3. Annie CIaim pegmatite, Manitoba
4. Benson pegmatite, Zimbabwe
5. Coosa County, ÀJ-abama
6. Cross Lake, Manitoba
7. Eräjärvi pegmatite area, Finland
8. Greenbushes pegmatite, I.¡. Australia
9. Herbb No. 2 pegmatire, Virginia

10. Kalbin Range, USSR
11. Karibib, Namibia
12. Razakhstan, USSR'13. Kola Peninsula, USSR
14. Krasonice, Moravia, Czechoslovakia
15. Lavra Jabuti, Minas Gerais, Brazil
16. Marble Bar, W. Àusiralia
17. Mt. MatLhew, W. Àus-,ra1ia
18. Uuhembe River, Rwanoa
19. Odd West pegmatite, Manitoba
20. Peerless pegmatite, S. Dakota
2'1 . Eastern Sayan, USSR
22. Seridozinho, paraiba, Brazil
23. Eastern Siberia, USSR
24. Strickland Quarry, Connecr,icut
25. Sukula pegmatite, Tammela, Finland
26. Tabba Tabba, W. Àustralia
27. Tanco pegmatite, Maniioba

28. Lower Tanco pegmatite, Manitoba
29. Transbaikal region, USSR
30. Viitaniemi pegmatite, Finland
3'1 . Wodgina, W. Àustralia
32. YeIlowknife, NWT

Y

Y

Y

N

Y

I

N

Y

Y

N

Y

Y

Y

I

T

I
I
Y

Y

N

N

N

I

Y

Y

Y

U ¡J

À-.1 7
AC2-79

LÄ- I

cL- 1

GB-'1 to -4
H2-1

MC-1
KZ-',1

K0- 1

cz-1
rJ-1
MB-1
MM-1
À-1 7

0I^¡-1 02
A-29 , -30

Y

Y

I
I
I

SQ_ 1

sK-1
ññlII-¡

Various (c59-,
SMP-,îSE-series)

TB_ 1

vii-1
I.¡D-'1

YKF-se:ies
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Several models for order-disorder in wocginite have been proposed (..g.

Maksiaova & Khvostova, 1970¡ Khvostova e: aI., 1gB2); however, all have

been sceculative, and rittle experimental r¿ork has been done.

9io:k on the chemistry of the mine:al has principally appeared in

descr:-otive reports of its occurrence; the:e are few studies with the chem-

islry cf the mineral as a primary objective. Chemical data from synthesis

studies is the exception to this trend. Turnock (1966) was the first to

synthesize wodginite, showing that ferric iron played a similar role to tin
in the structure. Komkov (1970) was the first to grow tin-bearing wodgi-

nites sinilar in chemistry to natural wodginites. Sidorenko et al, (jg74)

showei that synthetic wodginites could be non-stoichiometric by growing

wodgir:ites with variabl-e Sn:Mn+Ta ratios. Gatehouse et al. (1976) showed

that cations as small as Li* could stabiL:ze the wodginite structure. Kom-

kov & Dubik (1983) proved Sn<>Ti isomorphism in synthetic wodginites.

The discovery of wodginite in four of the simpsonite-bearing assemblag-

es, together $Iith its great abundance at:he Tanco pegmatite (part 4) makes

wodginite an important mineral in this siudy. For this reason, the crystal
chemis:ry of wodginite is a major theme oi this work, and extends past the

confines of the simpsonite paragenesis.

Sailples were obtained from all but six of the known localities for wod-

ginite (Table 35). Às such, most extremes in chemistry and structure shown

by wocAinite were examined (as recordec in the titerature). The main

excepiion was the Fe3*-rich wodginite from the Transbaikat territory of the

USSR (Kornetova et aI., 1978), from which samples were obtained, but no

wodginite rvas found. However, Fe3*-rich synthetic wodginites were donated

for study by Dr. À.C. Turnock, which completed the dataset from the point

of view of chemistry.
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12,2 CRYSTALLOGRÀPI{Y

Wodginite typicaliy occurs as irregular aggregaLes cf crystals or as

paralleL to subparall-el groups of crystals. ?winning :s a common feature

of wodginite; all apparently "isolated" crystals of wocgj.nite are actually
trvins. Penetration twins wich {00'1J or [100] as the com¡osition planes are

the most common. Predominance of the form {111} in cc:bination with this
style of twinning p:oduces the characteristic diarncnd-shaped pseudo-

orthorhombic morphoLogy of wodginite; when present, t!is readily distin-
guishes it from columbite-tantalite and tapiolite (rigur: 23). wodginites

can also be polysynthelically Lwinned across i100] (".g. sample SK-1); how-

ever, this style of twinning is much less frequent ti:an the penetration

twinning.

Powder diffraction data for several wodgini.tes are given in Table 36.

All samples studied show the following systematic abse::ce conditions when

indexed on the cell of Ferguson et al. (1976):

hkl, h+k = 2n+1

hOl, 1 = l¡+1

Some show additional systematic absence conditions suggesting either a sub-

cell or increased symnetry; these are discussed in a la:er section (order-

Disorder). The conditions listed above are compatib-e with the space

groups CZ/c and Cc, Ferguson et al. (1976) showed i¡e former to be the

correct choice; hence wodginite is centric with space grcup c2/c, This is
at odds with the results of second harmonic Aeneration (SHC) tests by Gate-

house et al. (1976) on synthetic M-tiTôsos, in r+hich :hey got a positive
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Fiqure 23 I The morphology of penetration-twinned wodginite.
wodginite, Tanco,_ (b) ferrowodginite, ¡niofã,- (c)
Muhembe. Irregular rines marli conrposition óí.n.r.a: {100i, d: {rõr¡, o' i¡ioil-ä,-iì'iii;'å;"{íäij.

( a ) tantal-o-
wodginite,
Forms are
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result (indicating non-centrosymmetry). However, bcth this, and a later
neutron refinemen: of M-LiTasOs by them (Santoro et al., 1977) were done in

c2/c. Given these circumstances, together with the strong pseudo-centric

character of the acentric model (Graham and Thornber, 1974b), and the sig-
nificantly higher R-indices of the acentric model- (Fe:guson et al., jg16),

there is little cause to reject the centric model.

unit ceIl pa:ameters of wodginiLes from this study are given in

Tab1e 37. Varia:ion in the ceIl parameters can be substantial; maximum

variations are:

0.12 Â

0.09 Â

0.06 Â

1.'1 0

(1.2 %)

(0.i %)

r.2 %)

(1.2 e")

where the values in parentheses are relative var:.ations. Às in the

columbite-tantali:e group minerals (ðerny and Turnock, igij) r { and c are

the most variable. The angle ß shows similar relative magnitudes of varia-
tion as a and c. By comparison with columbite-tanta!.ite group miñeraLs, it
is tempting to predict at this point that high variability of a and c (and

L) and much lesser variability of b is principally due to order-disorder

effects; this quesrion rviII be dealt with later.
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Table 36: Powder Diffraction Deta for selected wodginites

Hodgin!te
(À-30 )

1¡n'-al.cucdc:rite
{ TsE- 76 i

Ferrowodg:nite
(À-17)

Titanouodginite
(rsE-126)

htl ddr
(obs) (caIc)

ddr
(obs ) (calc i

ddr
(obs) (caìc)

dd
(obs) (calc)

1 .37s I l:ìs 7

1.28 1,29 <1
5,?1 5.71 <1
4.i2 4.12 I

{.19? {.19 I

l.rg J
3.812 3.808 2
3.5{0 3.642 44
3.530 3.533 1

2.9691 2.967 1or
z. ge¿ )
2.85s t:!1, ]j
2. 560 2.551 21
2.4e3 

':1lr :]
2.362 2.362 15
2.253 2.254 3
2.204 2.203 7
2, 096? 2.095 1 1

2.0e5 J

1.e06 r.rõr -;
1 .820 1 .82C 9
1 . ?65 1 .765 28
1.738Ì 1.?40 14
1.7161
r.z¡¿ |r.zrs 36r.tuJ
1 .5{5 1 .546 12
1.544 1.5{2 g

1.484 I 1.46s 13

t.nrrJ ---
t.lslI r.lsl 31
1.{53J

110
02c
200
111
111

021
220
130
310
¿Z I

221
040
3ì f
311
002
0{1
2t0
330
{00
202
241
¿¿¿
222
421
421
0{2
{{0
260
{02
{41
q02
{{ 1

223
223
4a2
142
621
t6¿
262
0Bc
081

7.33 7.33 2
5.1A 5.75 3
4 , .1't | .16 12
{.23 4.22 d
{.16 {.16 {
3.818 3.818 17
3.66s 3.669 s3
3,549 3.548 5

3.003 3.003 1 00
2.951 2.9s1 96
2.858 2.868 19

2.558 2.55,1
2.50ì 2.501
2 . 45 ,1 ? ,15'1

2.382 2.382
2.274 2.27'J
2.205 2.204
2.114 2.112
2.082 2.081

24
{1

t;
6

11
a

9

1.909 1.909 15
1.833 1.833 12
1.774 1,774 31
1.162 1.763 23
1 .73{ 1 .73{ 23
1.725 1.726 20
1.716 1.717 20
1 .557 1 .556 1 3
1.537 1,537 10
1.50i 1.500 6

1.{75 1.475 15
1.{53 1.{64 18
1.{53 1.{53 15

10381381

?.31 ?.31 5
f,./) !./È ¿
{.71 1.14 12
{.20 4.2C 13
{.1{ {.15 12
3.808 3.81C 13
J, b){ J .ba¿ 65
3.55{ 3. 555 1 3
3.0{ 3 3.0{c 5
2.961 2. 961 1 00
2.947 2.94a 86
2.8?6 2.8:i 15
¿.6J. l.b:: lt
2.59C 2.5-a2 4
2.54 1 2.5.i3 23
2.50-? 2.5C4 38
2.{5t 2.{6C 5
2,136 2.438, 6
2.366 2.365 17
2.235 2.256 I
2.204 2.2C3 16
2. 1 00 2.1 0c 12
2.0'72 2.0i2 11
2.022 2.022 3
1 .996 1 .99È 5
1 .90t 1 .9C{ 1 0
1.821 i.821 1 3
t.ttt t.tl! JU
1.74,1 1.741 20
t.t¿t t.t¿6 ¿ó
1.?15] 1.712 31
1.7i2\
1.545 1.544 13
1.529 1.528 12
1.{-43 i.{92 5
1.474 1.41{ 4
1.{642 1.{6ì 29
r.r6rJ
1.{52 1.451 21
1.{38 1.4-?-a 3
r .384 1 .38{ 1 0

3.810 6
3.642 {9
3.528 2

j .29
3. / I

4.'t3
1.2A 7
¿.ra )
3.813
3.5{3
3.533

?.30 3
E tt

4.12 3

{.19 2

t?
E

I
I
I

2.918 2.9?8 10c
2.9s9 2.962 1 0C
2.8sr ,:3lo ]:
2.550 2.559 21
2.495 2.493 3'ì

1 .907 1 .9C7 1 0
1 .922 1 ,822 1 0
1.767 1.766 321.7{5 1.7{6 20
1.720 1.720 28
1.729 1 .729 30
1.712 1.713 15
1.550 1.549 11
1.342 1.541 11

2.365 2.364
2.26A 2.260
¿. ¿g J ¿. ¿ut
2.1C2 2.102
2. 088 2.087

1.460 1.{50
1.455 1.{57
1.{52 1.{52

1.376 1.376

28
)1
)1

-Philips PH1710 dif fractooeter, autc¡¿tic
åno ð grapntte EonochrorD¿tor.

-all inrensities are peat heigh:s.
-sampìes À-30, TSE-75 are fulíy orde:ed,

dive¡9g¡¡. sLit vitb Cu Ka radiation

À-17 ¡nd TSE- t26 are partially ordered
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TabIe 37: Unit CeII parameters fo: wodginites

Sampl e c (Â)

À- 17

À-25
À- 29
À-3C
Àc2-79- 1

BLH- 1 À

G69-2
G69- 1 3

G69- 1 4

G69- 1 7

c69-23
G69-39
G6 9-{ 2

G69-46A
GB_ 1

GB.2
GB- 3

GB- {
H2- 1

KZ- 1

I l-1

HC- 1

oI.¡- 1 02
slrP- 12

sQ- 1

TL-45
îCÞ- E

TSE- ?

TSE-1 6
TSE- 28
TSE- 3 O

TSE-3 1

TSE- 3 2
TSE-{ O

TSE-4 5

TSE- 4 I
TSE-6 5

TSE- 7 5
TSE-7 7

TSE-90
lSE- 97
TSE-100
lSE- 1 07
TSE- 1 O9

TSE-122
TSE- 1 26
TSE-130
TSE-132
TSE-134
TSE- f 35
TSE-13?
TSE- 1 3E
ll-t
VIT
bID- 1

9.{59(r )
9.{65(1)
9.s33(1)
9.s33(2)
9.523(3)
9.{98(3)
9.{95(2)
9.49?(4)
9.{91(1)
9.517 (2)
9.487(3)
9.498 ( 3 )
9.492(1)
9.{92(1)
9.468(1)
9.480(2)
9.506 ( 1 )
9.469Q)
9.472(1)
9.{89(1)
9.s00(1)
9.50s ( 1 )
9.s30(2)
9.s29(1)
9.520(1)
9.522(1)
9.481(3)
9.508(2)
9.s19(1)
9.{85(2)
9.s23(2)
9.{?8(1)
9.{83(2)
9.489(2)
9.s03(2)
9 .469 (21
9.491(1)
9.{80(4)
9.446e)
9.{81(2)
9.471(5)
9.{83{3)
9.{84(6)
9.4s3(2)
9.464(4',)
9.417(5)
9.449(1)
9.{{6(3)
9 . 48612',)
9.462(3',)
9.{75(3)
9.489(2)
9.s01 (2)
9.509(2)
9.s32(2)
9.s25(1)

i .821 (2)
1.431(1)
t.{72(1)
ì.¿71(i)
1,{76(3)

5.121 (1)
s.126(1)
5.117(1)
5.117(1)
5.1d2(1)
5.112(2)
5.109(1)
5.116(2)
5.114 (1)
5.112(21
s.106(1)
5.118(1)
5.113(1)
5.118(1)
s.108(1)
5.1r0(l)
5.113(1)
5.120(3)
s.109(1)
s.094 ( 1 )

5.138(1)
5.126(1)
5.119(1)
5.114 (1)
5.10s(1)
s.115(1)
5.113(1)

-oc.51(2)
9r.3t(2)
91.17(1)
9' .21 (21
9i. i8 (3 )
9i.99 ( 3 )

-a'.07(3)
9i.9{ ( 3 )
9a.95(1)
9'.10(3)
9.'0{(3)
9!.93 ( 3 )
9i.97 ( 1 )
9c.90 ( 1 )
9!.78(2)
-Qi.80(2)
9C.97 ( 1 )
9r.66(4)
9C.75(1)
9'.08(1)
9c.60 ( 1 )
9c.82(2)
9'.r4(z)
9..20(1)
9:.19(t)
9:.i8(2)
-4c.90(3)
9:. j 2 (3 )

9:.21 ( 1 )
9;.01(2)
91.1 1 (2 )
9C -17 (21
9C.91 ( 2 )
9C.99(3)
91.06(2)
9c.86 ( 2 )
9:.03(2)
9C.94({)
91-0{(2)
9u'.82(3)
9c.{0(6)
9C.E7(2)
9c.s9(9)
9C.71(2)
9C.62 ( s )
9i.i8(2)
9C.13(3)
9c.00 ( 5 )
9c.93(2)
Qt ??f 2r
9C.80 ( 3 )
9C.71(3)
9ì.0s(2)
9r-14(2)
9i.04 ( 2 )
91.15(1)

5s3.5(1)
5s4.5(1)
s59.4(1)
559.{(1)
s61.9(2)
fJë.b(l.t
5ss.6(1)
556.4 ( 2 )
5ss.9(1)
557.0 ( 1 )

554.5(1)
5s6.7 ( 1 )

ss5.7 ( 1 )
556.2(1)
ss3.2 ( 1 )

554.3(1)
55?.0(1)
s54.4 ( 2 )
ss3.0(1)
5s3.3(1)
5s9.1 ( 1 )

558.1(1)
s59.6(1)
5s8.5(1)
5s7.{(1)
5s8.3(1)
ss4.7 ( 2 )
ss6.6 ( 1 )

557.9( 1 )
5s4.4 ( 1 )

5s8.3(1 )

5s5.0 ( 1 )

5s3.4 ( 1 )
sss.0 ( 1 )

5s5.2 ( 1 )

s53.{(1)
5ss.2(1)
5s4.7(4)
ss3.3 ( 1 )

sss.0 ( 1 )
ss4.9(3)
s54.5 ( 1 )
5ss.1(s)
s50.s(1)
ss2.1(3)
548.5(s)
5s2.4 (1 )

5s1.s(1)
554.5(1)
5s2.1 (2)
s53.7(2)
556.1(1)
5s7.2 ( 1 )

s57.3 ( 1 )

ss9.8(1)
558.5 ( 1 )

11.451(3)
1i.{55(2)
11.{52(4)
'I 1.453(1)
1r.{52(3)
11.{49(2)
11.454(2)
11.{51( 1)
11.{52(1)
r1.44r(2)
11.{44(1)
11.{59( 1 )

11.436(2)
11.A2't Ql
11.{91(1)
11.{57(1)
11.{56(1)
11.{?4(1)
11.463(1)
11.{71(1)
11.467(1)
11.4{4(2)
11.476(2
11.{57(1
11.4{8(2
11 .477 ( 1

s.102(1)
5.112(1)
5.105(1)
5.110( 1)
s.116(1)
s.103(1)
5.111 ( 1)
5.109(1)
5.108(1)
s.109(1)
5.11{(2)
5.082(1)
5.116(1)
5.125(1)
s.108(1)
5.116(3)
5.097 ( 1 )

5.106(4)
5.112Q)
s.120( 1)
5.115(1)
5.108(1)
5.106(1)
5.108(1)
5.121(1)
5.115(1)
5.109(1)
5.123(1)
5.111(1)

11.446(2)
11.{38(2)
11.446Ql
11.458(1)
'I 1.441(2)
11.452(1)
11.{42(6)
11.504(2)
11.442(1)
11.434(2)
1 1 .448 ( I )
11.{{1(3)
11.{25(1)
11.427(3)
11.39{(5)
11.418(1)
11.413(2)
11.445(1)
11.{29(1 )
11.{41(3)
11.446(2)
11.461( 1)
11.472(1)
11.465(1)
11.474(1)
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12.3 CRYSTAT STRUCTURE

wodginite from the Tanco pegmatiLe (sample G69-17) r{as used in the

slructure analysis of Ferguson et al. ( I 976). On the basis oí criteria
discussed later (see Order-Disorder), the wodginite is fulIy orde:ed, thus

the effects of disorder can be ignored when considering the resuj:s of this
structure analysis.

Polyhedral representations of the wodginite structure are shor¡n in Fig-
ure 24. Oxygen atons form approximately hexagonally closest-pacred layers
perpendicular to X. Cations occupy * of the octahedral interstices at each

level in the closest-packing. Coordination polyhedra forn ¿-pbgz-like zig-
zag chains via edge-sharing al.ong Z. Chains are inter-connected by corner-

sharing linkages between leveis of the closest-packed rayering.

In the mineral ixiolite, there is no cation ordering. In vodginite,

cations order into three distinct sites, one site consisting pr:âominantly

of Mn, one of sn, and one of Ta, which causes a quadrupling of the unit
cell volume of the parent ixiolite subcell ( a(w)=2a(i), b(w)=2b(i),

c (w)=c (i ) ) . The site wiLh l',tn is designated "À"; however, a break is made

here from the nomenclature of Ferguson et ar , (g7Ð by designating the

Sn-site as "8" and the Ta-site as rrctr (these are reversed in the âbove ref-
erence). Coordination polyhedra of the À-, and B-sites alternate along one

type of chain in the structure. The other chain consists soleiy of edge-

sharing Ç-site coordination polyhedra. Chains of any given level in the

closest-packed layering consist onry of one of these two types. conseq-

uently, two types of layers exist (Figure 24), one rvith oniy c-cation
polyhedra, the oLher with only À,B-cation polyhedra. In the repeat period

along X, there are two of each type of layer (Fiqure 25).
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b€l

Fi qure 24 : The ideal wodginite slructure
layer of Mn,Sn-polyhedra. (b)
polyhedra: hatch-stippled, Sn
polyhedra: lighrly sÈippIed"

as projected along [. (a) The
The layer of Ta-polyhedra. Mn

polyhedra: densely stippled, Ta
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Fiqure 25: The wodginite
chains of the
page.

structure as
slructure are

projected along
perpendicular to
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The zig-zag
piane of the
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12.4 CHEMISTRY

12.4,'t Electron Microprobe Ànalyses

0n :he basis of their structure analysis, Ferguson et aI. (1g76) gave

the fo:mula of wodginite as ÀBCzOs¡ with À=Mn, B=Sna*,Ta, (Fe3*rTi) and

C=Ta,lib; ideally, wodginite is MnSnTa2Os.

Ta:s the smallest cation in the idear structure (0.64 Â), and Mn the

larges: (0.83 Ä), with sn intermediate, yet closer to Ta in size (0.69 Â)

(all e!fective ionic radii from Shannon, 1g76). Because of the similar
cation sizes, it is presumed that cation ordering is regulated principally
by cha:ge differences between the cations, especially beiween the B-, and

C-sites. To this effect, because of the similarity of Sn and Ta in both

charge and size, it is not too surprising that the structure tolerates
excess amounts of Ta by incorporation of:he Ta at the B-site.

EIe:tron microprobe analyses obtained for all of the samples of this
study are given in Àppendices C and D, ¡he latter containing aII analyses

of Tanco wodginites. A cursory glance a: the appendices shows that wodgi-

nite is quite non-ideaI. Wodginites are typically Mn, Sn and Ta richi how-

everr ;here are several samples which con;ain either drastically diminished

amounts of some of these elementsr or major amounts of other elements.

Maximun variations of each element for all wodginites are given in

Table 38.

The main substituents for Mn,

amounts of Sn2* (s.n. Foord, pers.

ed.

Selected cation-cation correlation plo:s based on unit cell contents are

shown in Figure 26.

Sn anc Ta are Fe, Ti and Nb. Trace

comm. ) zr, Sc and Ca have been detect-
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TabLe 38 : Var iat i on in Main Element Chemist¡v

Element Max imun Mi n imum Ideal

Mn

Fe
Ti
Sn
Nb
ñ-
Ld.

9.0
8.7
6.0

1s.1
10.5
75.5

2.1
0.0
0.0
0.5
0.5

46.0

8.3
U.U
0.0

17.9
U"U

54 .5

- all figures are wt. eo's of the element

Figure 26a is a pJ.ot of total- Fe (as Fe2*) versus Mn. The strong, r.in-

ear negative correlation between total Fe and Mn (n=-.95) indicaLes that

the presence of most ircn in wodginite can be accounted fc: by Mn->Fe sub-

stitution. Several of the datapoints of the ptot fall ofl the main trend,

particularly at very 1or,' Fe contents. This indicates that significant sub-

stitution mechanisms no: involving Fe also operate at the À-site. Examina-

tion of the chemistry ol bhese wodginites (u.g. samples Rz-|, L-1S and sev-

eral samples of the SMF-series) shows no anomalous amounts of substituents

which could feasibly be located at the À-site. The only feature that these

wodginites have in conmon are high Ta+Nb contents and anomalously low

cation sums, some by as much as 12.5vo,

Figure 26b is a plot of totat Ta+Nb versus the cation sum. The excel-

lent negative correlation bet'¿een these variables (n=-.91) indicates that
(1) the low sums are not "accidental" - not due to poor analytical condi-

tions such as bad carbon coats, improper correction for current drift, êt
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cetera, (2) the cause for the low cation sums lies v¡ith the pentavalent

cations. The strcng correiation of the deviant sums with excessive con-

tents of the highest-chargeo cations indicates that vacancies are required

in (Ta,t'tb)-rich wocginites to maintain charge balance, unattainable even by

means of coupled ca¡ion substitutions. Specifj.call-y, it must be difficult
for the structure to balance the excess positive charge introduced by Ta

ôt, most like1y, the B-site. That the Mn-deficien: compositions of Fig-

ure 26a are also the tantalum-richest compositions of Figure 26b, suggests

that vacancies are preferentially located at the À-siie.
A good negative correlation exists between Sn and Ti (rigure 26c) ¡ how-

ever, only 52% of the variation in Sn can be accoun:ed for by Sn->11 sub-

stitution. Às is apparent from this plot, substantiai Sn->Ti substitution

is possible in naiural wodginites: sampl-es with up tc 75% Ti in the B-site

have been found. Despite the l-inear trend, all datapcints plot well below

the curve for idea:. Sn<>Ti substitution (bo1d line in Figure 26c), indicat-
ing that constituisnts other than Ti and Sn often occur at lhe B-site. The

deviation of datapoints from the trend increases as Ti content decreases;

some samples with no detectable Ti deviate from the ideal Sn<>1i isomorp-

hism curve by neariy '100e". These points mark analyses with Ta+Nb far in
excess of I cations per unit celt (the maximum amount of these cations that

can be accomodatei at the C-site), and often correspond to samples with

high numbers of ca:ion vacancies. This indicates that much of the spread

in the distribution of the datapoints of Figure 26c is due to the presence

of B-site Ta.

Ta<>Nb isomorphism (Figure 26d) is fairly extensive: wodginiLes show

Nb:Ta as high as 0.35:1, although they typically have rower ratios. The



high oegree of scatter in this pJ.ot is due to the presence

the B-site.

To summarize, ar this stage ii can be concluded that fi)
Fe occur at the À-site, (2) Sn and Ti occur at the B-site,

both the B-, and C-sites, (4) Nb occurs at the C-site and (

present and are concentrated at the A-site.
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of excess Ta at

all Mn anc most

(3) Ta occurs at

5) vacancies are

12.4.2 Mössbauer Spectroscoov

Àlthough preliminary cation-cation plots (nigure 26a) suggest tha; much

of the Fe in wodginite is ferrous and resides at the À-site, eiectron

microprobe data cannot give conclusive information about the valence and

location of iron when high proportions of vacancies can be present in the

structure. To answer these ques:ions, an independent deLermination cf lhe

Fe2*:Fe3* ratios of wodginites was required. Mössbauer spectroscoDy was

used because it has the poLential of giving not only information on the

valence of the iron present in the mineraL, but al-so information about the

location of iron in the structure.

From earlier studies, some preliminary conclusions can be drawn about

the valence and location in the structure. Turnock (1966) was able to syn-

thesize Sn-free wodginites with Fe3*-bearing, Ta-excess compositions. Tur-

nock found the wodginites to be unsLable at relatively low fO2, indicating

that the trivalent state of iron was essential for stabilizing these tin-
free compositions. From the chemistry of his samples, the À-site is occu-

pied only by Mn, the c-site, by Ta, and the B-site, by Fes* and Ta (and in

some cases, minor amounts of Mn3' or Mn2* ). Turnock's (1966) wodginites

fa11 close Lo a hypothetical Mn(Fe3 *Ta)TazOe end-menber in composition.

The instability of these wodginites at l-ower fO2's indicates that Fe2* can-
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not be stabilizec at the B-site. Àccording to Tu:nock's phase diagram for

the system MnTazCo-FeTa206-FeTaOa, the minimum I'ln content of these wodgi-

nites is'1 ato: per formula unit. when the Fe3-:Mn ratio of the sysrem

increases beyon: this varue, other phases form ( i.e. FeTao¿ ); wodginites

with less than :ull occupancy of the À-site by Mn '*ill- not f orm if Fe3 * is
the available s::bstituent.

Natural wodg:nites show considerable Mn-+Fe substitution (r'igure 26:;).

0n the basis of Turnock's (1966) work, the iron substituting for Mn must

be divalent. Tc test the validity of this assumpt:on, 57Fe-Mössbauer spec-

troscopy was done on seven samples, five of which gere relatively iron-rich

natural samples and two of which were synthetic Fe3*-bearing wodginites

from Turnock' s scudy.

The 57Fe-Mössbauer spectra are shown in Figure 27. The synthetic wodgi-

nites (rnl-l anà TR3-1) are characterized by a single absorption doublet

with an ísomer shift of about 0.4 mm/s and a quacrupole splitting of C.5

mm/s. This is -.rndoubtedly due to Fe3*. The absence of any other doublets

in their spectra confirms that all the iron is fe:ric, as Turnock (1965)

inferred from t::e f0z conditions of synthesis.

Àll naturaì. ''rodginites have sTFe-Mössbauer spectra which are'dif f erent

from the synthe:ic samples. The absorption envelcpe near the Fe3* doublet

is more complex, and there is a substantial second absorption with a trans-

mission ninimun at approximately 2 nn/s. Both fea:ures are consistent with

a doublet with an isomer shift of about 1,1 nn/s and a quadrupole splitting
of about 2 nn/s, characLeristic of Fe2*.

individual :somer shifts, quadrupole spl-itt!.ngs, line widths and

Fe2*:Fe3* ratics (taUte 3g) were obtained by Dr. C.À. McCammon of the Dept.

of Physics by fi.tting Lorentzian functions to the oata.
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Fiqure 27: 57Fe-Mössbauer spectra of selected wodginites.
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In the na:ural iron-rich samples studied he:e, the proportion of Fez*

varies fron 68e. to 83eo. Natural wodgini:es tend not onry to be

Fe2*-bearinc, but are typically Fe2*-dominant,:cnfirming expectations from

the microprobe data.

Formula ccntents for lhe five natural wodgin::es on which Mössbauer data

were obtained were recalculated using the Fe2':Je3* ratios of the Mössbauer

experiments (table ¿0). There is an excellent negative correlation between

Fe2* and Mn (rigure 28), supporting the earlier assertion that alL À-site
iron is divaient.

Dr. E.E. Foord of the U.S. Geological Survey'(pers. comm.) carried out a

llsSn-Mössbauer experiment on a wodginite fro:r the same batch as sample

cx-1. He found that a small proportion of the :in in the sample was in the

divalent sta:e (7t3e"). Divalent tin is a J-a:ge cation; six-coordinated

Sn2* has an effective ionic radius of 1.10 Â (from calculations by the

author). Snz* undoubtedly substitutes for Mn2-, the largest and lowest-

valent cation in ideaL wodginite. Sn2* is sca:ce in the high-fO2 environ-

ments in which wodginite occurs, as evidencec by frequent association of

wodginite ano cassiterite (a Sn4'-excess phase), contrasted with the rare

association cf wodginite and Sn2*-excess phases (u.g. stannomicrolite and

thoreaul-ite). Consequently, Sn2* contents of all wodginites are expected

to be extre:irely low, and in this study, all Sn in wodginite is considered

to be quadrivalent.
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Table 39: sTFe-Mössbauer parameters*

Fe2*

6**

Fe3*Samp-e

A-.1 7
GB-2
GB-4
LJ-2
TSE-:26
TR1 -1
TR3-i

Fo

0,17 (7)
0.26(3)
0.23(4)
0.2s(7)
0.32(e)
1.0
1.0

:k mD;/s r ** relative to Fe-foil

Tabie 40: Compositional Data for llodginites used in Móssbauer Experiments

À-1 7 GB_2 GB-4 l'J- ¿ TSE-1 25
r1m core r Im core rlm

Fe3*

6** AE

0.66(7) 1.08(3) 2.16,7)
0. s7 (6 ) 1 .09 (4 ) 2.0s,7 )

0.54(6) 1.10(4) 1.92,7)
0.64(11 ) 1.06(14) 2.05Q5)
0.s8(1s) 1.16(6) 1.94(17)

8) 0.37(4) 0.15(11)
s ) 0.42(4) 0.17 (10 )
12) 0.47(4) 0.18(9)
46) 0.38(11) 0.15(78)
1s) 0.1s(13) 0.54(24)
6) 0.37(4) 0.s3(6)
5) 0.3e(s) 0.54(6)

4.32
c.33
4.27
c.34
c.44
0.52
0.49

¡¡r0
Fe0
Fe203
È: ^.l-v2
S:r0 2

lí¡ z0 s

Ta20s

Mn2*
Fe2*
Fe3*
Ti4*
Sn4 *

libs*
- 

E¡

6,4
¿"1
1.6
0,7

14.6
6.3

64. 5
98.8

2.33
1 .69
0.51
0.23
2.49
1 .21
7.50

15.96

? ¿q

0 .53
0.2s
1L)
1 .75
1 .47
7.03

15.95

5.4 4.7
5.8 6.4
r.J t.þ
2.2 3 .3

11.0 10.4
7 .5 8.0

66.9 64.8
100.1 99.0

1 .89 1 .66
¿.ut ¿.¿¿
0 .41 0 .45
0.69 1 .03
1 "82 1 ,71
1 .41 1.49
7 .57 7.30

15.81 15.85

6.2 7.5
4,5 3,6
1.E 1.3
1 .4 0.0

t3.¿ t5.J
s. 5 6.9

65. s 65.0
qqÁ aqa

2.24 2.69
1 .65 1 .30
0 . s8 0.43
0.41 0.00
2.24 2.61
1 .08 1 ,32
7 .68 7 .54

15.9C 15.89

7 ,1 10.2 10.0
3.7 1.5 1.5
1.4 0.8 0.8
0.0 7,7 4.6

15.6 7.9' 10.5
1) Qç ?qt .L ) ¡J

64.2 61.1 62.6
99 ,2 98.6 98 . 0

Cations per 32(0)

2.57 3.42
1 .3'1 0.49
0.43 0 ,23
0.00 2.29
2.66 1 .25
1.39 1.69
7 .47 6.57

1 5.84 1 5. 9s
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Fiqure 28: FeZ* versus Mn for the wodginites of Table 40. Bars mark core-to-rim compositional ranges. The solid line marks ideal
Mn 2'<>¡s2' isomorphism.
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12.4.3 Lithium Determinations

In their study of the polymorphs of LiTasOa, Gatehouse et al " (1976)

found that the medium temperature poJ-ymorph had the wodginite strucrure.

in this compound, Li occupies :he À-site and Ta occupies the E-, and

C-sites. Às shown earlier, several of the wodginites of the presen: study

were found to have substantial- amounts of Ta at the B-site. Às many cf the

natural- wodginites occur in ti-rich environments, (Li+ta)<>(un+Sn) substi-

tution was considered to be a possible substitution.

Li determinations were done by atomic absorption spectroscopy by Mr. V.

Kubat of the Ecole Polytechnique. Two wodginites were analyzed fcr Li.
One sample (vII-1) rvas a wodgini:e with a composition close to MnSnTa206,

the other was a Ta-rich, Sn-poor wodginite (nZ-l ) . The resuLts cf the

analyses were as follows: sampie VII-1 has 87 ppm Li and sanrple KZ-l has

1643 ppm ti. Àlthough the Ta-r:ch sample contains substantialì.y nore Li

than the the Ta-poorer one, the emount of Li is far too low to make Mn-+¡i

substitution a significant mechanism for balancing Sn+ta substi:ution.

Consequently' Li contents of natu:al wodginites are expected to be negLigi-

ble.

12,5 FORMUTA CALCUIÀTION

The calculation of wodginite formulae from electron microprobe cata is

complicated by (1) the large number of elemenLs substituting for Mn, Sn and

Ta, Q) the presence of vacancies in the structure, (3) t¡re existence of

iron in two valence states and (4) the possibility of various deg:ees of

order. The first three points have been addressed in preceeding ciscus-

sions; however, without quantitative data on the degree of order, on).y ful-
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ly ordered for:ulae can be calculated. Because Fe2* is more abundant than

- 
t¿Feo' 1n wodgir.ites, for the formula calculalion it is initially assumed

that all iron :s Fe2*.

The chemica-iy most simple site is the C-site. The C-site contains only

tantalum and n:cbium. Moreover, all Nb in fully-crdered wodginite is con-

tained at that site. To calculate the C-site ccntents, firsi aII Nb is

assigned to thE site, followed by Ta to (nb+ta)=8. Inherent in this is the

assumption tha: vacancies do not occur at the C-s::e. Vacancies should be

preferentially localed at Lhe sites with weaker bond strength sums, and

bond strength sums to the Ç-site are the highest in the structure. Fur-

thernore, as indicated earlier, Figure 25 sugges:s that vacancies are con-

centrated at !:e A-site.

Excess Ta (:ctal Ta minus C-site Ta) is assigneã

(and Zr anc Sc) are assigned to this site also,

Sn4*.

to the

all Sn

B-site; Sn and

being consideredTi

as

All Mn is assigned

possibly conta:n Mn3*

the À-site. Although sone of Turnock's wodginites

the B-site, f0z conditicns of natural wodginites

inferred fron observed Fe2*:Fe3* ratios do not support the possibility of

Mn3* in natura- wodginites. Furthermore, in the formulae that rèsu1t from

the calculations, Mn has never significantly exceeded 4 cations/unit ceI1,

suggesting it:s restricted to the ¡-site.
Àt this point in the assignment, some decisions must be made about the

role of vacanc:es and iron in the structure. The data presented so far

indicate that vacancies are concentrated al the !-site; initially in the

calculations i: is assumed that the B-site is fulLy occupied. ÄI1 Fe need-

ed to fill the B-site (= 4-iSn+fi+ta(g-site)+Zr+Scl ) is assigned to that

to

-!crL
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site. The excess is assigned to the À-site. From earlier discussions, it
follows lhal the B-site iron wil-t be ferric and the A-site ircn will be

ferrous. However, in calcuiating the formula, all Fe t+as ass'Jmed to be

Fe2*; therefore, the results of the formula calculation necessa:ily oo not

agree rvith the initial assumpiion used in the calculation; hence :he calcu-

lation must be repeated until- the initial and final iron ratios agree. For

this reason, formula' and Fe2':Fe3* calculation is an iterative procedure

with a convergence criterion of Fe2*:Fe3* = r'e(¡-site):Fe(¡-site).

Using this approach, Fe2':Fe3t ratios were determined and fo:nulae were

calculated for aII of the wodginites examined in the present stucy, using a

FORTRAN program r+ritten by the author; the resuLts are reporteC in Àppend-

ices C and D.

The validity of the Fe2':Fe3* calcurations is shown by Figure 29, a prot

of the calculated and observei ve3. /(Fe3*+Fe2*) ratios. A ref::ence line

is shown for the case of perfect agreement between cal-culated (m::roprobe),

and observed (Mössbauer spectroscopic) data. The datapoints sca::er close-

ly about the ideal curve; therefore the approach taken in formu:a calcula-

tion (assumption of ful1 order) gives satisfactory estimaies of the

Fe2':Fe3* ratio.
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Fiqure 29: wodginite-group. minerars: carcurated versus observedFe3'/(Fe3 *iFe21 
) . The "calcuratãã;- varue 

"oruÀ- 
iiãm mi..roprobedata, the "observed" vaIue, from Mössbauer oaiÀ.- in. referenceline marks perfect agreement between calculated and observeddata.
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12,6 STRUCTURÀL CHEMIS:RY

In the fulLy-ordered rodel (no mixing between the A, B anc c sites; e.g.

all Mn at À, all sn at B, all Nb at c), the A-site contains only Mn, Fe2*

and vacancies. In Figu:e 30, compositions cluster near the Mn apex, along

either the Mn-Fe sideline or the Mn-¡ sideline. Wodginites moderatel-y to

extremely enriched in Fe2* tend to have few A-site vacancies, whereas Mn-

rich compositions can have up to 50% of Lheir À-sites vacan:. There seems

to be no crystal-chemica: reason for such a correlation. Tre phenomenon is

controlled geochemically: wodginites with 1ow A-site occupancies tend to

form in relaiively trans:tion-metal depleted environments w::ich only devel-

op very late in pegmati:e f ractionation, i.e. when Fe/t',tn is typically very

l-ow (see Part 4). Inte:esting from a taxonomic point of view is that six

of the wodginites actuai-y have Fe>Mn; that is, these samples have A-site

chemistries which deviaie from ideality by more than 50eo.

B-site chemistry is ncre comprex than that of the À-site. sn, Ti, Fe3*

and Ta are major constitrents. Äs welI, Zr and Sc are trace constituents,

and the formula calcula:ion even suggests that minor amouncs of vacancies

are tolerated at this si:e. 0f the major constítuents, Fe3* is the least

significant; the maximun proportion of Fe3* observed at tre siÈe is 21go,

and the average proporti.cn is only 7eo. However, Turnock's (966) synthetic

wodginites have as much as 50eo Fe3* at this site. By analogy, natural wod-

ginites with proportions of B-site re3* greater than 2'leo should be possib]-e

under conditions of higher relative ¡r(ra) r+itil respect to ¡¡(Sn,Ti ), and of

high f02.

Figure 30 also shows ihe B-site Sn-Ta-Ti population, as projected from

lhe Fe3* apex of a tetrahedral four-componenl representation. Unlike the
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A-SITE

B - SITE

Fiqure 30: Wodginites:
diagram for

f-site and B-site main element chemistries.
the å-site is projected from the Fe3* apex.

/



142

À-site, 9-site chenistries are never ideal. Sn dom:nates in most of the

compositions observed; however, Sn-+1¿ substitution can be substantial, and

no wodginite is kncwn wilh greater than 90% Sn at the B-site. Although

Ti-free compositions are known, wodginites v¿ithout B-s:te tantalum are not

known. Furthermore, as the Ti content of wodginites de:reases, the propor-

tion of B-site Ta increases, suggesting that the propo::ion of B-site Ta is

controlled geochemically: as fractionation progresses in granitic pegma-

tites, p(Ta)/[¡,(H¡)+s(ri)] typicalj_y increases. Ti:e compositional gap

along the Ta-Ti sicel-ine indicates that if the control- i.s geochemical, then

granitic pegmatites hosting wodginites typicaJ.ly becorne enriched in Sn with

respect to Ti prio: to significant increases in the :elative potential of

Ta. Several features of the diagram are interesting f:cm a taxonomic view-

point: (1) most wooginites have sn-dominant Þ-site chenistries , (2) sever-

aI wodginites have Ti-dominani B-site chemistries anC (3) some compositions

have Ta-dominant B-sites.

Figure 31 shows the total- number of vacancies versus B-site Ta. The

presence of vacancies in the structure is clearly due:o the presence of Ta

at the B-site. The slope of the trend is approximatel¡ +0.5; for every two

Ta atoms introducei at the B-site, one vacancy occurs a: the À-site. Futl

occupancy of the B-site by Ta marks the maximum amount of non C-site ra

possible in the structure (4 atoms per unit cell). From the 1:2 slope of

Figure 3'1, and the realization of the maximum amount of Ta in the struc-
ture, the upper linit on the number of vacancies in wcdginite is predicted

to be 2 per unit csll, which corresponds to a 50% À-site occupancy, in
agreement with the iower limit to À-site occupancy apperent, from Figure 30"
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The reference line drar,¿n in Figu:e 3'1 is the ideal curve for the reia-
t:cnship between A-site vacancies ar.c B-site Ta in the absence of other

substitutions involving either of these variabl-es. The location of mos¡ of

t::e datapoints below this curve indicates that wodginites typically coniain

mcre B-site Ta than can be accounteC ior by the À-site vacancy model alone.

Figure 32 is a plot of all B-site:.antalum which cannot be accounted ior
by the À-site vacancy model, versus Fe3*. Much of the correlation between

tbese variables is due to the constraint that the B-site contents sum to 4;

nevertheless, it serves to show tha: most of the deviation in Figure 31 is
due to the balancing of excess positive charge associaled with q-site Ta by

equal amounts of Fe 3 * . The '1 :1 Fe3 *:Ta line representing iceal

2Sn->Fe3'+Ta substitution is shorvn in Figure 32. The datapoints which fail
below the curve cannot be fully acccunted for by this mechanism and :he

À-site vacancy model. No other subs:i.tuents occur at the B-site to expìain

trese Ceviations. It is assumed thai the deviations are due to the inccr-
poration of vacancies at the B-site :c balance part of the positive cha:ge

introduced by this excess Ta5*. Às such, the method of formula calculaiion
necessarily gives a minimum estimaLe cf these vacancies.

For the fully-ordered mode1, C-si:e chemistry involves only sirlple homo-

valent isomorphism between Ta and Nb, and warrants no further discussion at

present .
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Fiqure 3'1 : Fiodg:nites: total cation-site vacancies versus B-site Ta.

Fiqure 32: Wodginites:
cies) versus

Excess To

excess B-site Ta
Fe3' frõm formula

(= å-site Ta
calculation"
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12,7 SUBSTITUTiON MECHÀNISMS

0n the basis of arguments in ;he previous section, the opera:crs of

TabIe 41 are proposed to account for substitutions observed in wodginites.

With these operators, all variati.cns in major element chemistry in'*odgi-
nite can be.relaled back to ideaL HnSnTazOa.

Table 41: Substitution Operators

Operator Type

1. Fe2*Mn2

2. Tí4 *Sn 4

3. Nbs *cTa

4. AuBlu 5 '

5. Fe¡*Bra

6. BoBIU 5 +

+
-1

+
-1

q-
-l

zþ1n2 ' - r Sn 4 * - z

5 *sn4 - - z

qSna'-s

Homovalent

n

I

Here rova lent

The fourLh operator of the table defines charge compensation.involving

À-site vacancies and B-site Ta. For every two tantalum atoms introduced at

the å-site by substitution for an equal anount of Sn, one vacancy is intro-
duced at the À-site.

operator (5) of Table 41 defines Fe3* substitution in wodginite, virereby

one Fe3* and one Ta5* replace every two Sn4* at the B-site.

The last operator of Table 41 cefines charge compensation by the incor-
poration of vacancies at the B-si:e. Only one vacancy per five Tas'need

be introduced to the site to preserve charge balance.
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0f the ocerators of Tabre 41, one affects:::e A-site only, one affects

the C-site only and four involve the B-site. Complete efficiency of the

operators wculd result in 32 hypothetical end-:embers bounding composition-

aJ. space fo: natural vrodginites. However, onli'two of the homovalent (num-

bers 1 and 2), and one of the heterovalent ogsrators (number 4) are more

than 50so eiíective in natural wodginites.

Operators involving Ca , Zt and Sc are not ennumerated because they are

nearJ.y a).ways insignif icant (except tor Zr in sampJ.e CX-1 ), but are expect-

ed to be sinilar to (1), Q) and (5) respectiveiy in operation.

12.8 SUBDiVISION AND CLÀSSTFICATION

The name "wodginite"r âs introduced by Nickel et al. (1953b) and pre-

cisely defined by Fer-ouson et al. (1976), is associated with the composi-

tion MnSnTa¿Os. As such, the name is inapp:cpriate for several natural

wodginites ';hich deviate by more than 50e" frcn this ideal composition at

individuaL cation sites. These wodginites mos: closely approach the hypo-

thetical enc-members FeSnTa2O6, MnTiTa20s and (oo. sMno. s )TaTa2Os

Subdivision and classification of the wodginites is complicated by a

number of factors. Cation substitutions involve three distinct sites, mak-

ing a nomenclature based on the generic ¡ìame "wodginite" difficult.
Coupled subs¿itutions involving more than one site further complicate the

matter, ãs does the introduction of some sucstituents by more than one

mechanisrn (e.g. B-site Ta). Furthermore, the degree of order has not been

considered so far, and the fully-ordered for¡u1ae may not exactly reflect
the disorde:-modified site occupancies of some samples. However, for the

sake of practicality, classification is necessarily based on Èhe fully-
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ordered formulae because of the difficulty invol-ved in obtaining actuaJ.

site occupancies by means o:her ihan crystal structure analysj.s.

Because of the limitel amount of Nb substitution at the C-site
(<C-site Nb> = 15eo, max. C-site ¡¡b = 35eo), substitutions at :ris site can

be ignored from the point of view of developing a working rìomenclature.

Classification can be basec on the chemistry of the A-, and i-sites only;

the reduced dimensionality of the probJ-em makes a nomencLature involving a

generic name plus chemical prefixes possible.

Taking all of lhe above into consideration, the following guidelines are

proposed for a classification and nomenclature of wodginites based on ð.-,

and B-site chemistries:

The set of species rvith;he wodginile structure (partially:c completely

ordered) is to be referred to as the "wodginite group".

For hisLorical reasons, ihe name "wodginite" is to be prese:ved for end-

member MnSnTa2Os' which is closest to the composition of most natural

wodginite-group minerals.

Species names are to consist of the root "wodginite" modified by prefix-
es reflecting À-, and B-site chemistries.

1.

¿.

1

4. such prefixes are to be used only in cases where one or more

operators in Table 41 are more than 50% effective.

of the

5. No more than one prefix per site should be used to construct the name,

in which case the À-site prefix should always precede the E-site prefix.
In cases where more than one constituent is introduced to a single site
by the operation, the prefix chosen should reflect the unique constitu-

ent only.
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e.s., Ta is a non-unique B-site constitueni in that it can be introduced

to the site by as many as three differeni substitution mechanisms (oper-

ators {,5,6 of Table 41). one of these operators is always insignifi-
cant i:om a taxononic point of view, th::s it can be ignored (operator

6). Cf the remaining operators, (5) reÐresents the only one by which

Fe3* can be introduced to the B--site. Fei'is the unique constituent of

this operation, thus lhe appropriate prerix for >50eo efficiency of (5)

is "fs:ri". This leaves the prefix "tan:alo" as the one to be assigned

for >50% efficiency of operator (4).

To sunnarize, only operators ('l), (Z) anC (4) are effective enough in

natural tcdginites described to date to gene:ate new species. On Lhe basis

of the resul_ts of Turnock's (1966) synthesis work, and because some natural

samples Ì:ave Fe3 * contents indicating nea:iy 50e" efficiency of operator
(5), (5) courd also be effective enough to generate new species.

TabLe {2 simplifies the classification cf natural wodginites.

lable gives species names and end-members fo: all compositions generated by

operators (1 ), (2) , (4) and (5). criteria for classification fol1ow lhe

rules given above. The table is divided into two halves by a horizontal
1ine, separating the Mn-dominant species abcve and the Fe dominant species

below the line. Species names not enclosec by parentheses indicate compo-

sitions wÌ:ich have been found to occur na:uraIly. Three new wodginite

group menbers are recognized: titanowodgini:e, tantalowodginite and ferro-
wodginite. Type samples for the new species are nrarked in Tab1e 43. Spec-

ies names in Table 42 in parentheses are me:ely examples of the nomencla-

ture for compositions not yet known.

Thi s
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Two samples (rSn-gZ and TSE-94) have more than 50eo oí the end-member

FeTiTae0e; hor¡ever, because of the minute size of each sample, adequate

materíal was not avaii.able for characterization of the hypcihetical species

" f errot itanowoogi nite " .

The new species and, classification scheme have been approved for publi-
cation by the Internat:.onal Mineralogical Àssociation, Ccmmission for New

Minerals and New Minerai Names.



Criteria

ffi
Nai:le End Member

Composition

il

n

+
C\

q)
LL

4t
C

s25eo

c

+
OJ

0)
LL

>2590

<252

I

I

>2Seo

<50% ri
<259" Fe 3 *

>50eo Ti

>25% Fe 3 .
(>25e" Ta )

>50e" Ta

Wodginite

Titanowodginite

(Ferriwodginite)

TantaLowodginite

Mn4Sn¡Tas0¡ z

MnaTi ¡TasOg z

Mn¿(Fet*rTaz)TaeO¡z

Mn2Ta4Tas032

s50% ri
<25% Fe 3 *

>50% Ti

>259o Fe 3 *

(>zs% ra)

>50e" Ta

Ferrowodginite

(Ferrori tanowodgini te )

(Ferrof err iwodg in i te )

(Ferrotantaiowodgin i te )

Fe2*rSnaTa6O32

Fe2.aTiaTa6O32

Fe2 * ¡ (Fe3 * 
zTaz )Ta ao¡ z

Fe2-2TaqTaeO¡z
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Table 42: I.todginite Classification

Tab1e 43; Ner¿ Members of the Wodginite Group

TiLanowodoinites

A-2 5

TSE-63'k, -86, -90, -109, -122, -126

TantalowodqiniLes

KZ-1*, L-15, TSE-76*

Ferrowodcinites

A-1'l , -26
SK-1*
TSE-1 1 2, -117 , -1 36

-asterisks mark type samples



1 5.1

12.9 ORDER-DI SORDER

In disordered :o partially ordered columbite-tanta:ite group minerals,

heating at 1000oc fcr 16 hours induces order (ðerny & Turnock, 1gj1), In

these samples¡ êtì increase in order is noted quali:atively by increased

intensity of supercell diffractions. Komkov (1970) and Õerny & Turnock

(1971) have quantifled order-disorder to an extent by nonitoring changes in

the a and c parame:ers of the columbites-tantalites. The heating of disor-
dered columbite-tan¿aIite decreases c and increases a. Samples rvhich are

fully ordered prior to heating show no change in the relative intensities
of supercell diffractions, nor in the values of g or c.

Several of the vcdginites studied by x-ray diffrac:ion have powder pat-

terns intermediate !o ixiolite and the fuIly-ordered wodginite of Ferguson

et aI . (1976) ( sampie c69-1 7 ) . They have diminished supercell diffraction
intensities compared to sample G69-17 i some samples a:e so extreme in this
respect that only a fer+ superceì-1 diffractions in ineir patterns can be

detecled. In these samples, ß approaches 900 as the supercell diffractions
diminish in intensiry (Figure 33). These features inply that the wodgi_

nites with intermediate structural properties are partially disordered.

0n the basis of the chemical and structural similariLies of èolumbite-

tantalite group and wodginite group minerals, it r+ould seem 1ikely that
heating experiments should give information about the degree of order in
wodginites. Heating experiments were done under the same set of conditions

standardized for columbites-tantalites by ðerny and Turnock (1g: 1) ,

1000'c/16 h. Heatings were done in air rather than in fOz-controlled

atmospheres because at the time of the experiment (1981), all iron was

assumed to be ferric, based on the results of Turnock's (1966) synthesis
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Fiqure 33: wodginite-group.minerals: correlation of I and supercelL oif-fraction i!lelfi!y. (02i) is.a sup.ercell aîttraciiän ana tizolis a subcell diffraction. rrc21)7tQzo) is a nãirulized meas-ure of .supercell diffraction intensity. Àll intensiÈies arepeak heights and were measured 3 tinei for each iample. Àliintensity data were collected with a philips pwiilõ powder dif-fraclometer with an autonatic diverqen.e siit. ÀI1'sampl"i-in
Tabte 55 are used in this plot eocãpt for H2-1, 
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examined uith the above inãtrumenÈ,
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work. This is not considered to be too serious an error for
reasons:

153

the followíng

All heated sanples r+ere crystal fragments, not powders, minimizing the

surface area available for oxidation.

Most samples were Mn-rich (rigure 26a), Oxida:ion of minor iron due to

heating shouid not significantly modify ordering trends in these sam-

ples.

0xidation-re:uction reactions at this tenrpera:ure are slow (Turnock,

1966). It uas shown by ðernf and Turnock (1g7",) that unit ce1l dimen-

sions of ever. Fe-rich columbite-tantalite group minerals are statisti-
caLly identi:aI for granular samples heated in air and in mixed CO,/CO

atmospheres. Similar behaviour is expected fcr wodginites because of

their compositional and struclural similarityto columbite-tantalite
group minera-s.

4. To quantify :he problem, a series of heating experiments were done on

the onì.y abu¡:dant iron-rich wodginite sample (¡--zs) in a¡mospheres of

different fOz. À single wodginite crystal was ground to a powder which

was then div:ded into two batches for the experinent. powders were used

instead of crystal fragments to ensure homogeneity and to optimize

oxidation/re:uction conditions. One batch of powder was heated in CO

(f Or=10- 17 a:n) , the other in COz (f O2='10- 2. s a;n) , both f or 16 hours.

Heatings resulted in differenl col.ours of powde: (COz: brown, CO: brown-

black); however, no significant differences in relative peak intensities

or in unit cell parameters could be detected (tab1e 44, sample A-25H2),

nor did extra phases form. Grice ('1970) observed Lhe same behaviour for

the celI paramelers of fully-ordered Fe-poor woiginites.
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I conclude lhal in terms of unit cel-l parameters, and at cond::ions used

here (1000 oC,'16 hr., air), oxidation does noi affect ordering::ends sig-

nificantly.

Upon heating, many of the wodginites showed greatly alterei unit cell
parameters (table ¿¿) and greatly increased supercelL diffracticn intensi-

ties (rigure 34). However, Inany also showed no significant change upon

heating. By comparison with the heating behaviour of columbite-lantalite

group minerals, the wodginites which showed no change rnust be fully-
ordered; those which showed change were incompletely ordered pricr to heat-

i ng.

The unit cell parameters ß and Y showed the most change upon heating,

thus are the most sensitive to order-disorder effects. Figure 35 is a plot

of heating vectors for the wodginites as reflected by changes in ß and y.

Most vectors are subparallel, and indicate that I increases and ! decreases

with order. In tr+o cases (samples OW-'102 and l,1D-1 ) , V was actually

observed to increase upon heating. Powder diffraction patle:ns of the

starting materials indicate that both samples were slightly ccntaminaLed

with cassiterite; disappearance of cassiterite peaks from the ciffraction
pattern of the heated samples suggests that the cassiterite reacted with

the wodginite which, in turn, mây be the cause of the vorume inc:eases.

Although diagrams like Figure 35 help to semi-quantify disorcer in v¡od-

ginite, litt1e can be done to fully quantify the phenomenon without a

structural model for fully disordered (and partially ordered) wodginite.

Is fully disordered wodginite monoclinic with a structure lihe that of

another o-PbO2 structural derivative, wolframite? Or is fully disordered
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wodginite merely identical to ix!ol-ite, a chemicalLy simiJ.ar, but ortho-

rhombic relative of wodgini:e? could the ordering path go from an

ixiolite-structure starting point to an intermediate wolframite structure

to a final, fu1ly-ordered woiginite? Only through structure a;alyses of

disordered to partially ordered wodginite can such questions be arswered.
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Tab1e 44: Unit CeI1 Parameters fo: Heated Wodginites

Samci e It

A-17H
À-2 5H',1

À-25ä2 ( c0 )

A-2aH2 ( COZ )

A-29H
A-3 CH

AC2-'t9-1H
c69-2H ( co )

c69*2H ( coZ )

c6 9-2 3H
GB-2I{
Èl¿- ìH

KZ- iH
tJ-,1H
0l.¡-1 02H
TSE-7H
TSE-4OH
TSE-4 5H
TSE_7 6H
TSE-1 26H
wD-iä

9.4s3 ( 1

9.456Q
9.457 ß

9.498Q)
e.461Q)
9.458(1)
9.441 (2)
9.52sQ)

11.429 (1) 5.09r(1
5.09{ ( 1

5.0-qr (1
5.09i{1
5.11t(1
þ.llc( I

5.119(1

e0.78Q)
90.86(2)
91.01(4)
91.04(2)
el .22(2)
91.19(2)
e1.1s(2)
91.07(3)
e1.06(2)
91.05(1)
90.78Q)
e0.s2Q)
91.02Q)
90.93 ( 1 )
91 .12Q)
91.14Q)
e1.11(3)
91.01(2)
91.04(1)
e0.93 ( 2 )
91.19(3)

s50.8 ( 1 )

9.4s8 ( 2 )
9.s31 (3)
e.526Q)
9.527 (2)
e.4e2(3)
9.491 (2)
e.485(1)
9,467 (2)
9.457 (2)
9 "484(2)
9.507 ( 1 )
e.s31(1)
9. s17 (1 )

I ô3q
1 ¿?''l

1 .426
1.465
1.474
1.471

550.4 ( 1

s50.s(2
sso.3 ( 1

s59.2(1
ss9.1(1
559.4 ( 1

sss.1(111.452
11.449
11.449
11 .434
11,427
11.493
'1 1 .463
11 .47 5
11.469
11.457
11.432
1 

'1 .506
11.414
11.477

5. tuë(ll
s.106(1
3. ruë( |

s.105{1

P ¿^¿ l^\5.t¿,\¿)

)\
?l
2)
2)
2)
2)
2)
2) 5s4 .8 (

ss4.6 ((1)
1)
3

2

1

1

1

2
'1

1

2

1

5.09r(2
5.095(1
s.116(1
s.125(1)
s.11¿(1)
s.11C(1)
5.10:(1
5.08r ( 1

s.088 ( 1

s52.s(1)
ss0.B(2)
sss.3 ( 1 )

5s7.4 ('1

s60.4 ( 1

ss8.1 ( 1

sss.9 ( 1 )

ss].6(1)
s53.0 ( 1 )

548.2 ( 1 )

s60.0 ( 2 )

-al-l heatings are in air unless otherw:se indicated
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12.''0 THE cRYsrAL STRUCTURE oF PÀRTIÀLLY-ORDERED 9ioDciNITE

In spring of 1984, Ðr. E.E. Foord approached me on the matter of solving

the structure of a mineral- which was s:.milar to wodginite, but with appar-

en: ÀB0a stoichiometry. The mineral lras supposed to have a monoclinic cel-i

wiih ixiol-ite-Iike dimensions, not wi:h wodginite-like dinensions. These

prcoerties suggested that the mineral:night be a new species with a wodgi-

ni:e composition but the wolframite st:ucture.

Crystals of the mineral were initiaIly examined by the precession meth-

oC. À11 are sector-twinned, rvith Y as the t¡+in axis. À fragment from one

sec:or of a large twinned crystal (1 mm long) was isolated and shaped intc

an ellipsoid with a mean radius of 0.08 mm. Precession photographs of this
fragment shor.¡ed it to be untwinned. Long-exposure photographs showed

wocginile-supercell diffractions, inci.cating that this mineral r+as struc-

tu:a1ly intermediate to ixiolite and wcdginite, or to rlolframite and wodgi-

niie.

intensity data were collected on the crystal using the four circle dif-
fractometer with MoK¿ radiation. A sei of. 25 strong diffractions collected

wiih the centring routine of the diffractometer was used for the calcula-

tion of unit cell parameters giving a=9.500(5), Þ=11.45S(6), c=5.133(3) Â,

ß=90.51 (4)o in excellent agreement with paraneters from powder diffractome-

try obtained by Dr. Foord, e=9.490(4), b=1'1 .455(4), c=5.139(3) Å,

ß=90 .56 (4 ) " .

Data were collected over one asymmetric unit on a wodginite cell. À

to:al of 946 relections was measured, of which only 652 were considered as

observed (I>3o), attesting to the exireme weakness of the wodginite super-

cell diffractions. An empirical absorption correction was made by approxi-

maiing lhe shape of Lhe crystal lo an ellipsoid, using p-scan data (rI=430
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cm-1). To eliminate compositional uncertainty as a variabl-e, the remaining

fragments of the starting crystal were analyzed wi:h the electron micro-

probe. Fe2*:Fe3' ilas calcuLateC for the starting mocel using the wodginite

formula carcula::on program, and it agreed :easonably welJ. with
sTFe-Mössbauer results obtained by Dr. Foord on ano:her samp]e of the min-

eral. sn2*:sn4*',¿as taken from the 11ssn-Móssbauer analysis by Dr. Foord.

Averaged microprcbe analyses and the resulting formula are given in

Table 45.

Ta¡le 45: Compositional Data for Samcl_e CX-1

0xide
wL. %

Cations per
32 (0)

Mn0
Fe0
Sn0
Fe z0s
ZrO 2

SnO z
Nbz0s
Ta z0s

7.7
2.6
0.'7
¿.3
1.5

10.3
7,5

69. 1

101.6

Mn 2 * 2.71
Fe 2 * 0.90
Sn2* 0.13
Fe3* 0.i3
zt{* 0.-?1
Sn4* 1.71
Nbs* 1.42
Ta5* 7,84

15.74

The large number of constituents (8) coupled with an uncertain degree of

order made modeJ.-independent refinement of the intensity data an impossi-

bility for this sample. Consequently, refinement involved testing of the

two structural mcoels discussed above, nameJ.y of whether the mineral was

structurally inte:mediate to ixiolite and wodginite, or wolframite and wod-

ginite.
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In terms of wodginite site designations, each of the possible structural

end-members has the following ordering scheme. A vrodginite lliti: fuII
cation order has the structural fcrmula ÀBCzOe. If the identity cf the

C-site is maintained and mixing occurs between the À-, and B-sites, a woI-

framite structure results; it has '"he structural formula (¡g)CzOe. if aII
cation sites lose their crystallographic identities, âr't ixiolite st:ucture

resuLts; its siructural formula is (¡sCz)Or.

Refinement involved a starting model with a wodginite-like futly-o:dered

cation distribution. Starting positions were Laken from Ferguson et a1.

(1976). In the first stage of refinement, mixing at only the !- and

B-sites was allowed. In the seccnd stage, all sites were mixed acccrding

to an ixiolite model. Refinement of the first model (fulIy aniso;:opic)

resulted in R-indices of B=8.Oso, wR=7.6eo. There were several unsuitable

features of this model. Difference maps indicated Lhat the À-, and ts-sites

were scattering more stron9ly, and the C-site less strongly than the model

could account for, indicative of disorder between the stronger sca::erers

of the C-site (..9. Ta) and the weaker scatterers of the À-, and B-sites

(..g. Mn and Sn). True to this indication, refinement of the seconc model

gave significantJ.y lower R-indices than the first model: R=6.0eoì wR=5.7eo.

The success of the latter modeL was further shown by difference Fcurier

maps: electron differences at the cation siLes were two times lower than

those of the first model and were much less spherical, to not-at-aIl spher-

ical in shape.

Observed and calculated structure factors for the second model are given

in Appendix G. Final positional and thermal parameters are given in
fable 46. Large equivalent isotropic temperature factors for all sites

reflect the high degree of positionar disorder at all cation sites.
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From the refined degree of site mixing, the sample is 60(1)% ordered.

The resulting site occupancies are given in Ta:ie 47. Bond lengths and

angles are given in Table 48. Ðifferences in the mean bond l-engths between

the sites are Iess than those for fuIly orderei wodginite, which reflects
the high degree of cation mixing (raUte ¿g). Us:ng the site occupancies of

Table 47, the bond lengths calculated from the effeciive ionic radii of

shannon (1976) agree welr with the observed leng:hs (rabte ¿g).

Table 50 gives empirical bond valences for tle various sites using the

compositional data of Table 47. Bond valence sums to all cation and anion

sites are lower than expected from the occupanc:es of Table 47. That all-

sums are uni f crnrJ.y low suggests that the probì.e:n does not exist with the

refinement, but rather that the method of Brown and Shannon '1gi3) does not

work well in cases of extreme positional disorde:.

To concl-uce, there is overwhelming evidence ¡hat partially disordered

wodginites are simply structurally intermediate to wodginite and ixiolite.
There is no need to propose ner+ compounds such as a wolframite-structured

phase (u.g. uaksimova & Khvostova, 1970; poryarcv & cherepivskaya, 19g1;

Khvostova ei al. , 1982) ,
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Tab1e 46: Positional- ano Thernal parameters for Wodginite CX-'1

Site

À

B

c
01
o2
UJ
04

0

0

0.2492(2)
0.137 (2)
0.13e(2)
0.11s(2)
0.114(2)

v.

0.6637 ( 3
0.1682(2
0.4146(1
0.0s8(2)
0.445Q)
0.30s(1)
0.187 (2)

z

1/.4
1/4

0,2497 (3)
0.07s(4)
0.s74(4)
0.0e8(3)
0.s84(3)

237 (8)
236(s)
221 (3)
367(s8)
318(s2)
253 (44)
328(s0)

U(eq).qz

Ànisotropic Temperature Parameters

Site

À
B

c
01
o2
03
04

q.¡-r

3e ( 10 )

42(6)
40(3)

27 1 (84)
-10s(70)
-22(5e)

54(67)

L¿
0

0
2(4)

-42(7 4'¡

-138(74i
-67 (62')

-117(80i

U-ll Vzz

244(14) 213(1s)
246(8) 238(8)
241 (5) 227 (5)
sis(119) 2s9(80)
377 (99) 289(80)
246(70) 230(82)
302(79) 327 (94)

q.¡r L¿
25614) 0

225(8) O

1es(4) -e(4)
334(100) 19(77)
287 (91 ) 106(74)
282(75) 110(59)
358(86) 63(i3)

Ài.1 U's are x 104

Tab1e 47: Refined Site Contents

A-s i te B-site C-s i te

Mn2*
Sn2*
Fe2*
Fe3*
Sna'
zt4*
Nbs *

Ta5*

1.89
0.09
0 .63
0.07
0.17
0.03
0. 14
0.78

0.27
0.01
0.09
u"5t
I 10

0.21
0. '14

1 .54

0.54
0.03
0.18
u. rþ
0 .34
0.06
1 .14
5.51

-site contents refined by mixing
a fully ordered wodginite model
with an ixiolite model
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TabLe 48: selected Disiances and Àn9r.es in Þiodgini te cx-1

À 0ctahedron

A - c2 x2 2.05(2)
- c3 x2 2.12Q)
- a4 x2 2"20Q)

BOND LENGTHS

B 0ctahedron

B - 01 x2 2.04Q)
- 03 x2 2.07 (2)
- 04 x2 2.03(2)

C 0ctahedron

c-01 c 2.02(2)
- 01 ð 2,16(2)
- 02 a 2.00(2)
- 02 e 2.11 (2)
- 03 a 1.9s(2)
- 04 f 1,94Q)

ÀNGLES

À 0ctahedron

02-A-02 104.0(10)
- 03 x2 98.3(5)
- 03 x2 93.6(7)
- oA x2 89.1 (7)

- À - 04 x2 85.5(6)
- 04 x2 78.3(6)

- À - 04 '17,9(9)

B 0ctahedron

-01
-03
-04
-04
-03
-04*04

c3

UI

c-

c-c-

C 0ctahedron

01 -3

03-B

01d -
v¿d -

02e -
03a -

102.9(10)
x2 87.9(7)
x2 95.7(7)
x2 91.9(7)

81.4(9)
x2 83.2(7)
x2 87.6(7)

01c-C-

oid-c-

01d 87.5(7)
02e 78.0(7)

86.7(7)
87.7(5)
96.1(7)
9s.4 (7 )

89.9(7)
102.8(7)

03a 97 ,1 (1
04f 9s.6(7
O2a 77,2Q
o2e 81.20

04f
02e
03a
04f
03a
04f
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Table 49: Mean Bond Lengths (Â) in Wodginites

^v 
It-À- I

obs. ca1c.

2.121 2.131
2.047 2.038
2.027 2.021

G59-1 7

À-site
B-site
C-s i te

2 .185
2.027
2.003

% order:

-data for G69-17 from Ferguson et ai- (1976)

Table 50: Bond Valences in Wodginite CX-1

10060

tt
0ctahedron

B

0c tahedron
c

0c tahei:cn

Bond

A-02 x2
-Q3 x¿
-04 x2

0.52
0.43
0.34

Bond

B-01
-03
-04

c

0. 66
0. s9
0.67

x2
x2
x2

Bond s

C-01 c C.75
-01d c.49
-O2a 0.75
-02e C. 56
-03a 0.90
-o4f. c.93

Site Sums

A:
B:
C:

Obs.

2. s8
3 .8{
¿ ?i

EXD.

)1)
4,07
4.60

01 :
02t
03:
04:

Obs. Exo.

1 ,87 2.00
1 .83 2.00
1 .91 2.00
1 .93 2.00

-a11 bond valences in valence units (v.u.)
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12,i', UNIT CEtt PARÀMETERS ÀND CRYSTÀL CHEMISTRY

Secause of the relatively large number of substitution mechanisms

invo-ved in wodginite-group minerals, ccupled with the variable degrees of

orde:, data on mineral chemistry and oroer-disorder are difficult to derive

fro¡¡ unit cel1 parameters.

?:e use of heating vectors, such as in Figure 35, allows for semi-

quan:itative assessments of order-disorderi the Iarger the magnitude of the

vecror, the less ordered the mineral is in its natural state. In Fiq-

ure 35, individual heating vectors cover a large range of the space occu-

piec by the data; obviously, plots like this emphasize structural variabil-
ity '*ithin the group (order-disorder). Heating vectors in a plot of a

vers'rs þ (figure 36) are much less extensive than in the y versus ß plot; a

and ¡ are relatively insensitive to oroer-disorder, and as suchr âr a ver-

sus b plot might be useful for gleaning compositional information. In

Figu:e 36, Fe- and Ti-rich compositions olot closest to the lower Ieft-hanc

corner of the diagram, Mn- and Sn-rich compositions plot in the upper parts

of i:e diagram, and compositions rich in B-site Ta (and À-site vacancies)

ploi near the lower right-hand corner of the diagram. The low degree of

scai:er in the plot attests to (1) the ineffectiveness of B-site Ta enrich-

meni in environments which are not Mn-rich - note that samples plot from

the FerTi-rich corner to the Mn,Sn-rich corner, then to Èhe B-site Ta-rich

corner, but not from the Fe,Ti-rich corner to the B-site Ta-rich corner,

and (2) the subparallelism in this plot of several operator vectors, Ê.g.

Tisn-r ll FeMn-1.

À multiple regression analysis using the SAS program GLM (general Linear

odels) was carried out on 22 fu1ly-ordered natural and heated wodginites

to assess compositional controls on unit celI parameters. To improve the
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*1r- Mn, Sn

Y

/
B

I

Fe,Ti

b (Â)

Fiqure 36: Wodginite-group minerals: heaLing vectors in q-b space.
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spread of data, unii cell paraneters were added for tr.¡o synthetic

wodginites grown in the present study (unsnta20s and MnTiTazoe) ani one

from Turnock (1966) (un2Fe3*TasOr s, with ce1J. parameters delerminei by

TSE). Run conditions and cell. paraneters for these wodginites are given in

Table 5'1 .

The independent variables of the analysis were chosen on the bas:.s of

the operators of Table 41. Each variabl-e represents the unique pa:: of

each operator. Compositional variation was thus considered as a deviation

from MnSnTazOe. The results of tre analysis are given in Table 52, and

some staiisLical dala are given in Table 53. The coefficients and incer-

cepts of equations for each unit cell parameter are given across eacj: row

of the table. The order of each equation was determined by steprvise addi-

tion, v¿ith a maximum R2 improvement, using the sAS program srBpI^iIsE. À11

six compositional variabres were necessary for moderring b, g_, ß and I,
whereas ¿ could be modelled with only five variables. Because of the

nature of the independent variables, the intercepts of the five equa:ions

necessarily represent the lattice parameters of MnSnTazOe. Input tc the

equations consists of the number of atoms per unit cell of each independent

variable, based on the calculaiions of the futly-ordered formulaè. Às an

example, Lhe calcul-ated e ce11 edge of hypotheticaL "ferrotitanowodginite"
(re¿ti¿Taeogz) r+ou1d be 9.539 - (.0i1 x 4) - (.030 x 4) = 9.38 A. calcu-

lated unit ceII pararneters for the samples used in the regression anaiysis

are given in Table 54.
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Tabre 51: sJnthetic wodginites used in ceIl pa:ameter calculation

Composition Starting Mixture T Àtmo- Run
( "c) sphere Time (h)

MnSnTazoa MnCOs + Snoz + Tazos
MnTiTa2Os MnCO¡ + TiOz + TazOs
Mn2Fe3'Ta:Cro 2MnTazOe + FeTaOq

050 a'-r/l atm 10+10
050 a--: /1 atm '1 0+ 1 0

225 a'-: /l atmx

MnSnTa z0 a

a 9.537 (

b 1 1 .482(
c 5.124(
ß 91 .24rv 561.0(1

CEIL PARÀMETERS

MnTiTa r0 s

9.428Q

Mn 2Fe 3 +Ta 
sO 1 6

) g.4so ( l
) I 1 ,426() s.0e4(

90.89(1
4¿.q '7 ( 1

11.410(
5. 084 (

91 .20 0
546.7 (1

x from Turnock (1966)
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Table 52: Results of the Multiple Regression Ànatysis

Lattice
Pa rameter

I nter-
c ept Coefficients p2

Fe2' A!

-.03s
+.015
-. 020
-.02
-3.s

BE

0

-.05
-.05
+.4
-8

-.011 -.030
-.007 -.019
-.002 -.01'1
-.09 - .02
-l 2 _? o¡.J ¿ÀJ

Fe3* Nb

-. 044 -.005
-.030 -.006
-. 0'1 s -. 002
-. 1 9 -.12
-5. 6 -0.8

Ti

a
b
c
ß

V

o tr?o

1 '1 .481
5.126
91 .25
561.3

q?

.94

.90

. 9'1
Q?

TabIe 53: Statistical Data for Table 52

I nter-
c ept

Fe 2' Ti AE ÞuE Pe3* Nb

a
b
L

ß

V

6(0.0) s(3.2)
s(0.0) 4(6.6)
3(0.0) 2QB)
3(0.0) 2(0.1)
s(0.0) 6(6.0)

2(0.0)
2(0.0)
1(0.0)
1(s.9)
3(0.0)

s(0.0)
4(0.1)
2(0.0)
2(37 )

7(0.0)

- 6(0.0) sze)3(14) 4(0.0) 4(13)
2(2.s) 3(0.0) 2ß7)
2(8.0) 3(0.0) 2(0.0)
6(18) 7(0.0) 6Q2)

Numbers out of parentheses are
ficant figure of the parameters
Numbers enclosed in parentheses

standard deviations
of Table 52.
are eo probabilities

on the last s i gr:i -

for Holtl=0.
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TabLe 54: carculated cell parameters fcr samples used in the
MuItip1e Regression Ànalysis

Sampie c (Å) ßo V

c6 9-2 3

c69-42
0}l-1 02
sMP-1 2

TSE-7
TSE- 1 6

TSE_28
TSE_3 2

TSE-48
TSE-i 3B
I.¡D-1
À-17ri
A-25',å,2
À-2 9H

À-3 oFi

c6 9-2 3H
H2-1 H

KZ-'1H
LrJ- I1L

TSE-{ 5H
TSE-76H
TSE-1 26H
MnSnTa z0 s

MnTiTa z0e
l'ln 2FeTa 50 1 6

9.492
9,491
9.518
9.514
9.524
9.478
9.510
9.492
9.492
9.506
9,523
9.452
9.449
9.519
9.530
9 .492
9.465
9.484
9 .497
9.486
9.465
9.456
9.544
9.412
9.448

1 1 .450
11,448
1 1.458
11.481
11 ¿,11

11 ,441
11,482
11.448
1 1 .448
1 1 .454
11 .47 0
11.434
11 .419
11.474
11.469
'1 '1 .450
'11.438

1 1 .488
1 1 .450
11.446
'1'1 .502
11,422
11.473
1'1 .40s
11,423

5.106
5.10é
5.1i¿
5.108
Ê 1<,¡
J¡ I l=

5.10r
5.105

91.08
91.05
91 ,14
q1 1L

91.17
90.98
91.13
91 .05
91 .06
91.09
91 .09
90.77
90 .88
91 .16
91 .16
91 .08
90.93
90. 98
90.92
91.04
91.09
90.91
91 .29
91 .13
90.87

555. 0

554,7
558.2
557.9
trtro n

553.2
557.5
554.7
555.0
556.7
558.4
551.0
549.4
558.4
559.3
555.0
552. 1

554.5
555.8
554.1
553.6
550.2
561 .4
545.8
550.0

5.'106
5.10;
J.I I¿
5. '1 1:
s.098
q nql
5.llJ
þ. |:
5.106
5.10L
5.092
Jt I lL

s.1c5
5.08i
tr no-
5.12a
s.08:
5.095
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method were not trivia::
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problems with the calibration dataset and

tire

t" Powder diffraction daia represent structural data for a bulk sampJ.e.

Estimation of the bulk ccmposition of the sample from microprobe data is

difficult due to strong compositional zoning of some sampJ.es. In cases

where core and rim analyses of a crystal were avaitable, the assigned

bulk composition was a weighted mean of 2/3 x core composi.tion + 1/3 x

rim composition.

2. In nearly all cases, separate parts of crystals or batches of crystals

were used for microprobe analysis versus powder diffrac:cmelry. As

such, the bulk compositions of the powders may deviate significantly
from the microprobe-derived composition.

3. The multiple regression nodel is a linear one, whereas sol-ii-solution in

minerals may result in non-linear correspondence between compositional

dala and unit cel1 parameters (Newton & Wood, 1980).

4, The precision of Fe2*:Fe3* cal-culation from microprobe data is necessar-

ily 1ow (te I'tait,re, 1982). Furthermore, the possibility of oxidation

affecting the celI pa:ameters of some heated wodginites cannot be

ent i rely rul-ed out .

5. The low degree of efficiency observed for some of the subs:itution oper-

ators in natural wodginites (which make up most of the dataset), results

in substitution vectors with short magnitudes in compositicnal- - struc-

ture space. These wil.I have a lot of angular uncertainty associated

with them. (Better definition of the vectors should be possible if
their nagnitudes can be extended with data from synthesis siudies).
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Despiie the above points, lhe equations of Table 52 predicted the unit

ce11 parameters of wodginite-group minerals reasonably precisely: the root

mean souare errors in å, b, and c are 0.01, 0.01 and 0.004 Â respectively,

in ß, is 0.05o (comparable to the precisicn of ß measurement from preces-

sion photographs! ), and in !, is 1.1 Â3.

One of the advantages of the equations of Table 52 is that the bounos

for fuJ.iy-ordered wodginites in struclure space can be readily defined.

Figure 37 is a pIot, once again, of y versus ß; the solid tine with posi-

tive slope divides a region with only inccnpletely ordered wodginites (to

the lef:) from one with ordered wodg!.nites (to the right) (some slightly
disordered compositions can also plot in this field). liith this p1ot, most

wodginj.;es with only partial cation order can be discerned from those which

are mainly ordered, without the need for heating experiments. Às a rule of

thumb, samples v¡hich plot furthest to the left of the line are the most

disorde:ed; those which plot closest to the line are the least disordered.

0n a more quantitative Ievel, one can nclr take a microprobe analysis of

a wodginite and calculate its fuIly-ordered unit cell parameters. The

result of such a calculation compared lo tle actual cell parameters of the

wodgini;e (unheated) should sho¡v whether ihe sample is fully or'partially
orderec. The "ordering index" (a) of the riodginite, defined as

[ = ln(oUs)-gC]
[ß(calc)-90]

should serve as a measure of the degree of order

for which ß(obs)=900 have the ixiolite structure

Samples for rvhich ß(obs)=ß(calc) have the fu1ly

for the sample. Samples

and are fuIly disordered.

ordered wodginite struc-



174

D isordered

É (')

Fiqure 37: wodginite-group minerars: subdivision of v-¿ space, Incom-pletely ordered. wodginites plot ro the rerl ãr ti:e line; sur-ples to the right of the line are largely orcered. sampie sym-bols are as in Figure 35"
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tu:e. A x100 gives the degree of orCer, and from what is kno',¡n of the pre-

cision of I measurement and ß calcula:ion, it should be precise to within
'1C% of the actual value. On the basis of earlier discussions (unit CelL

Pa:ameters and Crystal Chemistry), be¡ter precision would be difficult io

ob:ain without a considerable amount of synthesis work.

It must also be noted that the assumption inherent in this approach is

that the order-disorder transformaticn from ixiolite to wodginite is con-

tinuous; the relationship between A and the degree of order is taken to be

continuous and Ìinear. The possibilir-y of ihe transfornation being discon-

tinuous cannot be ruled out; however, plots like Figure 33 suggest that at

th:s low level of precision (110%), the assumption of a continuous trans-

fc:mation is probably acceptable.

Estimates of the degree of order of all wodginites in the "disordereC"

field of Figure 37 are given in Table 55. In addition to these calcula-

ticns, the method was applied to sample cx-1, on which the structure

refinement was done. On the basis of its fully-ordered formula, sample

cx-1 has a cal-culated ß of 90.87o. The observed value of ß is 90.5i0,

which resuLts in a ordering index of 0.6, or a degree of order of 50 eo.

Thj.s figure is in exce]lent agreement with the results of the'structure

ar^:alysis, where the degree of order is 60 (1 )e", despite the f act that Sn2*

and Zr4* were ignored in the calculation of ß.

The above approach has even gree:er potential in that the degree of

orier can be estimated for r,rodqinites in which either too litt1e sample

exists for heating experiments, or for which contamination with potential

reactants (".g. cassiterite) is far Loo intimate. À great many wodginites

fail into this last category. Previous studies of wodginite rarely
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siudi.es to be more completely evaluated from
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method aLlows data from these

a struc;ural point of view.

Tabie 55: Ordering Data for Selected !íodginites

Sampie ß(obs)o ß(cal-c)o 9o Order

TSE-i 30
TSE-i 26
ISE-'t22
A-25
TSE-90
TSE-1 09
À-17
LJ_i
TSE-1 37
TSE-1 34
GB-4
TSE-30
TSE-77
H2-1
G69-{ 6a
rJ-2
c69-i7

90.00
90.13
90.18
90.31
90.40
90.62
90.51
90.60
90.71
90,72
90.66
90.77
90.82
90.75
90.90
90.82
91 .'10

90.90
90,92
90.87
90 .88
90.93
90.99
90.78
90.91
9'1 .07
91 .00
90.86
90.97
91.01
90.93
91 .02
90 .88
91 .14

0.00
0.14
0,21
0.3s
0.43
0.63
0.65
0.56
0 .66
0.72
0.77
0.79
0 .81
0.81
O.BB
0.93
0. 96

0

15
)(\
35
45
6s
65
65
65
70
75
80
80
80
90
9s
9s

AJ-i degrees of order rounded to the nearest Seo



Chapter XI I I

PYROCHLORE GROUP MiNERÀLS

.13. ,1 
INTRODUCTTON

Pyrochlore group minerals are the second most-common group of Ta-Nb

oxide minerals in granític pegmatites. This high degree of abundance per-

sists even to the simpsonite paragenesis, in which pyrochLore group miner-

als are second only to simpsonite in frequency of occurrence.

The general formula of pyrochlore group minerals (Hogarth, 1977 ) is:

A z -rB ,O uØ ,, -n 'PH zO (z=8)

À-cations range from monovalent to trivalent. the most typical [-cations
are Na and Ca; less common À-cations are Ba, Bi, Ce, K, pb, Sb3*, Sn2-, Sr,

Th, U, Y' Zr. The smaller, B-cations are either quadrivalent or pentava-

lent. Typical B-cations are Nb, Ta and Ti; atypical ones such as sn4* and

Fe3* only occur in trace to minor quantities. In Lhe lMÀ-recommenced for-
mula given here, a distinction is nade between the six oxygens which coor-

dinate each B-cation, and the other anion which is bonded only to the

À-cation. This anion, denoted I here, can be oH, F or o. some pyrcchlore

group minerals also contain structural water; the upper Limit is noi well-

established, but is in the neighbourhood of one molecule per formula unit.
Vacancies, indicated in the formula by the subscripts E and n, can occur

at the À-site and the f-site. Observed ranges of these variables for natu-

raI pyrochlores are: B=0->1 .75, n=0-+1 .

-177-
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Structure iefinemenLs of natural and synthetic pyrochlores shor,¡ that the

B-site is always fully occupied. Àlthough the IMÀ-recommended formula for

pyrochlore-group minerals indicates that the Q-s:.:e is also fully occupied,

some recent refinements of synthetic pyrochlores of unusual composition

(Groult et al-., 1982) show that it is possible to have vacancies at this

site. Consequently, the only acceptable basis for formula calculation is

normalization of the E-cation sum to 2 cations per formula unit, despite

Lhe fact that previous sLudies mostly use 14 anions, or in the absence of F

and 0H determinations, 13 oxygens for the calcula:ion.

The pyroch:cre group is divided into three subgroups on the basis of

B-site chemis:ry (Hogarth, 1977). The pyrochicre subqroup has Nb+Ta>2Ti

and Nb>Ta. The microlite subqroup has Nb+Ta>2Ti and Ta2Nb. The betafite

subqroup has 2TiìNb+Ta. Further division of each subgroup into species is

based on À-s:¡e chemistry (tab1e 56): the subgroup name plus a prefix

reflecting the f-site chemistry make up the species name.

The pyroch-ore structure is a fluorite-derivaiive structure with ordered

anion vacancies. The fluorite structure consists of cubic cation coordina-

tion polyhedra such that each edge of each poiyhedron is shared with an

adjacent polyhedron (nigure 3Ba). The ideal pyrochlore strùcture is

derived from the fluorite structure by replacing one half of the cubes of

this structure with ocLahedra, which is done by removing oxygens at two

opposing corners of the cubes involved. In the structure that results

(figure 38b), E-cations occur at the centres of the octahedra and are coor-

dinated by 6 oxygens. À-cations occur near the centres of the cubes and

are coordinated by 6 oxygens and 2 /-anions. I.iater, when present, occurs

at the same lccation as the /-anions (Groult et aI., 1982).
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TabIe 56: classification of pyrochrore Group Minerars

(modif ied from Hogarrh, 1977')

SUBGROUP: PYROCHLORE

Nb+Ta >2Ti
& Nb>Tå

H¡ CROLI TE

Nb*Ta>2Ti
6 TaìNb

BETÀF¡ :€

2Ti¿Nb+îÀ

No À-cation other thån Na
or C¡ >20t totå1. À-cations

pyrochlore aicrolite calciobet¡fite
(Ca>Na)

Àny À-cat i on, other
than Na or Ca, >201
of totål À-cations.

Name is for the
dominant non-(Na,Ca)
cation.

K ka 1 i py roc hl ore

Sn stannornicrol.ite

Bå ba r i opyrochlore barionicrolite

Pb p). umbopyr och I or e plumbonicrolite plr.rnbobetaf!te

sb stibiobetafire

Bi bisnutonricrolite

Yr yt t ropyrochLore yttrobetaf::e

Cet cer i opyrochlore

U uranpy rochJ. or e urannicrol.ite beta f i te

Cet o lå -+Eu, yt . y + Gd-+ Lu

- the prefires'cerio" or."yttro'-are applied if yr + cer >20t Èotal À-cations,not just if Yt >20t or if Cer >20g..
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Pyrochlore-group minerals are iypically non-ideaI in that they have

incomplete À- and fl-siLe occupanci.es. If this were Laken to extremes by

removing aLl cations from the À-s::es and all anions from Lhe /-sites, a

framework of only B0¡ octaheora wouid result (nigure 39b). This structure

is shown by the compound TaWOs.s (Groult et aI., 1982) and is calleq the

defect pvrochlore structure. Py:ochlore group minerals have struc-!ures

r+hich are intermediate to the iceaL and defect pyrochlore strucEures;

although some with the ideal struclure have been found, none with the full
defect structure are known.

Solid-state chemists refer to -,-he group of all pyrochlores with s;ruc-

tures ranging from the ideal to defect types as normal pyrochlores; this

nomenclature is used here.



181

4g

b

Fiqure 38: Derivation of the ideal pyrochlore structure fron the fluoritestructure. (a) fluorite structure, (b) ideal pyrochlore struc_ture. The ideal pyrochlore structure can be derived from thefluorite structure by replacing * of the cubic coordination
polyhecra of the fluorite structure with octahedra. in theresulling strucLure, the À-calion polyhedra are the remaining
cubes, Èhe B-cation polyheã'ra are thá oétahedra,
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4ffi

b

Fioure 39: Derivation of the defecL pyrochlore structure. (a) Idealpyrochlore structure, (b) defect pyrochlore structure. The
defect structure is derived from thó- ideal structure by remov-
ing all À-ça!ion polyhedra, resurting in a framework of BOe
octahedra with large caviiies,
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13.2 CHEMISTRY

Electron microprcbe analyses of all normal pyrochlo:e group minerals of

lhe simpsonite paragenesis are given in Table 57. Lc'* oxide sums are due

to undetermined H20 and F, which together typicalty a:count f.or 2 or more

wt.eo of the sum.

The following assumptions were made in formula calcuiation:

It.

2.

The E-site is aiways fu1ly occupied.

basis of. 2 B-cations.

Ta5*, Nb5*, Tia=, Sna* are E-cations;

be À-cations.

Formulae s'ere calculated on a

all oLher ca:ions are assumed to

3. All Sn is assumec to Sn2* and to reside at the À-si:e, unless the ô-site
occupancy is greater than the B-site occupancy. Fcr the latter case,

enough Sn2* is ccnverted to Sn4* for the condition EA-site = EB-site to

be met. Às su:h, formula calculation gives a naximum esr,imate of

sn2*:sn4*.

À11 pyrochlore group minerals in the simpsonite paragenesis belong to

the microlite subgrcup: alL have Ta+Nb>2Ti and TaZNb. They arè particu-

larly interesting in that they have no detectable Ti and typically have

very high Ta:Nb re:ios. Pb is a trace to major ele;nent in most of the

microlite subgroup mineraJ-s from the simpsonite paragenesis. Minor-to-

trace elements othe: than Pb (".g. sn, u, sb) are :ypically variable in

lheir occurrence.

Three species of microlite-subgroup minerals occu! in the sinrpsonite

paragenesis: microlite, plumbomicroliteandstibiomicrolite. Of these,
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only plumbomicrolite is unique to :;le paragenesis; microlite is a conmon

species of the subgroup in several cifferent parageneses and stibiomic:o1-

i:e, a nerl member (Groat et aJ-., in prep.), has been found in other sb-

enriched parageneses. Most of the ni.crolites are common varieties (no si.g-

ni.ficant À-cation other than Na, ca); however, uranian and antimonian

varieties are found at Tanco, and a stannian variety is found at Tabba Tab-

ba. The stibiomicrolite of the slnpsonite paragenesis is distinctive for

its high Pb content, showing tha; considerable solid solution exi.sts

between plumbo- and stibiomicrol-ite. Note thaL the effective number of

oxygens per formula unit for this sample (fabte SZ) is less than the nrini-

mum of 5 reported in the Il'fÀ-approved formula for the group. The impLi.ca-

cion is that either vacancies occur ai the O-site of this sample, ot, more

probably, that minor O+OH,F substi:ution occurs.
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TabIe 57: Chemistry of Simpsonite Paragenesis Microlites

10

Na z0
u5 2v
Ca0
MnO

Fe0
Sn0
Pb0
Sbz0¡
Bi z0¡
U0z
Nbz0s
Taz0s

Na'
Cs*
Caz r

Mn2*
Fe2=
Sn2*
Pb2*
sb3 *

Bi 3 *

u4*
Nb5 *

Ta5'

5.5 3.8
0.0 0. 0
9.2 ,1 ,6
0.0 c.0
0.0 0.0
0¡0 0.0
0.s 0.8
0.0 0. 5
0.0 0. 0

0.0 3.2
2.0 1.'1

81.0 81.5
98 .2 98.5

5.5 4.6
0.0 0.0

10,2 8.8
0.0 0.0
0.0 0.0
0.0 0.0
0 .0 0.0
0.0 2.3
0. 0 0.0
0. 0 0.3
0.4 0.6

81.2 80.0
97 .3 96.6

2.9 s.3 0 .7
0.0 0.0 1.9
8.2 10.3 0.0
0.0 0.0 0.0
0. 1 0.0 0.0
0.0 0.0 0.s
1.3 1.3 32,1
0. 0 0.0 2,2
0.0 0.0 0.0
2,4 0.0 0.0
1.1 10.1 14.1

80.0 70.3 47 .5
96.0 97.3 99.0

3.4 5.3 0.0
0.0 0.0 0.0

¡l.l ð.1 J.J
0.2 0.0 0.9
0.0 0.0 0.0
1.9 0.0 0.0
0.0 1.2 s.3
0.3 0.0 3 .9
0.0 0.0 0.3
0.0 0"0 0.0
1.4 1.7 0.4

78.0 81.7 81.8
97 .2 98 .0 95.9

Ions per 2 B-Cations

0.93 0.6s
0.0 0.0
0.86 C,72
0.0 0.0
0.0 0.0
0.0 0.0
0.01 c.02
0 .0 c.02
0.0 c.0
0.0 0.06
0.08 0.05
lotrotr| . JL t . J¿

0. 96 0 .82
0.0 0.0
0.98 0.86
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.09
0.0 0.0
0.0 0.01
0 .02 0 .02
1 .98 1 .98

0.5'1 0.86
0.0 0.0
0.79 0.93
0.0 0.0
0.01 0.0
0.0 0.0
0.03 0.03
0. 0 0.0
0.0 0.0
0.05 0.0
0.04 0.39
1 .96 1 .51

0. 14 C.60
0.17 0.0
0.0 i.19
0.0 0.01
0.0 c.0
0.02 0.08
0.90 c.01
0.09 c.0
0.0 c.0
0.0 0.0
0 " 66 0.06
1 .34 i .94

0.89 0.0
0.0 0.0
0.76 0.31
0.0 0.07
0.0 0.0
0.0 0.0
0.03 0.13
0.0 0.'14
0.0 0.01
0.0 0.0
0.07 0.01
1 .93 1 .99

0(eff) 6.33 6.22 6,46 6,41 6.18 6.39 6.17 6.59 6.23 '5,73

i.,

5:

O¡
o.
'10:

Microlite, Tanco pegmatite (S¡¡p-¿).
Uranian mic:o1iLe, Tanco (SuP-g).
Microlite, Tanco (Sup-Sl). Àverage of 5 analyses.
Antimonian microlite, Tanco (S¡¿p-Sl). lverage cf 3 analyses.
Uranian microlite, Tanco (SMP-51 ). Àverage of 5 analyses.
Microlite, Mumba, Zai,re (t-14).
Plumbomicrol.ite, Mumba (L-14 ) .
Stannian microlite, Tabba Tabba, Australia (L-18).
Microlite, À1to do Giz, BraziI (nOU-l).
Plumboan siibiomicrolite, À1to do Giz, Brazil (RVG-1C).

0(eff) is efiective oxygen for charge balance
analyses 1,2,8,9 are lÍD analyses, all others are ED
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1 3.3 X-RÀY CRYSTATLOGRÀPHY

By definition, members of the pyrochlore group are cubic and have the

space group Fd3m. The unit ceII averages 10.4 Å along an edge and is sen-

sitive onJ.y to extreme changes in chemistry.

Unit ce11 edges for microl-ites from the simpsonite paragenesis are given

in Table 58. All unit celL edges measured are typical for microLite, and

on the basis of sharpness of difi:actions, non-uranian varieties are all
well crystallized. Uranian varieties (".g. SMP-6) show various degrees of

metamictization, aLthough none of the samples examined were completely

metamict. Because of the extremely small size of Lhe plumbomicroliie and

stibiomicrolite crystals, uflit ceil parameters for these species coul.C not

be measured.

Table 58: Unit Cell Edges for Microlites
from the Simpsonite Paragenesis

SampIe LocaI i ty Description a (,4)

L- t5
r-1 I
K0-1
SMP-4
SMP-6
sMP-5 1

Àlto do Giz
Tabba Tabba
Lesha ia
Tanco
Tanco
Tanco

10.431(1)
10.423(1)
10.435(2)
10.43s(1)
10.433(2)
10.426(4)

microlite
slannian microlite
microlite
microlite
uranian microlite
antimonian microlite
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13.4 À CRYSTÀ: STRUCTURE REFINEMENT OF MICROTITE

To date no c:7stal structure refinement has eve: been done on a member

of the microl-it: subgroup, much less on the species microlite. For this

reason, and tc assess the quality of electron microprobe analyses of

microlites of :his study, a structure refinemen: of microlite SMP-4 was

carried out.

A small frag:ent of the sample was plucked oui from the area analyzed

with the electrcn microprobe, and hand-shaped into a subsphere rvith a radi-

us of 0.05 mm. Intensity data were collected with:he R3m four circle dif-
fractometer us:ng graphite-monochromated MoKo raaiation. A set of 25

strong diffract:cns used in centring rlas also usec for unit ceII refine-

ment; a=10.42¿(1 ) 4,. Ðata were collected ove: 3 asymmetric units (l

octant of recip:ccaI space) and merged to give a ¡ctal of 105 refJ-eciions,

of which 94 were considered observed (I>3s). Àn enpirical absorption cor-

rection rvas done by approximating the shape of the crystal- as an eLlipsoid,

using rf-scan da:a (s=403 cm- i ) .

Starting pos::ional parameters for the refinement were ideal values for

the pyrochlore s;ructure. The positional parame:ers for all cations and

the /-anion are invariant. onry x for the Q-site can vary; the initial
value used for å rvas 0.4375, which makes the B-caii.on coordination polyhe-

dron a regular cctahedron.

Initial site cccupancies were t,aken from the nicroprobe results. The

B-site was assu3ed to be fulIy occupied, and the Ta:Nb ratio was fixed at

the value de:ermined from microprobe analysis. The constraint

Ca:Na:Pb = 0.93:1 ¡0.01 (from microprobe analysis) was used for the À-site,

and the total occupancy of lhe site was refined. The O- and /-site total
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occupancies ltere also ref ined; the scattering curve for neutral C was used

for the O-site, and a 50:50 F:C curve was used for the /-síte.
Refinement of a fully anisotropic modeL converged on R-incices of

R=2.3eo, wR=1.9%, and included an extinction correction (which necessitated

use of a weighting scheme of o- tlfl ). Observed and calculated structure

factors are given in Àppendix G. Positional and thermal pararneters are

given in Table 59, and selectec distances and angles are given in Tab1e 60.

The total occupancy of the À-site is 0.96(4), in good agreement with the

result from microprobe analysis of 0.90, based on B-site normalization.

The occupancy of the g-site is 0.99(3), and of the /-site is 0.99(6), indi-
cating fulL occupancy for both sites.

The formula resulting from nricroprobe analysis plus site occupancy

refinement is:

(Hao. g zCao. s ¡Pbo . o r )¡'¡ . r, (Tao r . s zNbo. o a )¡zOs . g olo, r,

The sum of the positive charges per formula unit is 12,87 If. / con-

sists onÌy of monovalent anions, the sum of the negative charges is 12.86;

ít ø is only divalent, the sum is 13.84. Thus, for charge barante, / must

be completely monovalent. The validity of the fornula calculation proce*

dure (normalization on 2 B-caiions) is confirmed by À:B:O ratios from the

structure refinement in good agreement with microprobe results.

Crystal structure refinemeni is an extremely rapid procedure fo: pyroch-

lore group minerals; with only 90+ unique retlections to a limit of d=0.890

Â, a complete intensity datasei can be collected in a matter of a few hours

with an automatic single-crystal diffractometer. Structure refinenent pro-
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vides valuable information about the quantity and types of anions present

in pyrochlore group mineraJ-s. The relative s:ftness makes hand-shaping of

crystals a simple and rapid task. Crystals sÌ:aped to spheres can give rea-

sonabJ.y precise site-occupancy information, :cmparable to electron micro-

probe data in precision. For these reasons, structure refinement may be

used for chemical analysis of microlites, and:s a good complement to elec-

tron microprobe analysis.
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TabIe 59: Atomic Posi;ionaI and Thermal Parameters for Microlite Sttp-4

Site I y. V U(eq),qz

À 1/2 1/2 i/2 3.t6,12)
B 0 0 0 11'1(2)
o 0.3160(7) 1/8 1/8 233(18)
ø 3/B 3/B 3/B i7 4(zB)

Àniso;ropic Temperature Parameters

Site !]1t Urr- g_¡-t Ur¿ q¡3 !]¡i
À 316(21) si 6Q1) 316,21) -91 (13 ) -e1 ( 13 ) -91 (13 )B 171(4) 171(4) 171(4) -10(2) -10(2) -i0(2)
0 184 (39 ) 257 (28) 257 Q8) -s4 (32 ) 0 0

ø 1i4(49) 174(49) i74(49) o o o

À11 U's are x 104

Table 60: Bond Len-oths (A) and Àng1es ( o ) f or Microli:e SMp-4

A Polyhedron B Polyhedron

BOND LENGTHS

A-0x6 2.660(5) B-Ox5 1.968(3)
- Ø *2 2.258

mean: 2.560

0 - A - 0 x6 117.8(1
- 0 x6 62.2(1
- Ø *6 e8.6(1
- Ø *6 81.4(1

mean: 90.0

ÀNGLES

0 - B - 0 x6 91.5(3)
- 0 x6 88.s(3)

mean: 90.0
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CES STI BTÀNTI TE

14.1 INTRODUCTION

Cess',ibtantite r+as discovered by VoLoshin et a1. ( 1 981 ) in the

simpsonite-bearing pegmatite at Leshaia, KoIa Peninsula, USSR. 0n the

basis cf X-ray crystallography, chemical and physical properties, they con-

cludei thaL its struc'"ure is derived fron the microlite structure and that

it has the ideat formula (Cs,Na)Sbra¿Orz. A summary of data for type

cesstilcantite is given in Table 61.

In :ate '1980, I encountered a minera: at the Tanco pegmatite, Bernic

Lake, llanitoba with properLies similar to r"hose of cesstibtantite. Because

of sone important differences between the Tanco mineral and the description

of cess-ribtantite in Voloshin et al. ( 1.481 ) , a complete investigation of

both minerals was.undert,aken. The properties of type cesstibtantite were

reinvestigated and were found to be much more similar to the Tanco mineral

than initially inferred; it was concludec that the Tanco mineral was also

cesstibtantite.

Cess-'ibtantite has since been found ai a third locality, in Àustralia

(e'H. Nickel, pers. comm.). The descripti.on of this occurrence is current-

1y in preparation (¡liclel & Robinson, 1986), conseguently it is not dis-

cussei here.

- 191
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Table 5'1 : Summary of Data
( from Voloshin

for lype Cessti
et al. (1981)

btani i te

Ideal formula: (Cs,Na)SbTa qOtz, Z=4

Symmetry: Cubic, l=10.526(5) Â

Optics: Isotrcpic, n>1.8. Colourless to 9rey, t:ansparent.

Density: obs.=6,4-6"6 g/cn3, caIc.=6.49 g/cn3

Hardness: VHN=670-780 (100 g load)

Strongest diff:action lines (d, l) z 3.17 (9), 3.C4 (10),
1.860 (10), '1 .587 (10), 1.370 (9), 1.017 (9), 1.012 (10)

14,2 PHYSTCÀL AND O?TICAL PROPERTIES

Cesstibtantite (rigure 40) is col-ourless to grey to yellow-orange, and

ranges in opacity frcm transparent to translucent; thE lustre similarly

ranges from vitreous to adamantine. Cesstibtantite fiuoresces ye1low-

orange to orange unde: tIV light. it is brittle with a ha:dness of about 5.

Voloshin et al. (198i) report a range of densities of 6.{ to 6,6 g/cn3 for

lhe Leshaia sample; Tanco samples were too small and toc few in number for

density determination.

cesstibtantite from Leshaia is reported to be isc:ropic with ñ>1.8

(voloshin et aI., 1981). Cesstibtantite from the Tancc pegmatite is not

always isotropic; in thin section, some crystals are anisotropic r¡ith a

weak birefringence (1st order grey). Ànisotropic crys:als have vermiform

optical domains; to cate, no optically continuous anisot:cpic crystals have

been found.
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Fiqure 40: Cesstibtantite from the Tanco pegmatiie. Euhedral cuboctahe-
dral cesstibtantite (C) is shown here overgrowing an earlier
generation of uranian microlite (¡t). 100 X magnification.
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crystars are arrøays very snrarl, typicalJ-y 0.1-0.5 mm in diameter. At

Tanco, cesstibtan:ite occurs as isolated crystals or as overgror,lths on

antimonian and uranian varieties of microlite. Àt Leshaia, it occurs as

irregularly-shapec aggregates along simpsonite and stibiotantalite grain

boundaries, in f:actures in these mineraLs, and in Íine intergrowths with

microlite (voloshin et a1., 1981) as with the sample investigated in this

study.

1 4.3 X-RÀY CRYS:ALLOGRÀPHY

X-ray powder d:ffraction paiterns were obtained w:.th a Gandolfi camera

using CuKø radia:ion. Powder diffraction data for cesstibtantites from

both occurrences are given in Table 62. Both diffraction patterns can be

completely indexei on a cubic cell vrith a=10.5 A, space group Fd3m.

Refined unit cer: parameters (rabte gZ) show the cel.l of cessLibtantite

from Leshaia to be slightry larger than that of Lhe Tanco specimen.

Powder diffrac:ion data for type cesstibtantite (voloshin et a1., 1981)

are given in Table 53. The paltern reported by Voloshin et aI. (1981) is

different from the ones obtained in the present study: ('1) there are dif-
fractions which violate the F-centring (".g. at 2.415 Â), and Q) several-

high-ang1e diffractions are "splil" (e.g. the 1.156 Â diffraction seems to

be split into two diffractions at 1.156 and'1.155 Â). Regarding the first
point, the diffractions which violate the F-centring can all be indexed on

a cubic f-centred ceLl with a=10.436(2) Â. This is a typical ceII edge for

common microlite (see Pyrochlore Group Minerals, Table 58). Because of the

fine inLergrowth of type cesstibtantite and microlite, âs described by

Voloshin et al. (1981), it is concluded that alt such diffractions result
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Table 62: Por¡der Diffrac'"i.on Data for Cesstibtantites

hkl

KO- 1 SMP-6

¡u I Au i

ttl
311
222
400
331

511 ,333
440
5Jl
533
622
444

7'1 1 , 551
731 ,553

800
75'1 ,555

662
840

911 ,753
931
844

933,771
951 ,773
1022,666

6.07
3.17
3.03
¿.63¿
2 .417
2.026
1.861
1.776
1 .605
1 .586
1.518
1.412
1 .370
1.315
1 )1r-
1 .206
t.tt I
1.155
'1 .10i7
'1 .073{
1 .0565
1 .0168
1 .0123

I
9
U

7
,1

7

9
4
2

I
2
T

6
l

1

3

2

2

2

1

'1

6.07
J. rb
3.03
2,625
2.406
2.021
1 .856
1 't'l i.
1 .600
1 .582
I .514
1.470
1 .367
1.311
t.¿t¿
1 .204
t. t/5
1.154
1 .1 005
1.0713

B

9

10

I
I

6

9
')
J

1

9

2

3

at

?

I

3

I

1

2

.015'1

. 01 02
2

+

a (Â) 10.s22(3) 10.497 (1)

114.6 mm dia. Gancolfi camera, Ni-
filtered CuKø raoiation. Corrected
for shrinkage.

K0-1 : Leshaia, Koì.a Peninsula, USSR.
SMP-6: Tanco Pegmatite, Manitoba.
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Tab:e 63: Reinterpretation of the Type Ðiffraction
Pattern for Cesstibtantite

I1

6 6.06 5.06 6. 06
9 3.17 3.17 3.17

1 0 3.04 3.04 3.0{
1 2.631 2.531 2.5-:'
3 2.415 2.115
8 2.02{ 2.024 2.C2410 1.86C 1.860
1 1.846
5 1.779 1.179
1 1.652 1.662
5 1.505 1.605

10 1.587 1.587
1 1 .57{
3 1.520 1.520
I 1.474 1.4?4
1 1.{61
9 1.370 1.370
ld 1.358
6 1.317 1.317
1d 1.305
3 1.287 1.281
7 1.216 1 -216
3 1.216 'I 1.206 1.208
3 1.208 r
ld 1.197
6 1.177 1.177
3 1.176 r
6 1.156 1.156
3 1,155 r
7 1.1032 1.1032
{ 1.1027 r
I 1 .0738 1 .07 38
5 1 .0738 r
1 1 .064{

'r .815

I EìI

1.{6'

1 ?aa

1 ! Cl

1

5
3

1d
1d

.064{ r

.0572 1.0512
,057 1 t
.0{60
.0258 ?

1 .06{{

1.0450

1 .0c3 5

9 1.0173 1.0173
5 1.0169 r

r0 1.0123 1.0123
1 1.0121 t
2 1 .0035
1 1.0035 t
3 0.98{0 ?
5 0.9811 0.9811
3 0.98 10 '

1. Type p¿trern (voloshin et al, 1991).
2. Cesstibtantite conponent: a=10.525(:) Â.
3. l.licrolite cornponent: a=10,436(2) Å.

KEY: d - diffuse
r - Fe Kcz component of cesstibtan:ite
t - Fe Ka2 cornponen! of nricrolite
? - unexpialned contaminant
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from microlite contamination. Regarding point 12), the higher-i member of

each spJ.it diffraction corresponds reasonably r+e1l to d's repcrted for

Leshaia cesstibtantite examined in the present study (ra¡le 6Z). À1so, the

lower-d mernbers are consistently { as intense as their higher-d counter-

parts. It is probable that the doublets reported by Voloshin et aI. (1981)

result from unrecognized K¿t-Kaz.resolution. Different d's for each compo-

nent ièsult from the use of incorrect values of ). in Bragg's equation for

one or both members of each doublet. Because Voloshin et al. (1981) do not

report the type or wavelength of radiation used in their d-ca-culations,

this probability cannot be further explored.

Precession photographs were taken of cesstibtantites from bosh locali-
ties (0 to 3rd levels, MoKø radiation), and conform completely tc Fd3m sym-

metry; intensity distributions obey Fd3m symmetry, and there are no metric

deviations from cubic symmetry. However, both cesstibtantites r+ere found

to have some weak diffractions in their precession photographs (lstZ) which

are not shown by normal pyrocÌrJ.ores (ta¡te g¿). Although these co not vio-

late Fd3m symmetry, they do violate ext.inction conditions for :he pyroch-

l-ore structure (al1 atoms in the pyrochlore structure are at special posi-

tions).

TabIe 64: Forbidden Diffractions of Cesstibtantite

ß /t o<t)

244, 446, 248, 469
44'10, 4810, 249,

, 288, 688,
4612,2812
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14.4 CHEMISTRY

Electron microprobe analyses of cesslibta.r¡ites of this study and an

average of ihe analyses of Voloshin et al. ('981) are given in Table 65.

The average analysis of Voloshin et al. (19ê1) for cesstibtantite agrees

reasonably well with the analyses of this s:udy for Leshaia cesstibtan-

tites. Fiowever, the Tanco sample differs fro:l the Leshaia samples in hav-

ing higher Ta205, PbO, Na20 and lower NbzOs, SbzO¡, CszO.

Formula contents on a basis of'12 oxygens, ãs suggested by Voloshin et

al. ('1981), are given in Table 65. Voloshin e: aI. (1981) observed a near-

ly 1 :124212 ratio for (Cs+Na+Ca): (SU+si+pb): (!a+Nb):O of their analyses and

proposed that cesstibLantite had the structu:al formula ÀA'B¿0r2, where

A = Cs, Na, Ca, (K), À'= Sb3*, Bi, pb, (Sn2-), and B=Ta, Nb. Àctual rat-

ios on a basis of 12(0) are

1 .09 : '1 .18 : 3.89

1.22 z 1.16 z 3.87

1.46: 1.08 : 3.89

1.39 : 1.'18 : 3.88

12

12

12

12

(Leshaia, Vc-oshin et a1. , 1 981 )

(Leshaia, KC-3, present study)

(Tanco, SMP-6, present study)

(Tanco, SMP-5'18, present study)

The actuaL ratios are quite non-ideal , indica:ing that ÀA'BaOrz stoichiom-

etry is not shown by this mineral.

The IR spectrum of Leshaia cesstibtantite {Voloshin et al., 1981 ) is

reproduced in Figure 4'1 . The absorptions a: 1625 and 3625 cm-1 indicate

the presence of both HzO and 0H, the former cf uncertain origin and role

because the authors do not discuss sample pre-oaration. Quite cl-earIy, a

basis of 12(0) is not suitable for formula calculation if appreciable OH is
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Table 65: Elec;:on Microprobe Ànalyses of Cesstibtantites

Na zC
Kz0
L5 2v
Ca0
Sn0
Pb0
SbzC¡
Bi zC¡
Nb z0sñ^^Icl 2v5

0.1
7.4

t.J 1.7 2,4 2.1
0.0s 0.0
5.4 5.3
0.6 0.6
0.1 0.0
5.3 8.0
9.7 8. 5
0.6 1.0
1.2 0.8

72,5 70.6
97 ,8 96. 9

0.89 0.81
0.01 0.00
0.44 0.45
0.12 0.13
0.01 0.00
0.27 0.43
0.77 0.70
0.03 0.0s
0.10 0.07
3 .79 3 .81
6.43 6.45

Cations per 12(0)

t.b
13 .6
0.7
¿.5

72.0
98.9

0.48

0. s9
0.02

0. 0B
1 .06
0. 04
0.20
3.69
6.16

0"8
14 ,2
0,3
2.8

70 .8
97 .9

0.62
0.00
0. 60
0.00
0.00
0.04
1.10
0.02
0,24
3 .63
6.24

Na'
K*
Cs'
Caz-
Sn2-
Pb2-
sb3 -

Bi3-
Nb5 -

- 
E-

td

t Leshaia, USSR. Average of ana-
iyses of Voloshin et aI. (1981).
Leshaia, USSR. Average of. 2 an-
aLyses. Sample K0-1 .

Tanco pegmatite. Average of 2
analyses. Sample SMP-6.
Tanco pegmatite. Àverage of 2

analyses. Sample TSE-S18.

¿.

3.

A.



pressnt.

20c

Furthermore, no F determination has yet been done on cesstibtan-

lj.tei with microlites as rich in F as ihey typicall-y are (e.g. Eid & von

Knor:ing, 1981), it would be unusual if cesstibtantite were devoid of F.

¡.s with pyrochlore-group minerals, natrotantite and rankamaite-

sose:koite, when OH+F contents are not known, formula contents are bes:

calc::lated by normalizing on the B-site sum. The results of this calcula-

tion (for In=2 by analogy with pyrochlore-group minerals) are given in

TabLe 66. The cesstibtantites show an excess of effective oxygen (for

charge balance) over the number proposed by Voloshin et aI. (1981), which

for:his basis should be 6. It is lempting to assign two times the excess

to be (0H,f) by analogy with pyrochlore group minerals, but quantitative F

and lH determinations and a structure oetermination are needed before this

can '¡e done with any conf idence.
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3+00 ¿t00 2000 /600 /200 800 400 .=.-t

Fiqure 41 , I!_ spec::um of type cesstibtantite ( frori voloshin et âI. ,1981).

TabIe 66: Formula contents of Cesstibtant:ies

tô¡
.$s

ñÞ)

80

60

40

¿0

stñ
5)v)(.)

K.
Cs'
Sr I
a-]"t

0.300
0"300

0.244
0.0't4

0.000
0.308
0.308

0.00i
0.219
0.226

0.000
0.233
0.233

Na'
t--2.r-6
Sn2t
Pb2*
sb3'
Bi3*
Stt¿¡t

0.042
0.543
0.017
0lã.5,õ'

Nbs * 0 " 102
Ta5' 1.898Ets tmo
0(eff) 6.158

0.312 0.451 0.417
0. 000 0.063 0 . 063
0. 000 0.009 0.000
0.021 0.141 0.222
0.571 0.393 0.3s8
0.007 0.016 0.026
0.911 1.073 't .086

0.124 0.052 0.03s
1.876 1.948 1.96s
2. 000 2.000 2. 000

6.202 6.150 6.18s

Ions on a basis of 2 (Ta+Nb).

Ànalysis numbers are as in Table 65"
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14.5 STRUCTURE ANALYSIS ÀNÐ REFTNIUENT

I^7ith the intent of testing the validity of voloshin et aI. 's ( 1 981 )

siructural model for cesstibtantite, and to eliminate anrbiguities discussed

in the previous section, a structure analysis of Leshaia cesstibtantite was

undertaken. Because of the oissinilarity of cation ratios for Tanco and

Leshaia cesstibtantites, a refinemen: was also done on the Tanco sample, to

outline solid solution in the species. Àt the time of data collecrion,

cess!ibtantite SMP-6 was the best characterizeC of the Tanco samples, so it
was chosen for the refinement.

Fragments of crystals containing the microprobe-analyzed spots were used

for the study. The Tanco sample was cut cleanly from its thin section with

e Êazor blade to produce a 0.12 x 0.13 x 0.03 mm fragment. The LesÌiaia

sample (0.09 x 0.06 x 0.04 mm) was plucked from a circular mount wi:h a

needle, and suffered minor crushing on extraction. Precession photographs

of each fragment, taken before in:ensity data were collected, indicated

that the Tanco sample l,i'as a monocrysial, but that the Leshaia fragmenr had

a slight mosaic character.

Intensity data were collected ¡vi;h the four-circle diffractometer using

MoKo radiation. Unit cell refinemeni based on a set of 25 reflections used

in cenlring gave the following unconstrained unit ceIl parameters:

Tanco Lesha ia

a '10.500(2)
b '10 .497 (2)
c 1 0 .494(2)
a 90.0s(2)
ß 8e.s6Q)
^r 90 .01(2)

0.s19(s)
0.s14(4)
0.s11(3)

8e.s8(3)
89.9e(3)
e0.05(3)
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indicating tha: both sampLes are metrically cubic. Constrained refinement

gave a=10.515(2) Â for the Leshaia sample and a='1t.495(1) Â for the Tanco

sampJ-e, in e:::eIlent agreement with ce11 dimensions refined from powder

data (rab1e 6Z). Intensity data were collected over one quadrant of recip-

rocal space (6 asymmetric units) and merged to gi're totals of 104 observed

reflections (I>:o) for the Tanco sample and 96 observed reflections for the

Leshaia sample

Àn empiricai absorption correction (p=465 cR-1, MoKa) was made to the

Tanco sample iata by approximating the shape of the fragment to a thin

plate which was bound by the polished surfaces of:he fragment. The index

of the polishei surface of the plate was estimatec from precession photo-

graphs, and was refined by minimizing on the merging R of the absorption

correction. Inaccuracy in the indexing and erro:s in the absorption cor-

rection due to åiffraction at small angles to the surface of the plaie were

eliminated by excluding all diffractions within a glancing angle of 4o to

the plate. Be:ause of the large number of asymme¡ric unils of data col-

lected, Do reiiections were Lost from the datase: due to this exclusion.

An empirical absorption correction (¡¿=430 cfr- 1 , MoKa) was done for the

Leshaia sampJ.e by assuming an ellipsoidal shape for the crystal, and

involved no da:a exclusion.

Starting pa:ameters for each refinement were :aken from the microlite

structure refinement (see Pvrochlore Group Minerals). The starting model

had all Na, Cs, Sb, Bi, Sn, Pb, Ca at the À-si:e and all Ta, Nb at the

E-site, based on Ta+Nb=16 cations per unit ceIl. The O-site occupancy was

fixed at 1; in:tially the /-site was set at { occupancy. Isotropic temper-

ature factors '-ere refined for each site, and the total occupancy of. Ehe f,-
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and À-sites were refined. Refinement converged at R=5.6eo, wR=S.{e" for the

Tanco sample and R=6.5eo, wB=7.1% tor the Leshaia sampl-e. Despi:e the rea-

sonable R-indices , both models had the following undesirable fea:ures:

1 The !-site had large U's of 0.074 for the Tanco sampie and 0.186 Â2 for

the Leshaía sample. In addition, the À-site occupancy refined Lo 20eo

(Tanco) and 25e" (teshaia), much lower than expected from nicroprobe

analyses.

The occupancy of the Ø-site refined to 2 and 2.5 times the allowable

maximum for the site (8 atoms/unit ceIl) for the Tanco and Leshaia sam-

pJ.es respectively, using neutral 0 as the scattering curve for the site.

Furthermore, difference Fourier maps showed a single large maximum (3

e-/gz for the Tanco sample and 6 e-/p,s for the Leshaia sampie) at the

same location as the Ø-site.

These features indicated that there was too little scattering at the

À-site and too much scattering at the f,-site to be accounted for by a nor-

ma1 pyrochlore structural niodel. 0n Lhe basis of arguments presented in

the next subsection, the À-srte constituents Cs and K were tranSferred to

the /-site and the data $¡ere re-refined. The E- and O-sites were moCelled

as vibrating anisotropicallyi the Ø-site is constrained by symmetry to

vibraLe isotropically. At this stage, the À-site temperature factor was

sti11 large (Tanco: U.=0.072, Leshaiat q=0.'168 Â2). À dif f erence map in

the region of the ô-site showed an elongated football-shaped naximum for

the Tanco sample, and a dumbell-shaped maximum for the Leshaia sample,

indicating that the À-cations v¡ere not located at their ideal position

(wyckoff notation: 16d, site symmetry 3m). The observed electron density
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a 969 position

near the iåeaL'16d position, producing a six:cld increase in site multipl-

icity, which is necessarily accompanied by a sixfold decrease in the site

occupancy. Consequently, positional cons:raints for the A-site ilere

relaxed to conform with the symmetry of the 969 position, and the position

of the À-cation l¡as refined. Because of hig: covariance beLween the posi-

tion and iemperature factor for the ¡-site, the temperature factor was

fixed at a value of [=0.0'15 Â2, comparable to U(A-site) of microlites.

Àn atte:npt was made to refine the anion cccupancy of the fl-síte while

using microprobe-constrained cation proporticîs. Refinement converged at

over twice the calculated number of effective oxygens for the site, conseq-

uently the anion content of the f,-síte was ccnsidered to be all OH+F, and

was set to a value suitable for charge balance.

In the final stages of refinement, micrcprobe-constrained occupancies

were used for the various sites, and refineme::r converged at R=3.9, wR=3.7%

for the Tanco sample, and R=3.8, wB=4.3eo fcr the Leshaia sample. Final

positiona1 and thermal parameters are given in Table 67, selected bond

lengths in Table 68, polyhedral angles in Ta:Ie 69, and structure factors

in Àppendix G.
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Tab1e 67: Atonic Positional and Thermal
for Cesstibtantites

Pa ramet e: s

Site Parameter K0-1 SMP-6

v
L

U

0"s18(
X

0.4ss (

1 50*

0

0

0
202(5
-40(4

0.s13(2)
X

0 .47 1 (2)
150*

0

0

0

e8(4)
-26(3)

v
z

Url
Ur z

Ã

v
2

Urr
Uzz
Utz
Uzs

0 .314(2
1/8
1/8

212(82)
233(s0)

0
43 (67 )

3/8
3/,8
3/B

s80(4s)

0.311(
1/8
1/8

162(7 4

255 ( 48
n

81(66)

3/8
3/.8
3/B

370(37)

v
Á

U

ø

FOr B, Ull=Uzz=Usg and Ulz=Ul¡=Uzs
Fof Q, Uz z=Us 3 and Ur z=Ul ¡=0

All U's are Â2 x '104

* fixed value



207

TabLe 68: Bond Lengths (Â)fo: Cesstibtantites

K0-1 SMP-6

À-Polvhedron

A-0x
-0x
-0x
-0x
-Øx
-Øx

A' -Polyhedron

À'- 0 x6
-Ox12

B-PoLyhedron

B-0x6

2.47 (1)
3.01(1)
2 .18 Q)
3.22Q)
2 .29 Q)
2.3eQ)

r.55 ( r

2.91(1
2.37 (3
3.06(3)
2.28(3)
2.32ß)

2

2

3,27 (2)
- 

aF^ / 
^ 

\J.tt¿\J)

1.978(s)

3.29Q)
3 "771 (3)

1.963(s)
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Table 69: SeIec:ed Polyhedral ÀngIes (") for Cess::btantites

K0-1 SMP-6 SMP_6

A Polyhedron

x2 60.1
x2 73.2
v)q?q
x2 125.4
x2 1 07.9
x1 1 39.0
x1 1 00.4
x2 73.5
x2 89.9
x2 86.8
x2 101.8
x1 70.4
x1 83.0
x'1 91 .2
x1 1'15.4

Àrpolyhedron

0-À'-0x24
-0x24
-0x24
-Ox12
-Ox12
-0x12
-0x12
-0x12
-Ox12
-0x6

B Polvhedron

0-B-0x6
-0x6

13{.1(0)
1i.c.0(0)
¿; qln'l

1CÐ.2(2)
9i.8(1)
e0.0(0)
i9 .8 Q)
i6.3(3)
43.0(4)

159.5(4)

134.2 (0 )
119.1(0)
4s.8(0)
ee.l Q)
91.6(1)
s0.0(0)
80.3(2)
7s.s(4)
43.8(4)

154.s(2)

0-À 61.0
68 .9
55.6

123.6
111 ,7
131.5
106.3

77 .1q)n
85.7

101 .2
74.5
87 .'1
89.3

108.5

(1)
(5)
(4)
(6)
(5)
(10)
(8)
(6)
(8)
(7)
(8)
(s)
(7)
(11)
(e)

-0
-0
-0
-0
-0
-0
-0
-ø
-ø,
-ø,
-ø
-ø
-ø
-ø
-ø

2)
4)
3)
4)
4)
7

5

4
q

5
!

5

5

I
I

e-q.5(6)
9û.s(6)

8e.3(6)
90.7(6)
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14.6 INVERSE PYROCHLORES AND THE CESSTTBTANTITE STRUCTURE

As described in previous sections of this chapter, cessiibtantite is

similar to the pyrochLore group mine:a1s; hor¡ever, there are several fea-

tures of its chemistry and structure which no pyrochlore group mineral

sirows, and they warrant further discussion here.

The unique feature of cesstibtan:ite is its nign Cs content, witi: Cs

present at the f,-site. Synthetic Cs-bearing compounds with pyrochlore-Ii.ke

structures have been known for for:y years (Schrewelius, 1943); however,

there has been widespread recognition of this earlier work only in the last

15 years. These, and related compounds have the structural formula,

where À' is

5 rs

øis

o3 zØ aA'

large monovalent

relat ivel-y snaLl

OHorF

a

a

o,

cat i on

tri- to hexavalent cation

In these compounds, the B-cations play the same structural role as do

B-cations of the pyrochlore structure; however, both o and Ø-anions are

located at the O-sites of the pyrochlore structure, and the À-cations are

located at the /-sites of the pyrochlore structure. Whal were À-car-ion

sites of the pyrochlore structure are vacant sites in these compounds.

Some synthetic normal pyrochlores have the general structural formula,

Ats206u
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Þrilh half-occup:ed À-sites and completely vacant /-sites. The compositions

of the À- and /-sítes of the Cs-bearing compounds are inverted compared to

this formula, hence the Cs-bearing and related compcunds are referred to as

inverse pyrochlc:es by solid-state chemists; this is analogous to a vaguely

similar nomencla:ure used for spinels.

Whether a given À-çation adopts a normal or inve:se disiribution depends

upon lhe radius iãtio À:B. For B=Nb, Tâ, Ti or W, cations larger than Tl*

(!='1.59 Â in 8-ccordination; Shannon, 1976) cannot be stabilized at the

À-site, and res:Ce instead at the /-site (Fourquet et al., 1973). Of these

cations, only Cs is large enough to be properly s:abilized at the f,-síLe.

Smaller cations are displaceC from the ideal fl-siLe position (Wyckoff nota-

tion: 8b) along the threefold axis passing through the 8b site, the magni-

tude of the disclacement varying inversely with icnic radius (Fourquet et

al., 1973).

Cations with 8-coordinated radii in the range r=i.50+1 .50 Â (i.e. K,Tl)

can be stabiliz:C at eiLher or both of lhe /- and À-sites (Fourquet et al.,
1970¡ Grins e: âf., 1980) depending upon the ratio of À-cations tc

B-cations. Fo: À:B='l :1 , the À-cations adopt a normal distribution; for

À:B='1 :2, they Lake an inverse distribution. Intermediate À:B ratios

produce either single phases with A-cations at boin the [- and /-sites or

two-phase mixtu:es, depending upon the exact À:B ratio and temperature

(nigure 42). Cesstibtantite is similar to this last group of compounds in

that it has !-cacions distributed over both the f- and /-sites, yet is dis-

similar in tha: it necessarily also has /-site anions (needed for charge

balance ) .
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TtxNb204*o Fz_n

l¿¡
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l¿,

¿-
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o
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Fiqure 42t gglia solution in TI- pyrochlore (after English & Steighr,1980). ÀIthough considerable inverse pyrochlõre (l) is sorúÈiåin normal pyrochlore (H), the reverse is not true. The largefield in the centre of the diagram marks a two-phase región
where both phases are stable.
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Figure 43 is a simplification of the environ:rent of the fl-site of cesst-

ibtantite" rhe /-site is occupied by Cs, and is surrounded by six oxygens,

each at a dis:ance of approximately 3.28 Ä fron ihe site, and by 12 more

oxygens at a distance of approximately 3.77 Ã irom the site (nigure 44).

Were the !-caiions in cesstibtantite to be Loca:ed at their ideal position

(15d, syrnmeiry 3m), there would be four À-caticns about each Cs at a dis-

tance of only 2.3 Â. Instead, the À-cations are located off the 3-axis (at

969, symmetry m), and fractional).y occupy 6 syn'netrically equivalent posi-

tions about the ideal position. This results in 24 fractionally occupied

À-cation posi:ions about each ['-cation, each !-cation only marginaJ.ly dis-

placed from i:s ideal 15d position. Conseguen:iy, half of these positions

are closer-than-ideal to the /-site (¡-l'=2,28 F., Tanco and 2.39 Å, Lesh-

aia), and half are more distant than ideal (A-¡'=2.32 Ã, Tanco and 2.39 Â,

Leshaia). Àil- such distances, however, are far:oo short to represent sta-

bLe Cs-Sb separations, indicating that the refir:ed sLructure is an average.

The cause of the positional disorder of the f-cations is not known.

Àlthough it is tempting to suggest that À'-À ca:ion repulsion is responsi-

bl-e, similar behaviour has been observed in Lhe (A'-cation free) synthetic

normal pyrochlores Sn'* ,-, (Mz -v Sno *y )Ot -x -v / z ¡¿here U=NbrTa (Birchall &

SIeight, 1975). In these compounds, Sn2* is cisplaced from the 16d posi-

tion toward a 969 position with x=0.518(1 ) and z=0.474(1\, showing identi-

cal behaviour as the À-cations of cesstibtantite (Tabte 67). The similari-

ty is too close to be coincidental. Consequenliy, it is unlikely that À-A'

cation repulsion is the cause for the À-cation iisplacements in cesstibtan-

tite; the phenomenon is more likeIy related tc some as-of-yet undefined

characteristic of the À-cations themselves.
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lil1l
:

î
4Ã

I
(Cs-(Sb,Nla)) = 2.3 Å

Fiqure 43: Cesstibtantite: idealized first nearest-neighbour environment
about the &'- cation. Twelve Q-site oxygens át ¡"77 A trom lhe
['-cation fre not shown, for simplicity:
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Fiqure 44: Cesstibtantite: coordination polyhedron of the À'-cation. The
ð'-cation is 18-coordinated, with 6 oxygens at î.3 Â, and 12 ar3.8 Â, resulting in a coordinaiion þófyirearon with 32 faces(distorted trapezohedron with octahedrãt modif ications).
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It can be seen that the Leshaia cessLibtantite has [-cat:ons which are

more displaced from the 16o position than the Tanco sample (Ta¡Ie 67). In

terms of A-cation composi:ion, the Leshaia sample differs ¡ost from the

Tanco sample in having a hi.gher Sb3':Na* ratio; the positional deviations

seem to be related to Sb3- content. Ànother coincidence emerges: Sb3' and

Sn2* are typical lone-pair cations. it may be that the positional disorder

of À-cations in Sn2*- and Sb3--pyrochlores is related to bond:ng tendencies

of the À-cation. If the lone pair of electrons of the Sb3- and Snz* is

stereochemically active, then these cations should prefer aceriric environ-

ments, accounting for why they are not located at the 16d position (symme-

try 3m); location at the proposed 969 position (symmetry m) is compatible

with Lhis model.

If the above model is correct, then normal pyrochlores with Sb3' as

Èheir sole A-site consti;uent must have similar À-cation behaviour as

cesstibtantite. To daie, only one structure refinement of a normal

Sb3*-pyrochlore has been qone: synthetic SbsOr ¡ (Stewart e: al., 1972).

The formula of this compound is better represented as Sb3*Sbs-zOo.s to com-

pare with the IMÀ-recommended one for the pyrochlore-group minerals. The

compound has the normal pyrochlore structure, with Sbs* at ths B-site, O at

the 9- and /-sites and Sb3- at the À-site (Stewart et aI., 19i2). The mod-

el of Ster+art et al, (19i2) has Sb3* at the ideal position (16d); however,

the temperature factor (Ð) of 6"3 Â2 is clearLy unacceptable (cf. B=5.8 Â2

for the Tanco cesstibtantite before positional disorder was modelled). The

Sb3* in this compound shows the same sort of behaviour as the A-cations in

cesstibtantite; there is sLrong evidence that this [t-cation free pyroch-

lore has positionally disordered cations, which would indica:e lhat À-site
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Sb3 -, nol to Cs-Sb repuJ.sion.
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bonding preferences ofdue lo

Cnly one structure anaLysis has been done on a synthetic "inverse" Sb-

pyrcchlore, which quite coincidentally is the only synLhetic pyrochlore

wiir non-isochemical A- and À'-site populations, and with cation-anion
Jq-s'---e dlsorder, like cesstib:antite. This compound

Ko.:rSb3*o.szSb5*zOo.zo (piffard et al., 1978). it has Sbs* at the B-site

and C at the O- and /-sites; however, Sb3* shows positional disorder aboui

the À-site, and K shows positional disorder about the /-site. The behav-

iou: of Sb3* is identical to that observed for À-cations in cesstibtantite:

Sb3- fractionally occupies a 969 posi'"ion. The behaviour of K in this

pyrcchlore is not identical to that of Cs in cesstibtantite; because of its
sma-: size, K fractional-Iy occupies bo:h a 32e position and a 969 position

abou; the ideal 8b position. Àl-though the study of this synthetic, mixec

nor;a1-inverse pyrochlore adds no further insights into the crystal chemis-

try cf mixed normal-inverse pyrochlores, it does confirm the assignmenr. of

Sb3- to the 969 position, and confirms the possibility of À'-cation versus

f,-ar:íon disorder.

C¡her possible candidates for non-ideaL behaviour are 'Pb2 * anc

Bi 3 --pyrochlores. The structure of the normal pyrochlore Pbr . sNbzOo. :

(synihetic plumbopyrochJ-ore) has been refined (Bernotat-Wu1f & Hoffmann,

1982). The Pb2* was founC to be loca¡ed at the ideal 16d position, and to

have a normal temperature factor (g=1.71 (3) Â2). The extra electron pair

of Pb2* would seem to be stereochemically inactive in pyrochlores. Unfor-

tunately, the only structure refinements done on Bi3*-pyrochlores (Jeanne

et a1., 1974) did not involve refinement of individual temperature factors
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so nc data is availab1eof the atoms, and assumed

for the bonding teniencies

ioeal behaviour for Bi3*,

of Bi3' in pyrochlores.

1.

To conclude, the icllowing sel of points lists the irportant features of

the cesstibtantite s:ructure:

À11 compositions iave anions in excess of 6 per formuia unit. By analo-

gy with the inve:se pyrochlore CsNbzOsF (Fourquet e: aI., 1973), if
there is 1 (Ou+n) in the Q-site per Cs atom, then, fcr local charge bal-

ance, there are 0,23 effective oxygens per formula unit at the Ø-site of.

the Tanco cesstib:antite and 0.31 effective oxygens p.f.u. at the /-site
of the Leshaia sa:ple. Refinement showed the /-siie occupancy to be in

excess of twice tiese values for both samples, hence monovalent anions

are more probable ior this site. 0n this basis, the:e would be '1 .5 wt.eo

and 'l .2 wt.eo HzO f or the Leshaia (nO-l ) and Tancc (Sup-g) samples

respectively, assuming all- f,- to be OH for the comparative purposes of

the calculation. Both figures compare reasonably we:l with the observed

analysis deficits of TabLe 65.

f-cations, perhaps only Sb3. (and minor Sn2* and Bi3-), are positionally

disordered, frac:iona1Iy occupying a 969 position, not the ideal 16d

position. f'-ca:ions are not positionalLy disorde:ed, and occupy the

ideal position f o: the /-sir-e (8b).

The structural fo:mula of cesstibtantite is:

¿.

3.
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Àz-.320's(Ø,À')r-n

where À = Na, Sb3*, pb, Bi3*, Ca, Sn2-
B = Ta, Nb
0' = 0, Oti, F

/ = oH,F
Àl= /.e V

vJ, ¡\

Àctual formulae for cesstibtantites are:

(1) Leshaia (ito-l):

Ào . s r B zO' s (f, ,A' ) , . o o

where À = 0.57 Sb3* + 0.31 Na + 0.02 pb + 0.01 Bi3*
B = 1.BB Ta + 0.'12 Nb
0'= 5.69 0 + 0.31 (OH+f)
Ø = 0.6g (oH+r)
À'= 0.31 Cs

(2) ranco (sup-6):

Àr.osBzO'o(Ø,1')o.ta

where À = 0.45 Na + 0.39 Sb3- + 0.14 pb + 0.06 Ca + 0.02 Bi3'
B = 1.95 Ta + 0.05 Nb
0'= 5.78 0 + 0.22 (OH+n)

Ø = 0.5s (oH+r')
À'= 0.22 Cs + 0.01 K

4. The mean separation of the À- and A'-sites is too short to represent a

stable Sb-Cs separation. This indicates that the refined structure is
an average. Two possibifities exist for the real structure, and depend

upon the range of À- and À'-cation versus vacancy ordering. (1) ShorL-

range order. The low fractional cation occupancies of the A- and

/-sites permit a model in which the mineral consists of domains with
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A'-cations but no À-cations, and vice-versa. in this case the mineral

would consis: of both normal and inverse pyrochlore-struclured domains.

(2) fong-rar.ge order. The structure would consist of a pyrochlore-like

B0s octahed:a1 framer+ork rEith as-of-yet undefined cation-vacancy order-

ing at what are presently termed the A- and À'-sites.
Cesstibtant::e possesses a small subset of X-ray diffractions which nor-

mal pyrochlc:es do not typically have. Specifically, the systematic

absence coni:tions for a pyrochlore structure rrith all atoms at ideal

positions dc not alIow such diffractions. Displacement of the À-cations

to 969 posi::.ons relaxes these conditions, and constructive scattering

is observec from the planes given in Table 54. These diffractions

should be incigeneous to all pyrochlores r,¿ith À-cations having stereo-

chemically a:tive Ione-pair eJ-ectrons, and conversely should be useful

indicators cí the presence of stereochemically active J-one-pair cations

in pyrochlo:es. Because the À-cation displace:rents are not due to À'-A

cation repuision, they cannot be used as an indirect indicaiion of

inverse-pyrochlore character, as suggested earlier (grcit et a1., 1985).



Chapter XV

PÀRÀBÀRI OMI CROLI TE

1 5.1 INTRODUCTION

Investigation of the Alto oo Giz occurrence of the simpsonite paragene-

sis showeo microlite to be an abundant member of that assembiage. The

microlite at AIto do Giz is a characLeristic transparent green, and occurs

as isolated octahedra at the bases of simpsonite crystals anC as loose,

isolaleC crystals (eough, '1945). The chemistry and X-ray constanis of this

microlite are described in Chapter XIII.
The microlite is sometimes fresh, but most frequently is siightly to

heavily replaced by a translucent white mineral along {111} cleavage planes

and crystaJ- margins. Pough (1945) was the first to take note of the miner-

â1, referring to it as "altered microlite", but did not carry out X-ray,

chemical or optical investigations. The mineral has been characierized for

the first time here and has been found Èo be a nerl mineral, closely related

to bariomicrolite in chemistry. The mineral has been named parabariomi-

crolite in allusion to this relationship; the species and name have been

approved for publication by the IMÀ Commission on New Minerals and New Min-

eral Names.

-220-
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15.2 PHYSICÀL ANÐ OPTiCAL PROPERTIES

Paraba:iomicrolite is translucent, white to pale pink and has a v¡hite

streak. The lustre ranges from vitreous to pearly. The mineral is non-

fluorescen¡ under both short- and long-wave u-traviolel 1ight. it is ani-

sotropic and has a1l n>2.0 . Parabariomic:clite is slightly softer than

its assoc:ated microlite; it has a hardness of 4 and is very brittle.
This, coupled with well-developed {001} and [101] cleavages causes the min-

eral to splinter under even the slightest plessure. Samples were either

too smaIl or too contaminated with microlite for a density determination;

however, ihe density calculated from the propcsed formula is 5.97 g/cn3, Ln

good agreement with a measured density of 6.C3 g/cn3 for a parabariomicrol-

ite plus nicrolite mixture (Pough, 1945).

Paraba:iomicrolite typically occurs as topctaxic replacements of microl-

ite; however, some RVG-series samples seen to be open-space fil1ings.

Individua: crystal size is in the range of C.01 to 0.1 mm; aggregates of

crystals ere up to 2 mm across.

A mine:aI chemical-ly similar to parabarionicroliLe was found in sample

L-14 from Lake Kivu, Zaíre, 0n the basis of arguments to be presented in

later sec:ions, this mineral is almost certa:nl.y a parabariomicrolite; how-

ever, because of the small crystal size (appx. 30 f¡m), no X-ray diffraction

data coulc be collected for confirmation of iis identity.

1 5.3 X-RÀY CRYSTÀLLOGRAPHY

X-ray powder diffraction patterns were obtained by Debye-Scherrer and

Gandolfi camera methods on powders and crystal fragments respectively, and

by powder diffractometry. Extreme variabil::y of the first Debye-scherrer
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and Gandolfi patterns incicated contamination by a second phase. However,

the variabil-ity made iden:ification and characterizaLion of each phase eas-

ier. The contaminant p'nase was microlite, which by late: inspection of

polished sections r+as found as minute relicts in areas iniriaJ.ly suspected

to be pure parabariomicroiite (nigure 45).

Precise d-values were deiermined by powder diffractomerry using the

Pi{1030 diffractometer ano CuKa radiation. Àfter calib:ation against

quartz, diffraction maxina corresponding to the microlite ccntaminant were

eliminated from the dataset. The remaining pattern resembles those of the

pyrochlore-group minerals, except that several diffraction maxima in the

pattern seem to be "spli:", starting at large values of d. The splitting
suggests a lower than cubic symmetry; by trial-and-error :he pattern was

eventually found to obey rhombohedral symmetry. Although microlite contam-

ination complicated the ciffraction patlern, comparison wit:: a pattern for

pure À1to do Giz microli:e made peak assignmeni unambiguous; consequently,

unit celI parameters for boih phases of the pattern could be determined.

Initially the paraba::.omicrolite was indexed on a :hombohedrally-

distorted f-centred pyrochlore ce11. This gave!

a = 10.5657(5) Å, o = 89.358(6) o

No diffractions violateC

The pattern was then

hexagonal axes, giving:

lhe f-centring of this setting.

re-indexed on a conventional R-cen:red cel1 with

a = 7.4290(5), c = 18.505(2) Â



Fiqure 45: ReIict microlite (U)
do Giz. The greater
it a positive relief
Reflected liqht.

in a parabariomicrolite
polishing hardness of
r+ilh respect to the
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(P) matrix, À1to
iie nicroJ-ite gives
parabariomicrolite.
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Indexed powder diffraction data for this setting are given in fable 70"

Precession photographs (0 to 2nd leveIs) of parabariomicro:ite strongly

resemble those of microlite. No refl-ections were found that violated the

L-centring of the pyrochlore-like setting. However, precession photography

had its problems. 0f the five sets of photographs collected on five appar-

ently single parabariomicrolite crystals, two showed evidence of microlite

contanination, and these plus two more showed large, elongateó diffraction

maxima characteristic of twinning or mosaic strucLure. The photographs

with microlite contamination showed +-hat a topotaxic relationship exists

between parabariomicroiite and microlite with [001] and {101i of parabar-

iomicrotite ll [111] of microlite.

Measurements on lhe four photographs with smeared diffraction maxima

show a metrically cubic ceII, but Gandolfi photographs of tre same frag-

ments gave patterns with line splitting characteristic of rhonbohedral par-

abariomicrolite. The remaining set of precession photographs was found to

shor+ evidence of rhombohedral symmetry in terms of reciprocal d's, inter-

reciprocal axial angles, and intensities. For the 10.5 Å f-centred

microlite-like ce1I¡ âD a-angle of 89.26!0.100 was measured, close to the

value refined from powder data of 89.358(6)0. However, smearïng of the

diffractions of the sample within planes of constant sing/l suggested that

this sample was slightly twinned or showed slight n¡osaic character.

Twinning is the likely cause of most smeared diffraction naxima. Topo-

taxic control over parabariomicrolite replacement of microlite should

produce four-fo1d parabariomicrolite twins: lhe Z-axis of parabariomicrol-

ite corresponds to the body diagonal {tttl of microlite; there are four

symnretrically equivalent body diagonaLs in microliLe; hence, four-fold
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Tabre 70: x-Ray Powder Diffraction Data for parabariomicrolite

!k1

00 .3
10.1
t1 .2
i0.4
:,1.0
01 .5
a2 "1
û0 .5
20.2
02.4
20.5
r l.Þ
.,2 )
¿t.+
û0.9
ß2.7
30 .3
20 .8
¿¿.U
i1.9
¿l. t

6,17
6. 08
5. 28
3.76
3.'11
3.208
3.169
3.084
3.038
2.641
2.428
2.373
2.352
2,152
2.056
2.042
2.026

6.18
6. 08
5. 28
3.76
3 ,71
3,207
3,172
3.08s
3.040
2.641
2.426
2,371
2.353
2.152
2.056
2.043
2.025
1 .878
1 .857
1.798
1.789

50
35

6

3
2

7

65
41

100
50
'13

?

I

7
10
10
38
39

5
3

1 .778
1 .778
1.676

d
( calc )

d
(obs)

hkl

10.10
22 "3
12.8
01 .11
02. 10
40. 1

¿¿.6
40 .4
20.11
30.9
04. 5

21 .10
7)q
04.8
20 .14
40. 10
33.3
42.2
22.12
)ô. t

d
( calc )

d
(obs)

1.778

t.b/5
1.628
'1 .603

1 .59'1
1.519
1.491
1 .484
1.474

.878

.857

.7 99

.628

.604

.602

. s91

. s19
¿.q1

.484

.475

.473

.378

.5¿ I

.223

.214

.214

.205

.186

.17 6

c = 18.505(2) o
A

20

?

J
24

42
14

4

2

6

1 .379 I
1 .320 7

1 ,223 4
1.214 9

1.205 14
1 .187 10
1.176 10

1"790

a = 7.4290(6)

?hilips powder
CuKa radiation.
sities.

diffractometer, 1o divergence
Internal standard: quartz.

slit, Ni-filtered
Inte-orated inten-
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twinning should resuit in parabariomicrolite which topo:axically replaces

microlite. with only a 90-89.36 = 0.64o angular deviaticn from cubic sym-

metry, twinning coupled with the poor crystallinity oi the sample might

easily produce oversized, elongate maxima, rather than lre resolved multi-

ple diffractions normally expected in a twinned pattern.

Àccording to powder diffraction and precession photographic data, sys-

tematic absence condi¡ions for parabariomicrolite are hki with -h+þ+1=J¡+1,

giving R3m, R3m, R32, R3 and R3 as possible space groups (a11 are subgroups

of Pd3m). Even the diffraction pattern of the crystal cf parabariomicrol-

ite with the sharp iiffraction maxima has 3n diffracticn symmetry; thus

R3m, R3m and R32 are:he most probable choices for the sçace group of para-

bariomicrolite.

1 5.4 CHEMISTRY

À wavelength-dispersive electron microprobe analysis cf type parabariom-

icrolite is given in Table 71. In addition, analyses of an unreplaced

microlite relic in the parabariomicrolite (w¡) and the parabariomicrolite-

like mineral from liivu (ED) are given.

Microlites typically contain 2-3 wt.eo H2O+F, thus the analyticâl sum for

the microlite, in absence of Hz0 and F determinations, nanely 98.0 wt.e,, is

well within expectations. The total for the parabariomicrolite analysis is

3.5 wt.eo lower than that of the microlite; because data for both analyses

were obtained at the same time, the same operating condi:ions appty to both

analyses; thus the 3.5 wt.eo difference should be a reasonable estimate of

the difference in volatile content of the two minerals. Furthermore, with

the reasonable microl.ite analysis available as a check, some confidence can
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Table 71: Electron Microprobe Ànalyses of Parabario-
microlite and Àssociated Microlite

Na z0 0.4
KzO 0.3
CaO 0.0
Sr0 0.8
BaO 1 0.5
Pbo 0.4
NbzOs 1,5
Ta z0s 80.6

94.5

0.0 s.3
0.0 0.0
1.7 8.'1
0.0 0.0
7.3 0.0
3.4 1 ,2
9.0 1,7

70.9 81 .7
92.3 98.0

Unit Cell Contents
(on 12 B-cations)

0.40 0. 00 5.37
0 .22 0.00 0.00
0.00 0.91 4.53
0.23 0.00 0.00
2.19 1 .48 0. 00
0.06 0.47 0.17
0 .36 2.09 0.40

11 .64 9.91 11.60
1s.10 14.86 22.06

Na*
K*
¡^2+ucr

Sr2*
Ba2*
Pb2*
Nbs *

m-5+
fá

0(eff) 32.82 32.86 37.39

Parabariomicrolite, Àlto
do Giz, Brazil (nOu-l ).
Parabariomicrolite, take
Kivu, Zaire (t-14).
Microlite, ÀIto do Giz,
Brazil (RoM-1 ).

t.

¿.

?
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be placed on the estimate of the HzO+F content of parabariomicrolite as 5.5

wt.% by difference.

The work of Eid & von Knorring (1976) on mic:olite geochemístry has

shown that the r: (Og+Hz0) ratio of pegmatitic microlite is strongly geo-

chemically con:ro11ed. Primary pegmatite-hosteC microlites are the

F-richest class of microlites, vrith secondary microlites typicaì-J-y

F-impoverished, and often enriched in H20 as opposed to OH. Textural- evi-

dence shows pa:abariomicrolite to be a secondary microlite-tike mineral-,

hence it is reasonable to assume that most, if noÈ all of the undetected

constituents of the parabarion,icrolite analysis is HzO plus OH. Water-rich

(as opposed to bydroxyl-rich) microtites are typically poorly crystalline;

the poor crystailinity of parabariomicrolite may indicate that much of the

Hz0 is actually structural water. ÀlternateIy, the poor crystatlinity may

be due to metarn:ctization; however, (1) no uraniun has been detected in any

of the ninerals of the Àlto do Giz paragenesis and (2) none of the microl-

ites of the simpsonite paragenesis, including the microlite relicts in the

parabariomicrol:te, show poor crystallinity. it is concluded that the poor

crystal.linity of the mineral is most likeIy related to a high water con-

tent.

Parabariomic:oIite is essentially a barium tantalum oxide mineral; how-

ever, minor amounts of Pb, SE, Na and K substitute for Ba, and Nb substi-

tutes for Ta. The trace-to-ninor element chemistry of the mineral is simi-

lar to that of microlites of the simpsonite paragenesis, especially the

Pb-enrichment and lack of Ti.

In the absence of a good measured density for parabariomicrolite, the

unit ceIl contents of the mineral were determined by assuming a pyrochlore-
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like structure for the mineral. More specifically, a B0o octahedral frame-

work lopologically identical to that of pyrochlore-group minerals is

expected, oD the basis of (1) the topotaxic relationship of parabariomi-

crolite and the microlite it replaces, and Q) the strong similari:y of the

X-ray diffraction patterns of parabariomicrolite and pyrochlore-group min-

erals. The unit cell volume of parabariomicrolite is 3/+ times that of the

pyrochlore st,ructure, thus parabariomicrolite has 1 6 x 3/a = 12 ï--calions

per unit ce1l. The unit celI contents of Tab1e 71 were calculatei on this

basis.

The sum of the mono- and divalent cations, which shall hereafter be

called À-cations after a similar nomencLature used in other sections of

this thesis, is equal to 3. From Table 71, the effective number of oxygens

for charge balance is 32.82; however, to meet the expectalion of a

pyrochlore-Iike octahedral framework, there must be at least 48 x 3/4 = Z6

anions (witn a possibiliLy of 8 x 3/l = 6 more at the /-site). Thus, an

appreciable amount of 0H must be present even at the former O-site in order

to raise the number of anions to 36. This is in line ¡vith the high H20+F

content of the parabariomicrolite suggested by the analysis sum of 94"5e".

15.5 THE CRYSTAT STRUCTURE ÀND CRYSTAL CHEMISTRV OF PARÀBÀRIOMICROTITE

15.5.1 Structure Ànalvsis

The limited data available for parabariomicrolite leave the iiscussion

of the crystal chemistry of the mineral at an unsatisfactory point. The

exact relationship of the structure of the mineral to that of pyrochlore,

and lhe conditions for the stable crystallization of parabarionricrolite

versus bariomicrolite are unknown. Based on extinction conditions for pow-

der diffraction data, there are as many as five possible space groups for



230

parabariomicrolite. Group-subgroup relationships do not hetp lo reduce this

number; all possible space groups are subgroups of Fd3m. With no suilable

single cryslals available for structure analys:s, nor enough powder avail-

able for quantitative Rietveld refinement, ne:ther single-cryslal nor pow-

der diffrac:ion methods of structure analysis sere possible. Consequently,

a triaL-ani-error approach was taken to struct'¡re solution.

The first step of the solution involved tle transformation of coordi-

nates of the pyrochlore structure (f-centred, cubic) to a hexagonal-R

basis. The following transformation matrix was derived:

-4/3 -z/3 z/3 / -2/3 -z/3 4/3 / i/3 1/3 1/3

Because of the high symnetry of the pyrochlore structure, and of the rela-

tively simpie cation chemistry of parabariomic:o1ite, the highest-symmetry

space group possible for parabariomicrolite (n3m) was initially chosen for

the analysis, with the intention of using lower symmetry space groups only

if necessary. Site correlations for the pyrcchlore structure in its rd3m

setting anè in the transformed setting (n3m) a:e þiven in Table 72.

The Fd3m+R3m transfornation causes each site of the cubic þyrochlore

structure to split into two non-equivalent si:es, except for the f,-site.
The splitting of Lhe À- and B-sites produces, for each, one site with a

multiplicity of 9, and one with a multiplicity of 3. giith an À-cation sum

of 3 per unit cell, it is possible that all À-cations have ordered into the

threefold site (denoted A) and all (pyrochlore) A-site vacancies into the

ninefold site (denoted A*). Alternately, i: may be that the å-cations

remain disordered over both sites with a fractional occupancy of 0.25 .



Fd3m Pyrochlore

SitePosi-xyz
tion

À 16d 1/2 1/2 1/2

o 48f x 1/8 1/8

ø Bb 3/B 3/B 3/B
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Table 72: Site Ccrrelation Between Fd3m and R3m pyrochlore

P.3m Pyrochlore

Àtom Site Posi-
tion

0H, F,
Hz0

A3b
À* 9e

B1 3a
82 9d

01 18h
02 '18h

ø6c

However, unlike the former mode1, the latter model does not account for the

rhombohedral symmetry of the mineral. Furthermore, for isotropically

vibrating atoms, the lat¡er model predicts zero inÈensity for reflections

such as (012), ('104), (110), (116) and (122)¡ however, these diffractions
have readily observable intensities (e.g. !(01.2)=$eo, Table 70). It would

seem that even at this early stage of the discussion, the disordered

f-cation model is unsatisfactory.

Àn attenpt was made to refine the positional parameters of the structure

initially from bond-valence considerations, and subsequently by comparison

with the diffraction intensities of the powder data listed in Table 70.

Because of the paucity of data, the oxygen atom sites rdere assigned the

same symmetry as corresponding oxygen sites in the pyrochìore structure"

This places constraints on x and z of. 01 and 02. From the Fc3m-+R3m trans-

formation natrix,

0 0 1/21/z o 'o

000
1/2 o 1/z

x-xz
x-xz
002



232

å(01)

z(01 )

2rc2)

I(02) = 2/3.x(ox) - t/tz
1/3-y|ox¡ + t/tz

1/t.y@*) + s/6

(1)

\¿)

(3)

thus: ¡(Oi) = x(02) = 2.2(Ol) - 1/4 = 2'z(OZ) - 7/4 (4)

where the sites marked by asterisks are for the pyrochlore slructure and

those without aslerisks are for the parabariomicrolite structure. The

above assumption reduces the number of independent positional variables for

01 and 02 of the parabariomicrolite structure from 4 to 1. Because the

B-calion polyhedra of parabariomicrolite are coordinated by only 01 and 02,

x(01 ) can be refined by minimizing the oifferences between the expected and

observed bond valences at B1 and 82. Refinement gave 1(01)=0.1253 for

Ee(g-i)=5.00 v.u., fq(92)=5.00 v.u., thus x(02)=0.1253, 3(01)=0.1877, and

z(o2)=0.9377 , from equaLion (4).

Tbe only other positional parameter U(/) is model-dependent, thus dif-
ferent criteria were used to determine its value for the different models.

In the case of the ordered-Ba model, that is with all Ba at À, .Vø) was

determined by normalizing the bond valence sum for A to a value of. 2, This

gave z(/)=0.315 . For the model with disordered Ba, the /-site was set at

the ideal tocation for the pyrochlore structure, i.e. at Z@)=3/8,

Di.ffraction intensities for each model were cal-culated using the program

DBI,¡ 2.9 (wiles & Young, 1981), and are compared to the observed intensities

in Table 73. Casual examination of Table 73 shows the ordered model (1) to

be greatly superior t,o the disordered model (3 ) . The ref lections r.¡ith zero

calculated intensity alluded to earlier are given in this tabIe, and fur-



ther emphasize the problems of the disordered model. 0n

Ievel, Bragg B-indices were calculated for each modeL by:
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more objective

n = IlIo-i"l
IIo

(5)

tt,e resufting indices are R=16% for the ordered model and 8=362" for the

disordered model. Because of the small sample size coupled with great

incident X-ray beam divergence at low 20 angles, the incident beam was much

larger than the sample at low angles, thus lhe models significantly overes-

timate the intensities of high-{ diffractions. The effect of Lhis unavoi-

dable systematic error was reducul Ot repeating the calculation using only

reflections with d<4.0 Â. The resulting values were R=l1% and R=29eo for

the ordered and disordered models respectively. For bot'l approaches to the

calculation, the disordered model is clearly inferior to the ordered model.

Bond lengths, angles and 0-0 separations for the orde:ed model are given

in Table 74.' Bond valences are given in Table 75. The bond valence sum to

01 of 2.0 v.u. indicates that o1 is occupied only by o. The sum to 02 of

1.6 v.u. indicates that all of the OH in the BOs framework is located at

Èhis site. The sun to ø of 0.1 v.u. is instructive. A typical bond

valence for 0-H bonds in solids is 0.8 v.u. (Brown, 1981); thus, neglecting

the contribution of 0-H bonds, the sum to an oxygen of an H2O molecule is

2- (2x 0.8) =0.4v.u., whereas it is 2-0.8 = 1.2v.u. for theoof a

hydroxyl molecule. The low sum to / inaicates that either / is occupied by

HzO, or not occupied at all. Important in this regard is the observation

that parabariomicrolite has a total volatile content of 5.5 wt.eo. ltith the

expectation of full occupancy of the g-sites, the effec:ive number of oxy-
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Table 73: Observed and Calculated Intensities
for Parabariomicrolite

hkl I (obs) I (ca1c )

123
00.3 s0
10.1 35
01,2 6
10.4 3

11.0 2
01.5 7
11.3 65
00.6 41
20.2 100
02,4 50
20,5 13'11.6 3
12.2 1

21.4 5

00.9 7

02,7 1 0

30.3 '1 0

20,8 38
22,0 39
1'1.9 5
21.7 3

1 0.'1 0 20
12.8 3

01 .11 3
3'1.5 24
22.6 42
40.4 14
20.11 4
30.9 2

13.7 6

22.9 I
04.8 7

81 26
57 76
11 0

70
30
I 16

55 38
35 35

100 100
47 42
13 3

30
30
60
63
82
3 11

28 30
27 143s
32'18 9
20
13

23 21
42 42
12 11

52
23
52
63
88

73
53
I
7

5
6

66
40

100
49
16

4
2

5
6
I
I

28
31

4
4

18
2
1

24
45
12

6

3
6

6
I

2z

3:

AIl Ba ordered into À-site.
f,-site fulIy occupieã.
All Ba ordered into À-site.
f, vacan|
Ba disordered over À- & A*-
sites. /-site fuI]! occ[-
pied.
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gens per unit cell ot 32.82 gives 18 0 at the Ql-site and 11.64 O + 6.36 OH

at the O2-site. This 0H corresponds to 1.8eo H2O by weight, significantly

less than the amoun: expected from the analysis deficit. 0n1y by introduc-

ing H2O molecules at the /-site can this figure be increased. If the

f,-síte is fulÌy occupied by HzO, then 5.2 wt.% HzO results, which would

give an excellent analytical sum of 99.7 wL.eo.

Às a further test of f,-síLe occupancy, a second intensity calculation

v¡as carried out, this lime modelling / as vacant (column 2 of ?ab1e 73).

B-indices were R=21% for aLl diffractions and R=1 4% f.or those diffractions

with d<4.0Â, giving 5% and 3% poorer fits, respectively, than the same cal-

culations wilh Ø ful1y occupied by HzO.

It is concluded that for the site labels of Table 72, À is occupied by

Ba (and Na, Pb, Sr, K), À* is vacant, 81 and 82 are occupied by Ta (and

Nb), 01 by O, 02 by O+OH and Ø Uy tlrO. The ideal f orinula f or parabarionri-

crolite is:

BaTa ¿0 r o0H z '2HzO (z=3)

If the 0 plus Oli of the O2-site are ordered, instead of disordéred, then

the space group symnetry must be lower than R3m. With approximately 6 0H

and 12 0 al Q, a 1:2 splitting of the site would be expected. None of the

!-centred subgroups of R3m allow splitting of 02 in ihis fashion; it is

concluded that R3m is the best candidate for the space group of parabariom-

icrolite and that 0 and 0H are disordered over 02.
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Table 74: SelecLed Distances (Â) and ÀngIes (o) for the
Parabar i omicroli te Structure

À Polyhedron 8.1 Polyhedron 82 Polyhedron

BOND TENGTHS

A - 01 x6 2.71 81 - 02 x6 1.gg 82 - 01 x4 1.97
- ø x2 3.33 02 x2 2.00<À-0> 2.87 B2-0 > 1.98

ÀNGtES

01-À-01x6 118 02-81-02x6 90 01-82-01x2 90
-01x6 62 -O2x6 90 -01x2 90
-ø x6 98 <o-81-o> 9¡' oZx4 89
-ø x6 82 -o2x4 91<0-A-0> 90 <0-82-0> g0

O-O DISTÀNCES

01 - 01 x6 2.79* 02 - 02 x6 2.79 01 - 01 x2 2,79x
- ø x6 3.98 x6 2,81 - 01 x2 2,79*<0-0> 3.39 <O-0> 2.80 -02x4 2.80

- 02 x4 2,83
< 0 - 0 > 2.81

"*" denotes shared polyhedral edqes
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Table 75: Bond Valences (v.u.) for parabariomicrolite

À
Cclahedron

B1

0c tahedron
B2

0c tahedron

Bond

À-Ci x6
-ø x2

5

0 "32
0.0s

0 .84

Bond

81-02 x6

Bond s

ts2-01 x4
-O2 x2

0.85
0.78

82z
/z

À:
01

2.0
z 2"0

Site Sums

B1 : 5.0
O2z '1 .6

s.0
0.1

1 5.5.2 Description of Lhe Structure

The paraba:iomicrolite struct,ure is represen¡ed polyhedrally in Fig-

ure 46. It is best described as a layer structure, consisting of alterna-

tions of two tcpologically distinct layers along !, as has been done previ-

ously for the pyrochlore structure along {111} (ragi & Roth, 1978). One

layer (nigure {6a ) has corner-sharing B0s octaheê.ra (92-site ) r,¡hich f orm 6-

and 3-membered rings wiLhin the layer. This layer has a topologically

identical coun:erpart in the pyrochlore structure. À-cations are locat,ed

at the geometric centre of the 6-membered rings. À-cation poLyhedra are

cubes; six ve:tices of each cube lie within the layer; t.he other two lie
directly above and below the f*cation. The six anions within the plane of

the ).ayering are oxygens of the O'1-site; the two anions above and below the

À-cation are water molecules. From a steric viewpoint, this is an excel-

lent ]ocation for Lhe water molecule; a large, open space lies above and

below each f-cation polyhedron. From the viewpoint of R3m symmelry, lhe
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location is somewhat less than ideal: Lhe oxygen atom of each molecule has

site symmetry 3m; the two H-atoms of the molecule must, therefore, be posi-

tionally disordered.

The second Layer is shown by Figure 46b. In parabariomicro.ite, this

layer is occupied only by 81-cation octahedra. The E!-0 bonds of these

octahedra serve as the sole links between layers of the first ;ype. The

second layer has an analogous counterpart in the pyrochlore structure,

except that the unoccupied polyhedra of the layer (denoted by the dotted

outlines in Figure 46b) are occupied by À-cations in the pyrochlores. Thus

the pyrochlore structure has extra bonding along Z which parabariomicrolite

does not have, which might well account for the lower hardness of parabar-

iomicrolite as compared to microlite. the /-site anions occur at the tri-
p1e junction of the A-cation polyhedra of this layer. In the pyrochlore

structure with its occupied layer 2 !-cation polyhedra, each /-site has

bond valence-contributions from one À-cation in layer 1 plus three

!-cations in layer 2, thus has a Pauling bond strength sum of 4 x 2/8 = 1

v.u. . The f,-site of parabariomicrolite receives bond valence contribu-

tions from the layer'l A-cation only; its Pauling bond strength sum is only

1 x 2/8 = 0.25 v.u. This is the reason why OH and F are typièa1 /-siLe
occupant,s in pyrochlores, whereas HzO is the sole /-site occupant in para*

bariomicrolite.

Several features of the refined structure are quite noleworthy:

1. Shared polyhedral edges are typically shorter than unshared edges

(rabte z¿).



Fiqure 46¡ The layer structure of
[-cation polyhedra are
stippled. (s) Layer
unoccupied polyhedra are
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0 --ry

parabariomicrolite. (¡) Layer 1:
stippled; !-cation polyhedra are hatch-
2z L!-calion polyhedra are stippled;
represented with a dotted outline.

A

B
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The H¿0 molecule is quite displaced fron the ideal position for the

f,-site of lhe cubic pyrochlore structure z z(obs. )=0,315,

z(idea1)=0.375. This conforms with recent refinements of HzO-bearing

pyrochlores (e.9. Groult et al., 1982) which claim that H2O in the

pyrochlore structure is positionally disordered off the ideal 8b posi-

tion.

The presence of !-calion versus vacancy ordering, r¡hich is not compati-

bIe with the pyrochlore structure, explains the non-cubic symmetry of

this mineral. Two criteria for the formation of parabariomicrolite as

opposed to bariomicrolite are (1) an À:B ratio of 1:4, and Q) growth at

(low) temperatures conducive to the incorporation of najor amounts of

Hz0 in the structure. Unlike parabariomicrolite, bariomicrolite should

have f:B ratios in excess of 0.25, crystallizing as either a primary or

a secondary pegmatite mineral (i.e. with or without structural water).

0n the basis of t.hese two criteria, the Kivu mineral with a 1:4 À:B

ratio, and nith an analysis deficit of 7.7 wt.% is certainly a parabar-

iomicrolite.

{



Chapter KVI

COLI.]MBITE-GROUP AND TÀPTOtiTE-GROUP MINERALS

1 6.1 INTRODUCTION

UnIike their occurrence in most Ta-Nb oxide mineral parageneses (cf.

ðernf & Ercit, 1985), the columbiLe-group minerals are uncommon members of

the sinpsonite paragenesis. However, they are persistent members of the

paragenesis; they have been found in the Àlto do Giz, Kivu, Leshaia, Bikita

and Tanco associations. Tapiolite-group minerals are rarer. They are

uncotnrnon-to-rare members of three associa¡ions: Tanco, ÀLto do Giz and

Bikita. Although tapiolites have been reported from Onça, they Trere not

observed nor have ever been reported as associates of simpsonite at this

locaI i:y .

Colunbite-group minerals have the general formula:

where f,=
l=

À8206

Mfì, Fe2*, Ca, Mg
Nb, TA

describes the major element chemistry of ihe group. Species names usuatly

consist of the root "columbite" for Nb2Ta or "tantalite" for Ta>Nb, modi-

fied by a prefix indicating lhe dominant À-site cationr e.9. "ferro-" for

Fe2*, nmangano-" for Mn2* and "magno-" for Mg2*. Fersmite, CaNbzOo, is the

sole exception to this otherwise coherent nomenclature. Known species are

- 241
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manganocolumbite, manganotantalite, ferrocolumbite, ferrotantalite, magno-

columbite and fersmite. Typical minor-to-trace elements in columbite-group

minerals are sc'*, Fe3*, REEs*, Ti4*, Sn¿* and I.i6*.

The vast majority of occurrences of columbite-group ninerals is of Fe2*-

or Mn2*-dominant species. In all types of the rare-elemen¡ class of grani-

lic pegmatites of orogenic association, except the rare-earth type, these

are the only compositions to form (Õernf & Ercit, 1985); consequently, com-

positional data for the columbite-group minerals are corunonly represented

in a quadrilateral (the "columbite quadrilateral") bound by the end-members

MnTaz0o, FeTa206, MnNb205 and FeNbz0s (Figure 47). Furthermore, the

columbite-group minerals of these classes of rare-element pegmatites are

typically poor in the minor eLements listed abovei hence Èhe columbite

quadrilateral adequately represents all major compositional. variations.

The columbite structure was solved by Sturdivant (1930); Grice et aI.
(1976) and Foord f976) refined the st,ructures of selectei columbite-group

minerals, and Cummings & Simonsen ( 1 970 ) , WeitzeL UgT6) , wichmann &

MüIler-Buschbaum (1983) and Waburg & Müller-Buschbaum (1984) refined the

structures of several synthetic columbites and bantalites. Like wodginite,

the columbite structure is an ordered derivative of the ixiolite structure.

The dominant structural units are zíg-zag chains of edge-sharing octahedra

(rigure 48); the reader is referred to Chapter XII for details of the

ixiolite struct,ure and its derivatives.

Cation ordering in the columbite struclure

to I which contain only one type of cation.

sequence is ...-A-B-B-À-!-E-..., whereas in

(there is only one type of caÈion site

produces layers perpendicular

ÀIong X, the cation layering

ixiolite it is . ".-À-À-"."
in ixiolite). Disorder in
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FeTo206
MnTo2 05

.\É
?\ov-r\ts\ qrï'

^l
' O'^9t'

.Ovv 
Eç'

FeNb205
MnNb205

Fiqure 47¡ The columbite quadrilateral.. Columbites plot in the centre toright-hand side of rhe-diagram; rapiolitãs plot in iñe 
"ppãileft-hand corner. A large composilion gap ibound by ttre'iwo

bold lines) exists between the lapiolitelslable and columbite-
stable regions {nodified from Õerny ç Ercit, 19gS)"
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c __J

Fiqure 48: Octahedral chains in lhe columbite (A) and tapiolite (g) struc-tures. The columbite structure has no iñtra-chain cationorderingt all chains have either Mz* or M5' octahedra. In thetapiolite structure, ordering of Mz. (densely stippted) ;;r;;;
Ms* (lightry stippled polyheãra) cations iuiår-piãã. wirhin Lhe
cha ins.

A

B
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columbite-group minerals is marked by mixing of the À- and å-site contents;

fully disordered columbite-tantalite has the ixiolite structure, bas the

structural f ormula (4. s¡8. oz )O 2 f.or T12, and has a=1/3.a of ordereo colum-

bite.

Columbite-group minerals have structures intermediate to the fuIly-
ordered and fully-disordered models. From the data of ðerny & Ercit
(1985), the average columbite-group mineral is only about 40-50e" ordered.

This creates an interesting nomenclature problem: the names columbite and

tantalite are traditionally applied to group members which have, or are

assumed to have, the fully-ordered columbite structure. PseudoixioLlte was

the name given by Nickel et aI. (1963a) to disordered tantalite, in aliu-

sion to its structural identity with ixiolite. Pseudoixiolite is no;, how-

ever recognized by the Il,fÀ as being distinct from ixiolite, which is the

name applied to disordered wodginite. Zhang et al. (1980) named disordered

columbite ashanite, yet this doubtful species (e.n. Foord, pers. conm.) is

recognized by the ll'iÀ. To avoid misrepresentation and conf usion, only the

names for the ordered species are used in this thesis, modified by adjec-

tives such as "disordered" (0-25e, order), "partially ordered" (26-75e"

order), and "ordered" 06-100e" order) .

Unit ce11 parameters of the columbite-group minerals are sensitive to

order-disorder effects: for samples with identical chemistry but different

degrees of order, the more ordered samples have larger a and smaller c than

their disordered equivalents. Öerny & Turnock (1971) have used a versus c

plots to represent structural and chemical variations in columbite-group

minerals. Figure 49 shows such a plot and outlines the compositional and

structural trends in a-c space. By extrapolating the trends to the ordi-

nate and abscissa of this plot, the degree of order and mole fraction of Mn
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can be estimated. Using the celI parameters of Wise et at. (1985) for

columbite-tantalite end-members, the average s!.cpe of a line marking 100%

order was ob¡ained. Àssuming that all lines of equat order in the a-c plot

are para1lel, and taking disordered Tanco tantaLite TSE-42 (p. ðerny, pers.

comm. ) as the best example for fuIly-disordereC columbite-tantalite, the

following equations were derived:

y=
9o order

- 0"2329.a

1727 - 941 ,6.y

c (1)

Q)

which give the degree of order by linear interpolation between the ordinate

intercepts of the lines with 0 and'100eo order (yo and yroo). The accuracy

of the calcuiation is impossible to assess at tire present time because of

the lack of available data to test the necessaly assumption that the lines

of equal order are parallel in a-c space. However, based on the precision

of a and c determinations by powder diffractome:,er methods, the degree of

order cal-culated from equations (1) and (2) snould be precise to within

tSeo. The effect of impurities upon q and c was not considered in the cal-

culations, so this estimate of precision holds only for Fe-Mn iolumbite-

group minerals low in impurity elernents (W, Sn, Ti, Sc, Fe3*, Ca, Mg).

The tapiolite*group minerals are identical in stoichiomelry to

columbite-group minerals: ÀB206, but with T2, Tapiolites always have

Ta>Nb and range from Fe2*-dominant (ferrotapiolite) to Mn-dominant (manga-

notapiolite); however, the vast majority are ferrotapiolites with

Mn/(un+re2*)s0.35, and texlural evidence suggests the Mn-dominant species
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e (Å)

5.15

5.r0

5.05 "/

1,4.40

q (Å)

Fiqure 49; Compositional and structural variations of columbite-group min-
erals in å-g space. À11. members plot r+ithin the markãd bõunds.
Disordered columbite-group minerá1s plot near the upper boundof the parallelogram; ordered ones þIot near the lowär bound.
Fe-rich members plot near the left-hand bound; Mn-rich onesplo!. near the right-hand bound (modified from Wise et ð1.,
198s).

14.10 14.20 14.30
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to be metastable (ðernf & Ercit, 1985). Typical minor-to-trace elements

include sc3*, Fe3*, sn4*, Ti4* and }16*. Because of the strong similarity

of À- anc B-site chemistries of tapiolite-group and columbite-group nriner-

a1s, and because of their identical stoichiometries, compositional data for

tapiolites are plotted in the same way as for columbite-group minerals,

i.e. upon the plane of the columbite quadrila:eral (figure 47).

Figure 47 shows that compositional fieLds for columbite-group and

tapiolite-group minerals do not overlap, as confirmed by synthesis studies

(e.g. Turnock, 1966i Schröcke, 1966). The relationship between tapiolite-
group anC columbite-group minerals is not poiymorphic; for natural syslems,

the stabiiity of lhe columbite and tapiolite structures is compositionally

controlled; the tapiolite structure is stabie for Fe+Ta rich compositions,

and lhe columbite structure is stable for nost other compositions of the

columbite quadrilateral. Synthetic columbites and tapiolites also are

found to occupy different regions of composi:ional space. Figure 50 is a

stabiliLy diagram for the colunbite and tapioJ-ite structures. The diagram

sho¡qs tha" the columbite structure is generaLiy stable at lower ta/(ra+Hb),

and prefers larger and more electropositive f-cations than the tapiolite

structure. This explains why natural tapiolries cluster at the Fe (smaller

and more electronegative than Mn) plus Ta-rich corner of the colunbite

quadr i lateral .

The tapiolite structure was solved by Byslröm et aI. (1941) and has been

refined by lleitzel & Klein U974) " It has an approximately hexagonal

closest-packing of oxygens and has cations in l/Z of the octahedral inters-

tices of ihe packing like ixiolite and iLs derivative structures; however,

lhe tapiolite structure di ffers from these struct,ures in its cation
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Fiqure 50: Stability diagram for the columbile and tapiolite structures.
The parameter ô is a sinrple function of tire effective ionicradius (r) 

_ ?ng rhe eauling etecrronegariviry (a) ár- ii,"
!-cation, which was best fit Èo Èhe daÈã to giie ô=4 +Â -5.r.
Experimental data are taken mainly from Felton-(1957) and SugI-tani et al. (1985). OnJ.y the columbiÈe structure is stable to
lhe left of the sguares; only the tapiolite structure is stableto the right of triangles; bars rnark tç¡o-phase regions forindividual f-cations. The stippling narks ãn appro"ímate fitto daEa for the two-phase region"

COLU!4 BITE
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The tapiolite structure is an ordered derivative of the

rutiie st,ructure, which has straight chains of octahedra as its structural

basis, not the zíg-zag chains of the ixiolite structure (Figure 48).

Tapiolite has an intra-chain ordering sequence ...-À-E-g-À-Þ.-E-... whereas

rutiie has...-À-À-... . The chains in tapiolite and rutile paralleI Z, so

the cation ordering in tapiolite results in a tripled rperiod relative to

rutile. From the descriptions given here, the tapioLite ordering sequence

may seem similar to that of columbite; however, tapiolite has intra-chain

orde:ing whereas columbíte has inter-chain ordering.

Às in columbite-group minerals, the degree of order of tapiolites is
variable (Clark & Fejer, 1978). However, the effects of composition and

structure upon unit ceI1 parameters of Èapiolite-group minerals are poorly

docunented, and there is no quantiLative measure of the degree of order of

tapiclites at the present time.

16.2 CHEMISTRY

Electron microprobe analyses for columbite-groupand tapiolite-group

minerals of the simpsonite paragenesis are given in Table 76 and Table 77,

respectively. À11 !-site chemistries are Mn2*- or Fe2*-dominant, typical

for ihe general type (complex) of rare-element pegmatite from which they

come.

UnIike other minerals of the simpsonite paragenesis, the coLumbite-group

and iapiolite-group members frequently contain detectable Ti, suggesting

that Ti is preferentiaÌIy partitioned inLo Lhese phases. Sn4* is a persis-

lent minor-to-trace elenent; only the Alto do Giz samples are Sn-free.

Tapiolites, unlike columbite-group mineralsr cân contain significan! Fe3'
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Table 76: Electron
Mi nerals

Microprobe Ànalyses of Colunbite-Group
of the Simpsonite Paragenesis

10

MnO 14"6
FeO 0.3
Tioz 0.3
SnOz 0.4
Nbz0s 13.6
Ta z0s 70.7

99. 9

12.3 12,1 1 3.9
1.5 '1 .6 0.4
0.0 0.0 0.0
0.6 0.0 0.0
0.2 0.3 5.1

84.5 86.2 79 .8
99.1 100.1 100.2

12.0 13.s 11.6
2.0 0.9 2.2
0.2 0.1 0.0
0.5 0.2 0.0
2"3 8.9 0.4

83.1 75.7 85.4
1 00. 1 99 .2 99.6

Cations per 24(0)

1C.9 13.5 14.2
¿. t ¿.ó ¿"õ
0.0 0.0 0.0
i.2 0.9 0.8
4.5 43.6 45.3

81 .'1 40.6 37.3
99.8 101.4 100.2

Mn 2 * 3.86
Fe 2 * 0.08
Ti 4 * 0.07
sn4* 0.05
Nbs* 1.92
TaS* 6.01

11.99

xÀ 3.98
EB 8.01

3. s8 3 .49 3 .86
0.43 0.46 0.1.1
0.00 0.00 0.00
0.08 0.00 0.00
0.03 0 .0s 0. 90
7 .90 7.98 7 .11

1LO2 11.98 j-i ,'8.

4.04 3"95 3.97
7.98 8.03 8.01

3.41 3.71 3.36
0 . s6 0 .24 0.63
0 .0s 0.02 0.00
0 .07 0.03 0.00
0.35 1 .30 0.06
7 ,57 6.67 '7 .94

12,01 11 .97 1 1 .99

4.01 3.g',t 3.99
8.00 8.00 8.00

3.07 3"00 3.16
0.58 0 .62 0. 57
0.00 0. 00 0.00
0.1 6 0.09 0.08
0.68 5. 1 I s. 38
7.33 2.90 2,66

11.82 11"79 11 .8s

3.70 3.65 3.76
8.12 8.14 8.09

1. Manganotantalite,
2, Manganotantalite
3. ManganotantaLite
4. Manganotantalite
5. ManganotantaLite
6. ManganotantaLite
7. Manganotantalite
8. Manganotantalite
9. Manganocolumbite
10" Manganocolumbite

- all analyses are ED

teshaia, USSR (nO-Z).
(ye11ow), Bikita, zimbabwe (r-i¡).
(yellow), ÀIto do Giz, Brazil (RVc-lc).
(red), AIto do Giz (nvc-lc).
(brown), Tanco, Manitoba (sup-g).
(ye11ow), Tanco (sMp-e).
(brown), Tanco (sMP-518).
(?), aver. of. 2 analyses, Tanco (sMp-Slgl.
(altered, rim), take Kivu, Zaire (L-14)"
(altered, core), take Kivu (t-14).

except no. 6 (wD)
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Table 77: Eleclron
Mi nera Is

Microprobe Analyses of Tapiolite-Series
of the Simpsonite Paragenesis

Mn0
Fe0
Fe z0g
Ti0 z

Sn0 z

Nbz0s
Taz0s

Mn2*
Fe2"
Fe3*
Ti4*
Sn4*
Nbs *

m^5+¡ct

0. 64
1 .33
0.00
0.00
0. 07
0. 02
?q¿
6-m

0.73
1.23
0.00
0.00
0.00
0.02
3.99
5.97

4.4 5.0 4.3
9.2 8.6 9 "40.0 0.0 0 .5
0.0 0.0 0.0
1 .0 0.0 0.0
0 .2 0.3 0.0

83 . 7 85.5 86. 0
98.5 99.5 i 00.2

3.2 2"3
10.3 11.3
0"0 0.0
0.0 0.0
0.7 0.8
0.6 0.8

85. 3 82,8
1 00.2 98.1

2"1 2.9 2,2
11.5 10.9 11,4
0.0 0.1 0.9
0. 3 0.0 0.3
0.6 0,7 0.8
0.8 0.6 1.9

84 .6 85. 1 83.0
99 ,7 100.2 1 00.4

Cations per 12(0)

EÀ
ÐB

1 .99 '1 .96
4. 01 4.01

0 ,62 0.46
1 .34 1 .47
0.06 0.00
0.00 0.00
0.00 0.05
0 .00 0.05
3.98 3.9s
5.00 s.98

2.00 1 .95
4 . 00 4.03

0. 34 0. 30
1 .64 1 .63
0.00 0.00
0.00 0.04
0.06 0.04
0.06 0. 06
3.90 3.90
6.00 5.97

2.00 1 . 96
4.00 4. 01

0.42 0.31
1.55 1.59
0.01 0.11
0. 00 0.04
0.0s 0.05
0.0s 0. 14
3.92 3.76
6.oo 6.¡õ

2.00 2.00
4.00 4.00

1. Ferrotapiolite,
2. Ferrotapiolite,
3. Ferrotapiolite,
4. Ferrotapiolite,
5. Ferrotapiolite
6. Ferrotapiolite
7. Ferrotapiolite
8. Ferrotapiolite,

- all analyses are

Bikita, Zinbabwe (t-13).
Àlto do Giz, Brazil (RVc-lC).
Alro do Giz (RVG-1C).
Tanco, Manitoba (st¿p-g).

(core), Tanco (sup-sl¡).
(rim), Tanco (st'rp-sl¡).
(aver . of 2) , Tanco (sltp-Slg).
Tanco (sup-sln).

ED except no. 4 (9lD)
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(Turnock,1966), so Fe3* was calculated for all tapiolites with cation sums

greater than 6.00 by normal-izing on sums of 12 ani,ons and 6 cations. Site

sums for both mineral groups were calculated by assigning all M2* to the

À-site and at1 l{5 * to the B-site, and by disordering all l"t3 
* and M4 

*

between lhese siies for charge balancez 2/3 M3* plus l/l u4* to [, 1/3 yt,

plus 2/3 M4* to B).

All columbite-group minerals of the simpsonite paragenesis have

Mn2*-dominant À-site chemistries (nigure 51 ). They are typicarly greatly

enriched in Ta over Nb (tantalites), thus tend to plot near the MnTa206

corner of the coLumbite quadrilateral. The Kivu sample is atypical, having

Nb>Ta (columbite). Ànalysis 2 of manganotantalite from Bikita marks the

highest recorded Tarl(Ta+Nb) for any columbite-group mineral (cf. Zelt,

1975¡ Foord, 1976,; Sahama, 1980; von Knorring & Fadipe, '1981).

Analyses 1-7 of, Table 76 are reasonably wel).-behaved: their tctal
cation sums and individual site sums fall within !2o of. the ideal vaLues.

Ànalyses 8-10 are quite non-ideal: the total caLion sums are low by 4-5 o,

the f-site sums are low by 6-9 s and the B-site sums are high by 6-9 o.

Ànalyses 9 and i0 are of a visibly altered manganotantaliLe, partially
replaced by rankanaite at the rims. The low !-site sums and high E-site

suns of these analyses indicate that both differential cation leaching

(A-cations in preference to B-cations) and anion leaching (or replacement

of 0 by 0H) have taken pIace. Às expected, rim anaJ.yses are the most non-

ideal, indicating greater alteration of the rims over the cores. A struc-

ture analysis of this sample has been initiated !o assess the exact mecha-

nism of alteration.
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FeTo206

FeNb205

MnÏo2 O5

MnNb205

Fiqure 51¡ Plot of chenical data for tapiolite-group minerals (circtes)
and colunbite-group minerals (squares) of the simpsonite para-genesis. The two sguares neai the botLon of thä diagrar ar.
analyses of the Kivu manganocolumbite.
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The Tanco nanganotantalite of analysis I is similar to the Kivu mangano-

columbites in terms of its non-sLoichiometry: i¡ has Iow À-site and total

cation sums and a high E-site sum. It differs in that it is fresh and

unaltered. It is no different from other manganotantalites of the same

sample (".9. analysis 7) in terms of colour or opacity, but has a slightly

different morphology (less elongated than the other Tanco manganotantal-

ites, and is somewhat diamond-shaped in cross-section). Initially an ana-

lytical error was suspected, and the sample was cleaned, re-carbon-coated

and re-analyzed. À virtually identical analysis resulted; lhe average of

the two is given in Table 76. Àn attempt was nade to extract the crystal

for X-ray difiraction studies, but it proved to be too small (0.01 mm) for

successful ex:raction. There are, however, two features of the chemistry

of the ninera:. which may provide some clue to the problem of its non-

ideality: (i) it has 5 tines more Sna* than the average Tanco manganotan-

talite associated with simpsonite, and Q) although its Fe-content is com-

parable to this average manganotantalite, it has 12% less Mn. It is very

possible, if not probable, that the mineral may actually be a Èantalowodgi-

nite; calculating the formula contents in the manner outlined in Chapter

XII gives a wcdginite-Iike result:

Mn r . o r (ta. s ¿Fe 
3 *. r sSn4 

* . o s o. r z ) (Ta t . z aNb. 2 2 )Oa

The tapiolite-group members of the simpsonite paragenesis are typically

quite depleteô in Nbs*, to the extent that the ferrotapiolite of analysis 3

has no detectable Nb (<0.2 wt.co). Although all are ferrotapiolites, they
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have atypicaLly high Mnrl(Mn+Fe2.)i consequently, the analyses piot along

lhe FeTa205-MnTa206 sideline of the columbite quadrilateral (Figure 5'1).

Àl] ferrotapio!.ites from the simpsonite paragenesis form remarkably well-

crystaÌlized euhedral, transparenL red crystals. Samples L-'13 and RVG-'1C

coexist vrith equally well-cryslallized manganotantalites. Because the max-

imum Mn content of tapiolites increases with Ta/(Îa+Nb), the iapiolites of

L-13 and RvG-1C have extremely high Ta/(Ta+Nb): 0.995 and 0.997 respec-

tively. Às these tapiolites coexisÈ with manganotantalites, the Mn-

contents of these tapiolites should mark the maximum amount of Mn stable in

the tapiolite structure under the conditions of formation of compiex rare-

element granitic pegmatites.

16.3 X_RAY CRYSTÀLIOGRAPHY

Unit cel1 parameters for the columbite-group and lapiolite-group miner-

als were determined by X-ray powder diffractometry, complemented by single-

crystal diffractometry and precession photography where necessary. For the

powCer studies, Ni-filtered or graphite-monochromated CuKa radiation was

used; for the single crystal studies , Zr-t iltered or graphite-monochromated

MoKa radiation was used. In most cases, the columbite-group and tapiolite-
group minerals were too scarce, too finely crystalline and too intimately

associated with other Ta-oxide rninerals to permit quantitative XRD studies.

Consequently, X-ray crystallographic data for these minerals are nuch more

incomplete than for the other minerals of the simpsonite paragenesis.

Unit ceIl parameters for both mineral groups are given in Tab1e 78"

Order estimates for the columbite-group minerals are given there as we11,

and indicate all such members of the simpsonite paragenesis !o be fully-
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ordered, even the Kivu nanganocolumbite. OrCer-disorder in tapiolites has

not yet been fully modelled, hence an estimaie of the degree of order can-

not be made. However, Clark & Fejer (1978) found that "ordered" tapiolites

had c cel!-edges less than 9.24 Ã. By this criterion, all tapiolites of

the present study are ordered.

Table 78: Unit Ce11 Parameters (.{) for Columbite-Group and
Tapiolite-Group Minerals

SampIe tocal i ty o-
'o

order

r-'14
RVc-2 (red)
sMP-1 2

Kivu
Àlto do
Tanco

s.080(1)
5.08s(1)
s.09

421 .0(2) 100
422.9() 100
423 9s

Columbi te-Group Minerals

14.389(3) s.7s9(1 )

Giz 14.424(2) s.762(1 )

14 .41 5.7 6

Tapiolite-Group Minerals

RVG-1 C

SMP-8
ÀIto do Giz 4.7604(1)
Tanc o 4 .7 610 Q)

9.2397 ( s )
9 .2321(5)

209.38(1 )

20e.26Q)

CeII parameters
t-14 by single
graphy.

for RVG-1C, RVG-2, SMP-8 by powder
crystal diffractometry, for SMP-12

diffractometry, for
by precession photo-



Chapter XVII

OTHER SPECiES

17.1 CÀSSITERITE

Cassiterite is a rare member of the simpsonite paragenesis, despite its
common abundance in othe: parts of somê simpsonite-bearing pegmatites, for

example, the Tanco pegmatite" Cassiterite was found only in lhe Kivu and

Kola associations, and is reported by Sarp a Deferne (1983) ¡o occur in the

Manono association.

Àlthough cassiterite !s ideally SnO2, most pegmatitic cassiterites con-

tain trace to najor amounts of (TazOs+t¡bzOs) and (FeO+MnO) (poord, 1982).

Cassiterites from the simpsonite paragenesis have up to 5{ wt.e"

(Tazos+NbzOs) with Ta>>Nb (taUle 19). The Kola Peninsula sample has { wt.e"

(r'eO+t¡no) wittr Mn>>Fe; the Kivu sarnple has no detectable Mn or Fe. The

M2*:Ms* ratio of the KoIa sample indicates charge balance was achieved by a

2142*+21i5 *=3M4* mechanisn; it would seem that a model such as s+4Ta5*=SSn4*

holds for the Kivu sample.

Because of the extrene scarcity and small size of available material,

unit cell dimensions could not be deternined for the cassiterites. How-

ever, the work of Clark et al. (1976) showed that the unit cell dimensions

of cassiterites are insensitive to the substitutions outlined abover so

unit ceIl dimensions would provi.de no additional information on the crystal

chenristry of lhis species.

-258-
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Table 79¡ Cassiterite Ànalyses

KO-2 L-1 4

MnO 0.5 0.0
FeO 0.2 0.0
Sn02 96.0 94.3
Nbzos 0.0 0.3
Tazos 3.7 5.3

100.3 100"0

Cations per 4(0)

Mn2* 0.020 0.000
Fe2* 0.006 0.000
sn4* 1"924 1.900
Nbs* 0.000 0.007
Ta5* 0.050 0.073

2.001 1 .980

K0-2: Leshaia, Kola Pen-
insular USSR.

L-142 Kivu, Zaire.

17.2 STIBIOTÀNTAIITE

In:erms of number of occurrences, stibiotantalite is an uncomnon member

of the simpsonite paragenesis, found only at Leshaia and Àlto do Giz" With

regard to abundance, it is typically rare; it is only common in the Leshaia

assoc iat i on .

Slibiotantalite is a member of the stibiotantalite group, which has the

generai formula:

f\-

E=

AB0¿

Sb3 -, Bi 3 *

Ta, Nb
where
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Species names consj.st of the root "columbite" (¡¡b>ta) or "tantalite"
(ra>Hb), modified by ei¿her "stibio-" or "bismuto-" to reflect the dominant

À-site chemistry. The Bi-Nb (hypothetical "bismutocolumb:te") end-member

has not been found, nor are group members with appreciabl-e amounts of this

end-member known. There is no apparent crystal-chemica- reason for why

this should be: BiNbCa is easily synthesized (Jeitschko & Sleight 1974);

thus the composition gap is probably a geochemical phenomenon.

Electron microprobe analyses for stibioLantalites of the Leshaia and

ÀIto do Giz occurrences are shown in Tab1e 80. Because naterial from the

Benson pegmatite could not be obtained, ro analysis of the stibiotantalite

from this locality couJ.d be done. Consequently, an analys:s of the mineral

from von Knorring & Hornung (1963) is presented in Tabl-e 80. The Nb:Ta

ratios of the stibiotan¡alites are similar to those of the cotumbite-group

members of each association, which are higher lhan most other members of

the association, yet ¡he ratios are the lowest for publ:shed analyses of

stibiotantalites (c. f. Foord, 1982) .
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lab1e 80; Stibiotantalite Ànalyses

K0-1

Sbz0g 39.8
Bi z0g 0.6
NbzOs 3.5
Ta zos 56. 1

100.0

Cations

sb3 *

Bi 3 *

Nb5 *

Ta5*

3.92
0. 03
0.38
3. 65
7 .98

RVG-7 BENSON

38.8 39.0
0.5 0.9
2,1 1 .9

57 .6 57.0
99. 0 98 .8

per 16(0)

3.90 3.93
0.03 0.06
0.23 0.22
3.81 3 .79
7 .97 8.00

K0-1: Leshaia, Kola Peninsula,
USSR.

RVG-7: Àlto do Giz, Brazil.
BENSON: Benson peg'matile,

Zimbabwe (von Knorring
& Hornung, 1963).



Part 4

GEOCHNIISTRY OF THE SIMPSONITE PÀRÀGENESIS

-¿6¿-



Chapter XVIII

THE TANCO PEGMÀTITE

18.1 LOCÀTION ÀND GEOTOGY

The Tanco pegmatite is located on the northeast shore of Bernic Lake,

180 km ENE of winnipeg, Manitoba (Figure 52). It occurs in the Bird River

Greenstone Belt, which is situatei in the English River Subprovince of tbe

Superior Province of the Canadian Shield. Much of the following descrip-

tion of the geology of the region, and of the Tanco pegnatite is taken from

Crouse a ëerny f972) and Crouse ei aI. (1979).

The Bird River Greenstone Belt consists of six formations of metavolcan-

ic and related metasedimentary rocks plus synvolcanic to late tectonic

intrusive rocks. Two major episodes of folding and faulting have acted

upon the beIt, the second of which corresponds to the peak of regional

metamorphism which reached greenschist facies in most parts, but amphibol-

ite facies in eastern to northeaslern parts of the belt. Emplacement of

batholithic masses was also contemporaneous with the second folding event;

tonalitic diapirs and biotite graniLe intrusions are most typical. Post-

metamorphic E-W faulting produceC channelways for late leucogranites and

pegmatitic granites, parental to the pegmatites of the Winnipeg River dis-

trict. However, it seems that Èhe granitic source of the Tanco deposit and

related pegrnalites in its vicinity is hidden.

The Tanco pegmatite was forcibly emplaced (grisbin, '1986) into subhori-

zonLal joints and fractures in the metagabbro which now encloses it. The

-263-
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Fiqure 52: Location of the Tanco pegmatite (from crouse et al., j979)"
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pegmatite is bilobate: it dips shallowly to the north and plunges both to

the east and wesl (rigure 53); the crest lies near the centre of the pegma-

tite. Its dimensions are'1440 m (strike) by 820 m (width) by a naximum

thickness of 100 m.

The primary crystallization range of the pegmatite has been bracketed at

600 to 400oC and 3.3 to 2.6 kbar on the basis of Li-aluminosilicate phase

relations and fluid inclusion microthermometry (tondon, 1986); however,

Thomas & Spooner ('1985) propose lower temperatures (to 265"C) based on

their fluid inclusion microthermometric work.

The Tanco pegmatite belongs to the petalite subtype of the compi.ex type

of rare-element granitic pegmatites of orogenic association (ëerny, 1986).

Õerny (1982) has outlined the extremes in geochernistry of this renarkably

fractionated granitic pegmatite. À few notable examples are: K,/nb as low

as 2.1 and nb/Cs as low as 4.5 (iepidolite); Nbr/Ta as low as 0.0'1 {simpso-

nite) ¡ zr/uf. as Iow as 5 (zircon).
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18,2 INTERNAT STRUCTURE

The Tanco pegmatite consists of nine units of different mineralogy, tex-

ture and location.

The border unit (1) forms a fine-grained aplitic shelt-like envelope

about the pegmatite. The wall unit Q) is concentric with unit (1), but

consists of medium to coarse-grained atbite, guartz, muscovite and

microcline-perthite. Both units tend to be thicker in their footwall seg-

ments.

The saccharoidal albite unit (3) tends lo occupy basal parts of the peg-

matite betrveen unit (2) and other units of the pegmatite, nost often units

0),(6) and (4). Unit (3) is only developed in sizeable homogeneous masses

in the eastern flank of the pegmatite (up to 15 m thick); however, the cen-

tral and western flanks of the pegmatite contain abundant but dispersed

occurrences of saccharoioal albite. Unit (3) consists mainly of fine-

grained albite plus quartz with accessory amounts of muscoviie, oxide min-

erals and beryl, which accentuate the typicall-y layered fabric of the unit.

The lower (4) and upper (5) intermediate units together form another

concentric shell within the envelopes of units (1) and (2) (rigure 53).

The contact between units (4) and (5) is gradational, and their mineralogy

differs mainly in terms of mode and texture. unit (4), as its name

implies, is in the lower to cenLral parts of the pegmatite. It is textur-

ally and compositionally inhomogeneous, consisting of these assemblages:

(i) mixtures of large crystals of microcline-perthite anC spodumene plus

quartz pseudomorphs after petalite (uSQI") in a medium-grained quartz¡

albite, mica matrixt (ii) amblygonite-montebrasite and SQI in quartz pods

(to Z m) " Unit (5) occupies upper to central parts of the pegmatite, and
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differs from (4) in having greater and more homogeneous proportions of

giant crystals (SQl, microcline-perthite, a:nblygonite-montebrasite), and by

the scarcity of micas and appreciable al-bite.

The central intermediate unit (6) is largely enclosed r+ithin the shell

of units ( ) and (5). Because the inner hangingwall and footwall contacts

of this shell meet near the centre of the pegmatite, unit (6) does not

extend continuously from lhe western flank ¡o the eastern flank of the peg-

matite. The contacts of unit (6) v¡ith o',her units are typically sharp,

except for contacts with the lepidolite units (9) which are often grada-

tional. The mineralogy of the central inrernrediate unit consists of giant

microcline-perthite and quartz crystals with minor to major, but disconlin-

uous amounts of SQI, unit (3)-like saccharcidal albite, and unit (9)-like

muscovite plus lepidolite as incomplete replacements of the microcline-

perthi te

The quartz unit (7) is located at the core in the eastern flank of the

pegmatite, but is discontinuous and occupies upper parts of other parts of

the pegmatite.

The polJ.ucite unit (8) forms a large, almost monomineralic body at the

unit (5) - hanging wall unit Q) contact in the upper parts of the central

to eastern parts of the pegmatile, and several smaller bodies at similar

levels in other parts of the pegmatite. Iis contact with unit (5) is gra-

dationaL, and rvilh unit Q), sharp.

The lepidolite unit (9) typically occurs as replacements of the

microcline-perthite of unit (6). Unit, (9) consists of two lenticular

sheets to 18 m thick near the centre of the pegmatite plus several smaller

bodies; fine-grained lithian muscovite to lepidolite is the main constitu-

ent "
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0n the basis of the spatial setting of the units, the textural relation-

ships described above, ô1EO and ôD studies of quar:z, muscovite and

K-feldspar of units (1 ), (2) and (4)-(6) (Taylor & Friedr:chsen, '1983), and

preliminary fluid incLusion data (thomas & Spooner, 1985; London, '1986),

the sequence of crysiallization of the units is (1)+(2)+(3)-+(¿,5,8)->

(6)?(7)+(e).

18.3 SÀMPtING ÀND oXIDE MINERÀL DISTRTBUTI0N

The works of Grice (972) and subsequent work of ðerny et al. (1981) and

other unpublished daia of ëerny have shown Ta-Nb-Sn-Ti oxide minerals to

occur in several of ihe units of the Tanco pegmatite, most notably units

(6), (3), (4) and (5) (roughly in order of decreasing abundance). Àt the

time of this study (i980-1985), all units of the pegmat:te were exposed in

the underground workings of the mine; consequently, all units could be

investigated for the presence of oxide minerals. Àttempts were made to

sample every accessible pi1lar and back of the workings, which resulted in

approximalely 220 sanples, 95eo of which were found to contain one or more

Ta-Nb-Ti-Sn oxide mineral grains. The high success rate should not be tak-

en who]Iy as an indication of the richness of oxide mine:alizatiori as there

was a distinct bias in sampling: for the most part, onI¡, samples with vis-

ible oxide nrineral grains, or tailing this, samples resenbling ore material

in other parts of the mine were taken.

A time*averaged map of the mine workings for lhe period 1980-1985 show-

ing sample locations is given in Figure 54. À corresponding map with the

floor geology compiLed from mine sections and modified by the author's

observations is given in Figure 55. The list of samples and pertinent data

is given in Àppendix E.
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Through these sampling procedures, and by the methods of sample prepara-

tion described in Part 2, oxide minerals were found in units Q)-(6), (8)

and (9) of the pegmatite. À total of 13 oxide minerals were found: wodgi-

nite, tantalowodginite, titanowodginite, ferrocolumbite, manganocolumbite,

manganotantalite, microlite, uranmicrolite, cessLibtantite, ferrotapioiite,

simpsonite, tantalian rutile and cassiterite. Their distribution anongsL

the units is outlined in Table 81. Even in this highly simplified tabula-

tion, a correlation between internal. zoning of the pegmatite and oxide min-

eralogy can be seen.

Table 81: Summary of 0xide Mineral Distribution

Internal Unit l^ld CsSmUrTpRucrTnMc

uu
acccu

rau
ruaur
acru
!À

;cuc

Wa11
Saccharoidal Àlbite
Lower lnlermediate
Upper Intermediate
Central Intermediate
Polluc i te
Ëepi do1 i te

T.id: wodginite-group
Tn: columbite-group
þ: f errotapiol ite ,
tanl i te .

minerals, Mc: microlite subgroup minerals,
minerals, E: cassiterite, Ru: rutile,
Ur: uraninite, fu.; simpsonite, Þ: cesstib-

a: abundant, c: common,
The most abundant mineral 1S

u:
of

uncommon,
each zone

ra re
under I i ned.

Wodginite-group minerals are the most abundant

pegmatite. This, coupled srith their typically high

the main Ta-ore minerals of the pegmatite. Às a

oxide minerals of the

Ta:Nb ratios makes Lhem

cursory examination of
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Appendix E will show, the wodginile-group minerals are nearly confined to

the central inte:nediate and saccharoidal albite uniis"

Pyrochlore-group minerals (microlite varieties) are the next most-

abundant oxide m:nera1s, and are concentrated in the same units as lhe wod-

ginites; howeve:, they lend to be nore abundant in albitic associations.

Often concentrated at the upper margins of unit (3), their uranian vari-

eties are probabiy responsible for smoky guartz halcs at unit (7) - unit

(3) contacts (r'i9ure 56).

Columbite-group minerals are the most widely-distributed oxide minerals,

and are most concentrated in the wodginite-poor upper and lower intermedi-

ate units. Despite their wide distribution, their scarcity in lhe central

intermediate and saccharoidal albite units makes them only the third-mosL

abundant of the cxide minerals

Rutile was found only in Ti-rich associations of:he saccharoidal albite

unit; however, unpublished work by Õernf on triphylite nodules has shown

rutiles to be present in some sirnilarly Ti-rich asscciations of the upper

and lower inLermediate units.

Ferrotapioliie is found only in uncommon Fe-rich associations, and

except for one occurrence, all such associations are contained within the

central intermeo:ate unit.

Simpsonite, a:though a rare mineral for the pegmatite, is common in some

parts of the cen:ral intermediate unit of the western flank of the pegma-

tite. CesstibtanLite, although always associated with simpsonite, is much

rarer, and is found only in a few of the simpsonite occurrences.

Cassiterite is uncommon, buL not rare, and is present as a minor phase

in mosL unils. Relative to other oxide minerals, it is most abundant in



¿ltL

Fiqure 56: Saccharoidal albite unit (3) - quartz unit
flank of the Tanco pegmatite. The dark
quartz at Lhe contact is most IikeIy due
originating from U-bearing microlite in the

(7) contact, eastern
colouration of the

to radiation damage
albite.



the lepidolite unit,

the wall unit.
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and is more abundant lhan columbite-group minerals in

Uraninite was only identified in one sample (TRT-42). It comes from a

triphylite-lithiophilite nodule from either the upper or lower intermediate

unit. Nearly all U in the pegmalite is conlained within uranian microlite

- uranmicrolite; presumably the one uraninite occurrence represen!s an

unusual circumstance of high p(u) and relatively low ¡r(Ta), rr(ca')' ànd

lt(Ha).

Ilmenite has only ever been found in mi11 concentrates, and

discussions will show, it is probably non-pegmatitic in origin.

as later

1 8.4 ASSOCIATIONS

For the most partr the silicate and phosphate associates of the oxide

minerals are defined by the unit in which the minerals occur. However, it
is not unusual to find small bodies within larger units that are atypical

in mineralogy for the unit, for example, smal-l (l to 3 n) lepidolite bodies

in the central intermediate unit, and small to extensive saccharoidal

albite bodies in all of the intermediate units. In cataloguing, when a

sample was found to have a silicate mineralogy atypical for the unit (and

mapping errors were ruled out), it was assigned the unit number of the

observed or inferred enclosing unit, yet a note was nade of the mineralogy

of the association.

The associated silicate matrix was categorized as either

(1) Coarse-grained K-feldspar plus quartz with lesser amounts of saccharoi-

dal or cleavelanditic albite with or without muscovite, apalite, beryl¡ oÍ

in lhe case of units (4) and (5), amblygonite and SQI. These associations
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are typical of units Q),(4) and (5), the distinctions between which are

described in the previous sections, 0xide mine:als in these units are nor-

ma1ly associated ç¡ith the albite.

(2) Saccharo!daI albite plus quartz with lesser amounts of muscovite-

lepidolite, iourmaline, beryl and apatite. Th:s association is typical of

unít (3), bu:, at least on a srnall scale, it is found in most units of the

pegmatite. Typical occurrences of this assoc:ation are layered: varia-

tions in the modes of silicate and oxide minerals produce r¡eIl-defined mm-

to cm-scale iayering. The layering is typicai of saccharoidal albites in

many granitic pegmatites. Its origin is unknocn; rhythmic crystallization
(Jahns & Tutt.Ie,1963), melasomatic front progression (Crouse et aI., 1979)

and crystallization from a gel medium (Stone, 1969) are possible mecha-

nisms.

(3) Coarse-g:ained K-feldspar (plus quartz) par:ialIy to completely hydrol-

ized to musccvite. This association is typica: of unit (6) of the eastern

flank (to central regions) of the pegmalite. ríodginite is a frequent oxide

nember of this association. Snaller occurrences of this association over-

1ie or rim saccharoidal albite, perhaps marking a hydrolized precursor t,o

Na-metasomatism, or perhaps instead rnarking a reaction rim between a corro-

sive Na,F-rich primary melt parental to the saccharoidal albite, and adja-

cent crystaliine material.

(4) Lepidolite to lithian muscovite plus quartz which largely replaces

K-feldspar pius quartz. This assemblage can be recognized by ils violet to
violet-grey colour, and is the assemblage typical of unit (9). Smaller

bodies are often found in units (4) to (6). The assemblage is typically

less rich in oxide minerals than the other three.
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18.5 WODGINITE GROUP MTNERÀLS

Àt Tanco, wodginite-group minerals range in colour from black (ferroan

titanowodginites) to orange-ye11ow (tantalowodginites). Crys;aIs range

from less than '1/t0 mm to 2 cm in size, and are usually subhedral.

liodginite-group minerals are readily distinguishable in hand-sample from

ferrotapiolites by their yellow to brown streak, âs opposed to rei streak.

Hell-developed crystals of wodginite-group minerals can be distinguished

from those of columbite-group minerals by their dominantly bipyranidal, as

opposed to tabular morphologies. Àmbiguities can be further resolved by

optical examination: wodginite-group minerals are usually sector-twinned,

unlike columbite-group minerals. Failing this, X-ray identification,

coupled with microprobe analysis is exact.

Compositional data for Tanco wodginites are presented in Àppendix Ð,

Tabl-e 106. Cursory examinaLion of this table shows that wodginite-group

minerals of the Tanco pegmatite vary considerably in composition: wodgi-

nites, titanowodginites, ferrowodginites and tantalowodginites are atl
present. The extent of this variability is shown in Figure 57, which

illustrates the result of a principal component analysis of compositional

data for all non-Tanco wodginites. The first and second principal compo-

nents were calculated from the eigenvectors taken from the variance-

covariance matrix, and together account for 87eo of all of the variability

in the chemistry of non-Tanco wodginites. The eigenvectors oi Table 82

shot+ that the first principal component corresponds mainly to Mn<>Fe sub-

stitution, with Fe increasing as the principal component does. The second

principal component corresponds mainly to Sn<>Ta substitution, with Ta

increasing as the principal component does. Às can be seen frorn Figure 57,
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Tanco wocainites show even more variabili;y in their chemistry than the

global sample, indicalive of how extensive changes in transition metal geo-

chemistry were during crystallization of the Tanco pegmatite.

In adcition to crystal-chemical trends of the wodginites outlined in

ParL 3, ihe Tanco wodginite-group minerals also show geochemical trends.

The strongest of these (n = -0.80) is an antipathetic decrease in the Ti

contents of the wodginites and increase in their Ta/(Ta+Nb) ratios (fig-

ure 58). Fron what is known of normal chemical zonation in Ta-Nb oxide

minerals fron granitic pegmatiles, earlies:-formed oxide minerals tend to

be Ti-enriched and Nb-enriched (witn respeci to Ta) (ëernf & Ercit, 1985);

efficien: fractionation results in Ta-enriched compositions. wodginite-

group minerals of the saccharoidal albite unit (3) cluster near the Ti-rich

and Ta/(Ta+Nb)-1ow end of the p1ot, whereas intermediate unit (4,5,6)

wodginite-group ninerals cluster near the low-Ti , ta/(ta+Nb)-high end of

the plot. wodginite-group minerals from the saccharoidal albite unit seern

to represent a less-fractionated source than lhose from the intermediate

units, a conclusion compatible with the results of other sLudies of the

internal zoning of the Tanco pegmatite.

Struciural data for Tanco wodginites were presented in Chapter XII.

There il was shown that a and b are strongly compositionally dependent, c

is in part composition and order dependent, and I and ß are strongly order-

dependeni. The degree of order of Tanco pegmatite wodginile-group minerals

was calculated for samples in which either compositionat plus structuraL

data, or struct,ural data for both the heated and unheated states were

available. Figure 59 is a plot of the degree of order of these wodginite-

group minerals, showing lhe ranges and means for each unit of lhe pegma-
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Fiqure 57: Principal component analysis of wodginite-group minerals.
Principal components þrere calculated fiom chèmicãI data for
non-Tanco wodginites, and eigenvectors are given in Table 82.
The 1st principal component corresponds mainly to Mn-+ps 516-stitution, and the 2nd p.c. corresponds mainly to Sn-+Ta sub-stitution. Datapoints are Tanco pegmatite samples; the out-
lined field, all other wodginite-group minerals.-
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Tab1e 82: PrincipaL Component Ànalysis of Ì,iodginite-Group
Minerals: Eigenvectors

Principal Component

1st 2nd 3rd 4rh 5rh

Fe2*
Ti
Fe3*
ra(s)
Nb

0 .834
0.278
0.158

-0.268
0.360

0.173
0.032

-0.057
0.937
0 "297

-0 .41 4
0.022

-0. 1 86
-0.21 0

0.866

-0 "17 6
0.928

-0.284
0.034

-0.161

-0.268
0.244
0.926
0.071
0.817

&Ð 0 .66 0 .87 0.94 0.99 1 .00

E s2: cumulative proportion of variance (1st+5th
principal component).

tite. Means for the units were as folLows: saccharoidal albite unit -
62eo, lower intermediate unit - 80eo, upper intermediate and pollucite units

- 92eo, central internediate unit - 989" order. To generalize, the sacchar-

oidal albite unit shows lovrer degrees of order than all other intermediate

units plus the pollucite unit; it is concluded that the degree of order of

the wcdginite-group minerals increased with crystallization of the pegma-

tite"
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18.6 COLUMBITE-GROUP MiNERÀIS

The physical properties of columbite-group mine:als of the Tanco pegma-

tite vary consicerably. Col-umbite-group minerals from the v¡all unit are

intergrown with cassiterite and form coarse-grained (> 5 mm) radiating

aggregates of tabular crystals. Crystals from the saccharoidal albite unit

are most typicaiJ.y anhedral, âs partially replaceã relicts and inclusions

in microlite. Those from the lower and upper inte:mediate units are typi-

caLly euhedral tc subhedral, tabular subparallel growths of crystals, often

to Smm or more in size. In the central intermedia;e and lepidolite units,

columbite-group ninerals are much finer-grained (typicatly less than 1 mm),

and are equant io bladed and subhedral to euhedral. Most varieties of

columbite-group ninerals throughout the pegmatite are dark brown to black

with a dark gresnish-brown streak; however, some uncommon TirNb,Fe-poor

varieties in the central intermediate unit are pa1e brown to brown-yelIow

with pal.e brown streaks.

Because they are the most widely distributed of all the Ta-oxide miner-

a1s, compositiona]-structural variations of this group are potentially of

the greatest importance. Compositional data for Tanco columbite*group rnin-

erals are prese¡:¿ed in Àppendix D, Table 107. liith the exception of one

sample (tSe-SS: ferrocolumbite), all are manganocolumbites to manganotan-

talites. Most are titanian; TSE-82 is Ti-riches', with 0.95 Ti atoms per

unit cel1. Mosi are also stannian; however, Sn contents are generally low-

er than Ti contenLs. Some samples are scandian, particularly samples fron

units Q) and (3); Sc reaches a maxinum of 0.29 atoms per unit cell (sample

TSE-94 ) .
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Figure 60 is a pJ.ot of Tanco columbite-group mineral conpositions in the

columbite quadrilateral; there is strong cLustering of samples from differ-
en! units into different regions of the p1ot. Wal1-unit columbi:es show

the least amount of compositionai variability, and cluster in a region of

high Mn/(Mn+Pe) (appx. 0.80 to 0.95) and Iow Ta/(Ta+llb) (appx. 0.42 Lo

0.50). Columbite-group minerals from the saccharoidal albite uni: show a

similar, bu! wider range of Ta/(Îa+ttb) values, and include lhree samples

ç¡ith Ta,/(Ta+wb) lor+er than any uni! Q) sample. Furthermore, the

Mn/(un+ne) ratios of unit (3) samples average 25 atomic % lower than unit 2

samples of similar Ta,/(ta+Nb), and in general are the lowest for co:umbite-

group minerals of the pegmatite. Upper and lower intermediate unit and

lepidolite unit columbite-group minerals have slightly higher Mn/(un+pe)

ratios and significantly higher Ta/(Ta+Hb) ratios (to O.ZO) than wal1-unit

samples, and cluster near the high-Mn, high*Ta ends of their f:.elds as

drawn in Figure 60. Central intermediate unit samples, on the whoie, have

higher Ta/(ra+Hb) ratios (0.65-1.00) than all other units, yet un/(Mn+Fe)

ratios are similar to these units. Samples from the simpsonite paragenesis

plot at the high-Ta end of the field for samples from the central interme-

diate unit.

The strong degree of clustering and the trends in the chemistry of the

samples imply that either the columbite-group minerals are primary and

reflect primary differences in the geochemistry of the units, or that if
lhey are largely metasomatic in origin, they are derived from fluids which

were thenselves quite locaI in derivation; such fluids were derived from

each unit, and not sole]y from the last unit(s) to crystallize.
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0n the basis of the expected crystallization sequence of the units, it
would seen that earliest-crystallized units, and their possibie autometaso-

matic products have lower ra/(ta+nb) ratios than successively later units,

and that, as a gross generalization, t'tn/(un+re) also increased with crys-

tallization. The most notable exceptions to this trend are columbite-group

minerals of unit 3, and those of lhe simpsonite paragenesis.

Because columbite-group minerals are not the only Ta-Nb-Sn-Ti oxide min-

erals of the pegmatite, and certainly not Èhe only Mn,Fe-minerals of the

pegmatite, cation partitioning effecls must be taken into consideration

before Figure 60 can be fully interpreted. Data given later in this chap-

ter show that although microlites and wodginite-group minerals partition Nb

and Ta equaIly, the columbite-group minerals show a marked preference for

Nb over Ta relative to the former two mineral groups. The lower ta/(ta+Nb)

ratios of some unit(3) samplesr âs compared to all unit Q) samples most

probably is a result of microlite and wodginite co-crystaiLization with

tantalite in unit (3), contrasted with only columbite (p1us cassiterite)

crystallization in unit (2). Also along this Line, the samples r+hich cause

the upper and lower intermediate unit stability fields to overlap with the

wall unit field have associated microlite; all other sampJ.es have much

higher Ta/(Ta+Nb) and nany, if not most, of these have no associated

microlite or wodginite.

Unfortunately, because Fe-Mn partitioning between oxide minerals and

Mn-Fe silicates (".g. tourmarines) and phosphates (e.g. triphyrite-
lithiophyllite) is not known at all, differences in Mn/(ttn+fe) between the

units cannot be properly interpreted.
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Trenis in ninor versus major element chemistry are shown in Figure 61.

Data for Sn are not shown because the Sn contents of columbite-group miner-

als are erratically variable - they do no; vary with pegmatite zonation,

nor correlate with other changes in columbite-group mineral chemistry.

However, strong correlations exist between Sc plus Ti and some major e1e-

ments. Sc and Ti both decrease as Ta/(Ta+Nb) increases, dropping sharply

over the range Tarl(Ta+nb)=0.35 to 0.65, and levelling off t,o near-zero val-

ues over Ta/(ra+wb)=0.65 to 1"00. t+aII unit and saccharoidal albite unit

columbite-group minerals are Sc,Ti-richest, followed by those from the

upper and lower intermediate units and the lepidolite unit, in turn fol-
Iowed by those from the central intermediate unit, which are Sc-free, and

poorest in Ti. Columbite-group minerals from the simpsonite paragenesis

are Sc-free and depleted to devoid of ?i. This trend implies that for the

columbite-group minerals of the Tanco pegma:ite, Ti and Sc are good frac-

tionation indicators, high Sc and Ti contents marking low degrees of frac-

tionation, and low contents marking modera:e to high degrees of fractiona-

tion. However, âs Figure 6'1 shows, the Sc and Ti contents do not vary

linearly with fractionation, thus very low Sc and Ti contents do not neces-

sarily imply extremes in fractionation.

Unit ce11 dimensions for Tanco columbite-group minerals are given in

Table 83. In addition to these data, degrees of order are given, calculat-

ed from the vaLues of g and q, as described in Chapter XVI. Figure 52 is a

pLot of the degree of order of Tanco columbite-group minerals, showing

ranges and means for each unit. Às can be seen from the plot, Tanco

columbite-group minerals range from completely disordered (e.g. fSe-42) to

completel-y ordered ( e. g. St¡p-1 2 ) ; however , few samples are part ia11y
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ordereC. Samples from the waII unit and lower intermediate unit show 10e"

or less order. Most sanples from the upper intermediate unit approach

internediate degrees of order (to 45c"), and one sampl-e is fully-ordered.

Samples from the central intermediate unit show much higher degrees of

order (70-95e"). From what is known of ;he sequence of crystallization of

the units, it is evident that earliest-formed uniLs have columbite-group

minerals with low degrees of order, and as crystallizalion advances,

columbite-group minerals of successive units attain successively higher

degrees of order.

Conparison of Figure 59 with Figure 62 shows that wodginite-group miner-

als oi any given unit tend to be more highly ordered than the columbite-

group minerals from the same unit. Wodginite-group minerals achieve high

(> 80U) degrees of order by the time of unit (3) crystallization, whereas

colunbite-group minerals do not reach the same point until unit (5) crys-

tallization.

The cause of variable degrees of order in columbite-group and wodginite-

group minerals is unknown (ðerny & Ercit, 1985). On the basis of the good

correiation between internal zoning 'of the pegmatite and the degree of

order of these species, it is tempting to speculate that crystallization

rate plays a significant role. If these oxide minerals are primary in ori-
gin, Lhen the crystallization histories of the different units should pro-

vide ihe answers. The low degrees of order of unit Q) and unit (3)

columbite-group and wodginite-group minerals might be a consequence of the

faste: rates of crystallization in the outermost regions of the pegmatite,

ç¡hich, theoretically, should be the fastest-cooling parts of the pegmatite.

The h:gher degrees of order in oxide minerals from the intermediate units,
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Tab1e 83: Uni: Cel1 Dimensions (Â)
Columbi te-Group Mi nerals

and Degrees of Order for
from the Tancc Pegmatite

Sample ë, b v 9o Order

Nat ura I

G69-30
G69-3 1

c69-s 3

c69-55
c69-s6
c69-58
G69-60
G69-6',1
sMP-1 2

TSE-39
TSE-42
TSE-5 1

TSE-52
TSE-54
TSE-56
TSE-1 1 4

TSE-1 23
TSE-1 46
TSE-1 47
TSE-1 54
TSE-1 55
TSE-1 57

c69-30H
c69-55H
c69-58H
G69-60H
c69-5i H

TSE-42H
TSE-5 1 H

TSE-52H
TSE-56H
TSE-1 54H
TSE-1 55H

4.7s9(1 )

4.758Q)
14.41s(8)
4.763 ( 1 )

4,761r\
14.403 ('1

4.766r
4.762r

5.750
5.750
5.754
5.753
5.752
5.759
5.753
5.755
5.750
5.731
5.753
5.750
5.7 46
5.729
5.755
5.729
5.749
5.753
5.757
q 1?i.
5.749
5.753

1

2

2

1

1

2
)

2

1

2

2
I

1

1

1

Heated

s.1s9(1)
5.162(2t
s.116(2)
s.1s7(1)
s.15s(1)
5.10s(2)
s.1s3(2)
s.1s8(1)
5.0s0(1)
5.142(1)
5.162(1
5.153(2
5.131(1
s.14s(1
5.160(1
s.147(1
s.149(1
s.160(1
s.166(1
5.141 ( 1

s.1s9(1
5.141(2

141.2(1
141.2(
424.4r
141.3(1
141.2r
423.5r
141.3(1
141.4(1
422.5r14.410(1)

0

0

70
5

5

80
10

5
9s
10

0
10
30
10
'10

5
10

0

0

5

0

25

4.7 45(
4.7 63 (

4.7 64(

1

1

2

2
2

139.8 (

141.4(
141 .1 (

14.298
4 .750
4.758
4.',t 46
4.759
4.758
4.-t 62
4.'141
4.758

14.316

14.40s(2
14.418(2
1 4.430 (2
14.430(2
1 4.439 ( s
14.419(2
1 4.384 ( 3
14.393(2
1 4.37s ( 1

14 .321 (2
14.392(1

5.7s7 ( 1

5.7 60Q
5.763Q
s.76s ( 1

5.765Q

5. 090
s.091
s.091
5. 093
s. 096
s.092
5.09'1
s.083
s.090
5. 076
s. 088

421.6(
140.0(1
141 .3 (1
'140.0 (1
140.9(1
141.3(1
141.6(1
139.8 ( 1

141.1(1
423.1r

¿,)) )
423.0
423.4
423.8
425.2
422,8
Ã)1 I
420 .8
420.4
416.6
421.2

2

)

)

)

)

)

)

)

)

)

)

)

5 .759 (

s.7s1(
s.7s2(
5.7 47 (

5.731(
5.752(

1

1

1

1
'1

1

1

1

1

1

1

95
9s

100
95
9s
95
90

100
85
90
95



E
7
3

291

ORDER

of the de-oree of order of columbite-group minerals
the Tanco pegmatite. Squares are means, and bars
the degree of order for each unit.

¿0

z

Fiqure 62: Relationship
to zoning of
are ranges of
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particularly those of units (5) and (6), and also unit (8), might be due to

slower rates of crystallization in the central parts of the pegmatite,

where much shail-ower thermal gradients would have existed. ðerny et. al.
(1986) have suggested that contaminant elements (Ti,Sn,Sc) might play a

significant roie in order-disorder relationships of columbite-group miner-

a1s. Àlthough a weak correlation exists betvreen Ti+Sn+Sc content and the

degree of order of columbite-group minerals from the Tanco pegmatite, it
remains to be cetermined whelher the high Ti+Sn+Sc contenLs retarded cation

orderingr oE are symptomatic of other factors which may conlrol cation

order ing.

18.7 PYROCHLCRE-GROUP MTNERATS ÀND CESSTIBTANTITE

The physicai properties of pyrochlore-group minerals vary significantly

between and wi:irin units of the Tanco pegnratite. À11 members belong to the

microlite subg:oup (ta>Hb; Nb+Ta>2Ti) and here on shall be collectively

referred to as microlites.

Microlites from the saccharoidal albiLe unit are typically colourless to

pale green in transmitted light, but because of inclusions of dark oxide

minerals, lhey sometimes appear mottled and brownish at low magnification.

CrysLals are subhedral to euhedral cuboctahedra, and are frequently less

than 0.2 mm in diameter. Microlites from the upper and lower intermediate

units and the lepidolite unit are slightly to significantly darker than

others; some uranmicrolites from the lepidolite unit are black. Microlites

from the lepidolite unit are typically slightly larger than those from the

saccharoidal aLbite unit; 1 to 2 mm crystals are not atypical. The crys-

tals are also ncleaner" than those from the saccharoidal albite unit, con-
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in rare cases, suggesting thal the microlites of

this unit do not tend to replace other pre-existing oxides. $icrolites

from the central. intermediate unit have variable properties. They range

from colourless and transparent to green or brown and translucent to pale

orange (cesstibtantite). They are sometimes colour-zoned; uranian microl-

ites fronr the simpsonite paragenesis have green cores with sharpiy-defined

oscillatory-zoned green and brown rims. They range in size fron approxi-

mately 0.2 to I mm; smaller sizes are the norm for the pegrnatite. Most are

euhedral; however, less well-developed crystals are not unusual.

Compositional data for the microlites are presented in Àppendi.x D, Table

108. Most species are microlite; cesstibtantite is much rarer and uranmi-

crolite even more so. MicroLite exists in a number of varieties: stanni-

an' uranian, antimonian and plumbian. The varieties show strong preferenc-

es for different units (ra¡le 8¿) 
" Stannian, uranian and an!imonian

varieties are typical of the saccharoidal albite unit, vhereas conmon

microlite is very rare in this unit. Uranian microlites are typical of the

upper intermediate and lepidolite units, which are devoid of stannian and

antimonian varieties, and rarely have common varieties. The cenrral inter-
mediate unit has mainly common microlite with lesser amounts of uranian

microlite; antimonian microlite and cesstibtantite are rare.

Figure 63 is a plot of the E-site constituents of Tanco nicrolites.
Àlthough the degree of scatter of the data is high, a welL-developed neg-

ative correlation exists between Ti content and ra/(ta+Nb). Microlites

from the saccharoidal albite unit plot near the top of the trend (high Ti

contents and low Ta/(ra+ub) ratios), whereas uni! (6) microlites tend to

plot nearer to the base (Iow Ti content,s and hiqh Ta/(ra+Hb) ratios). Once
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of Microlites and Cesstibtantites

Internal No.
Unit Samples

SnCssbPb

{

5

6

9

32

q

21

6

0.05 0.02

0.13 0.02

0.02 0.03

0. 13 0.07

0.06 0.00

00
0.06 0.03

00

0 .03 0 "23

0 0"92

0 0.35

0 0.44

Ccntents on a basis of
"0": not detected

2 B-cations.

againr âs with the wodginite-group and columbite-group minerals, a strong

correlation exists between internal unit versus fi:ra,/(Ta+Nb), which indi-

cates tha+, the earliest-formed microlites tend to be Ti- and Nb-richesl,

and that with fractionation, the trend is toward Ta-enrichment at the

expense of Nb and Ti (nigure 63).

Unit ceII edges were determined for several Tanco microlites, and are

given in Table 85. In general, the celI ed-ces seem to vary only slightly;

excluding cesstibtantite, the maximum and minimum values are 10.405 and

10.438 Â. In his study of the compositional-structural systematics of syn-

thetic pyrochlores, Chakoumakos (1984) was able to predict the unit ceIl

edge of pyrochlores to 10.01 Â. Unfortunately, the resulLs of this study

cannot be practically applied here: the cell edge variation for Tanco

microlites is only marginally greater than the precision of Chakounakos'

(1984) method. Furthermore, metanictization uray affect the unit ceIl edges

of severaL of the Tanco microlites, and its effecls cannot yet be predict-
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T¡
p.f.u.

Fiqure 63: Tanco microlites:
See Figure 58 for
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variation in E-siÈe major-eIe¡rent chemistry.
an explanation-of the slmbo1s.
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edges of the microlites

lable 85: Unit Cell Dimensions for
from the Tanco

Microlites and CesstibtanLites
Pegmat i te

Sample Sample

SMP-4
SMP-6
sMP-6*
SMP_5 1

TSE-1 f
TSE-5
TSE-9
TSE-1 O

TSE-35
TSE-48

10.43s1(2)
10.433(2)
10.497(1)
10.426(4)
10.4293(s)
10.4329(7)
'10.4170(5)
10.418s(8)
10.4308(4)
10.40s(1 )

TSE-55
TSE-72
TSE-95
TSE-97
TSE-1 04
TSE-1 32
TSE-1 34
TSE-1 37
TSE-1 38

10.402(1)
10.420(1)
10.4144(s)
10.408(1)
10.420Q)
10.4262(4)
10.430(2)
10.437s(7)
10.4199Q)

* cesstiblantile

1 8 .8 CASSITERITE

Tanco cassiterites are almost always fine-grained (<1mm), and are usual-

Iy euhedral. Crystals range from being dominantly acicular (saccharoidaì

albite unit) to dominantly bipyramidal (lepidolite unit). The cassiterites

are usually a vitreous dark brown, but some fron the saccharoidal albite

uni¡ are a submetallic black. Thin sections show the brown crystals to be

nea:Iy colourless but with brown rims. The brown regions do not have sharp

cont,acts with the colourless ones, and look like oxidation rims.

Electron microprobe analyses of the cassiterites are given in Àppendix

D, Table 109. Àlthough ideally SnO2, cassiterites from Tanco are usually

tan;alian (to 12,4 Z TazOs) and ferroan (to 1.7 e" FeO), and rarely niobian
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(rnean NbzOs = 0.1 %) or manganoan (mean Mn = 0.3 e"). Despite the variabil-
ity of their chemistry, the cassiterites show no obvious correlations

between conposition and distribution. Even statistica- tests (e.g. dis-

criminant analysis) failed to indicate any correlations.

Figure 54 is a plot of Fe+Mn versus Ta+Nb for the cassiterites. À

least-squares fít to the data gives a slope of 0.47(2) w:ich indicates that

most Fe+Mn and Ta+Nb enter the cassiterite structure as a tapiolite compo-

nent, (Fe,Mn)(Ta,Nb)zOo. Excluding Ti, which is a minor constituent of the

cassiterites, nearly all variability in Tanco cassiteri:es can be ascribed

to cassiterite-tapiolite solid solution. The maximum amount of tapioJ-ite

component soluble in the cassiterite sLructure for Tanco samples is 4.9

mol .9o

Despite the chemical variability, the unit cel1 parameters of the cassi-

terites are nearLy invariant" The range in a is only ?0, and in c is only

5o. This is easy to rationalize: the weighted mean cationic radius for

ferrotapiolite is 0.69 Â (Shannon, 1976), identical to :he ionic radius of

six-coordinated Sn4*; thus ignoring differences in caticn order, substitu-

tion of even substantial amounts of a tapiolite component into the cassi-

terite structure should only affect ceIl parameters slightly.
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Fiqure 64: Plot of divalent (Fe2'+Mn) versus pentavalent (Ta+Nb) cationsfor cassiterites from the Tanco pägmatite. the solid Iine
marks the trend for ideal cassiteritã-tapiolite solid solution.
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1 8.9 RUTIIE

Tanco pegmat:te rutiles always occur as bladed, submetallic crystals of

very fine grain size (often S 0.2 mm). Crystals are always euhedral and

single, never aggregated. Àlthough persistent in some areas of the sac-

charoidal albite unit, they are never abundant. In this unit, they occur

in intimate association r¿ith microlite, woôginite-group minerals,

columbite-group mineral-s and cassiterite. In the upper intermediate unit,

rutile occurs in association with microlite and cclumbite-group minerals,

but only in triphytite-lithiophilite nodules. The large (> I cm) crystals

of columbite-g:oup minerals typical of this uni: are never found wilh

rutile.

Table '110 of Àppendix D gives lhe chemistry of rutiles from the Tanco

pegmatite. À large number of analyses gave apparenlIy cation-excessive

sums when an al:-Fe2* assumption was used in formuia calculation; conseq-

uently, all rut:Ie formulae were calculated by normalizing on 2 cations and

4 anions, and acjusting Fe2'¡Fe3* accordingly.

The rutiles irom units (3) and (5) have sinilar chemistry. Both are

strongly tantal:an; niobium is always subordinate to tantalum. Iron is

always in greater amounts than manganese. Presuming these impurities to be

present as the components FeTaz0o (ferrotapiolite) and FeTaO¿ (rutile-

structure; Turnock, 1966), the Tanco rutiles differ from the cassiterites.

They show a higher degree of solid solution with ferrotapiolite (to lg.g

mol.eo)', and soiid solution with a hypotheticat Fe3*-bearing component (to

7"3 mo1.e"); the cassiterites show little evidence of this (rigure 65).

À11 Tanco ruliles occur as slender (<0.03 mm wice) tiny crystals firmLy

embedded in a Ta-oxide matrix. Extraction of crystals for X-ray diffrac-
tion studies has not been successful.
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0.2

Fe
+

Mn

p.f.u.

0.1

0.2

Ta+Nb
p.f.u.

0.3

Fiqure 65: PIot of toÈaI (Fe+Mn) versus pentavalent cations (Ta+Nb) for
Tanco pegmatite rutiles. Solid lines mark trends for idealrutile-lapiolite solid solution (slope=O.5) versus ideal
rutile-FeNbO¿ solid solution (slope=1 ). - Data scatter between
the curves, .showing that both mechanisms affect the chemistryof Tanco ruÈiles"
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18..10 FERROTÀPIOLITE

Ferrotapiolite from the Tanco pegmatite is vitreous black and usually

equant. Crystals are rarely euhedral, and mos: often range from subhedral

to anhedral. The red streak of the mineral, its uniaxial optical character

and frequent polysynthetic twinning are most useful for its identification.

All the ferrotapiolites are manganoan; Mn :s least enriched in samples

from Èhe saccharoidal albite unit and most enriched in sanrples from the

simpsonite paragenesis (Àppendix D, Table 111). Figure 56 is a plot of

ferrotapiolite compositions in the columbite quadrilateral. The data show

that Ta/(Ta+Nb) increases $rith Mn/(l¡n+Fe). Figure 67 is a plot of Ti ver-

sus ta,/(ra+Nb) and t'tn/(Mn+Fe). The good negalive correlation indicates,

once again, a consistent geochemical pattern of Ti-depletion with an

increase in the ratios Ta/(Ta+Hb) and I'tn/(un+Fe), and thus with f ractiona-

tion. In contrast, Sn does not correlate -;ith either Ta,/(Ta+Hb) or

Mn/(tun+ne), nor does it seem to vary with the units.

Because of the small amounts of material, only three sets of unit ceII

dimensions could be determined for Tanco ferro:apiolites (ta¡te gg). À11

three samples used in ceIl refinement were large manganoan ferrotapiolites

fron the central intermediate unit of the western flank of the pegmatite.

The unit ceLl parameters and diffraction inLensities of these samples are

typical for fully-ordered manganoan ferrotapiolites (u.¡. Hise, pers.

comm. ) .
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Fiqure 67: Correlations between Ti and
pegmatite f errotapiolites.
versus Mn/(Mn+Fe). Numbers
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units of the pegmatite.

maJor
(a) ti

refer to



304

Table 86: Unit Cel1 Dimensions for Ferrotapioiites
from the Tanco Pegmatite

Sample

SMP_8
TSE-25
TSE-2 9

4 .7 610 (2)
4 "7594(2)
4.7s95Q)

9.2321(5)
9.2153(8)
9 "2195(7 )

209,26Q)
208.77 Q)
208.85(2)

18.1.1 OTHERS

( 1 ) Simpsonite

Simpsonite at Tanco ranges from coLourless to pale pink, and is always

transparent with a vitreous lustre. crystars are typicariy smaII, 0.5 mm

or less, but can be as large as 8.mm. They are simple hexagonal prisms

pJ-us basal pinacoids with variable aspect ratios, and are typically subhe-

dral. The strong blue-white fluorescence of simpsonite, iescribed in Chap-

ter vIII was used to locare occurrences of the mineral. The physical and

optical properties and chemistry of Tanco simpsonite were also described in

that chapter.

(2) Uraninite

tittle data exists for Tanco uraninite because it has been found in only

one sample to date. In this sample, it occurs as tiny opaque cubes, and is

associated r+ith scandian manganocolumbite and uranmicroliie. A chemical

analysis of the sample is provided in Àppendix D, Table 112. In addition

to the anticipated U and Pb, it also contains minor Ta anc Ca. Because of

iLs small size, no X-ray data v¡ere collected on the mineraL; however, its
morphology and chemistry leave litt1e doubt as to ils identity. The asso-

ciation of the mineral with uranmicrolite strongly suggesis that it formed
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as a response to a 1ocal.ly high chemical potential for U with respect to Ca

(and Ta).

(3) Ilmenite

Ilmenite was first reported by Grice (1970) from mill concentrates of

Tanco Ta-ore. Neither the study of Grice (1970), subsequent unpublished

work of Õernf nor the present study have found the point(s) of origin of

this mineral.

Ilmenite samples were taken from mill concentrates, which were them-

selves mined and processed at the time of this study. The identity of the

mineral was confirmed by X-ray powder diffractometry, and it was subseq-

uently chemically analyzed by electron nicroprobe. The results of micro-

probe analyses of two separate grains are given in Àppendix D, Tab1e'113.

Both grains are quite simple in chemistry, containing only Ti, Mn and Fe2*.

Neither of the sanples were found lo contain Ta or Nb at microprobe-

detectable leve1s (0.25 wt.eo). The near-ideal mean cation:anion ratio of

2.007:3 indicates that the all-ferrous assunption used for formula calcula-

tion is valid.

Although litt1e is knor+n of the chemistry of pegmatitic ilmenites except

for ðerny et al. (1986) and the partial analyses of Puffer (1975), the com-

plete lack of Îa and Nb and the inability of 15 years of searching for a

pegmatitic source of the mineral suggest that ilmenite is non-pegmatitic in

origin" Its presence in the concentrates may be due to amphiboliLe contam-

ination during mining. Àlthough the moderately high Mn contents might be

cited as evidence to the contrary, non-pegmatitic ilmenites are sometimes

as manganoan as the examples presenled here (Rumble , 1976\.
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18"12 TANCO PEG}'ÍATITE OXIDE MINERÀLS: CONCTUDING RE]'{ÀRKS

Several trends in the geochemistry of individual oxide minerals of the

Tanco pegmatite have been outlined in the previous section. Immediately

evident, for all cases, is thaL unit to unit changes in mineral chemistry

are smooth, not discontinuous" This suggests that all oxide minerals in

the pegmatite for¡¡ed by a conmon process; no gaps in the plots of mineral

chemistry exist which might be attributed to a change from (primary) crys-

tallization from the melt to (secondary) crystallization from metasomatic

fluids. The alternative to this is not attractive: if oxide minerals

formed by both processes, then the transition metal geochemical signature

of much of the meLt was insignificantly different fron that of the metaso-

rnatic f1uid.

Àlso evident is that several trends in the chemistry of any one oxide

mineral are reflected in the trends of the others" This confirms that each

such trend shows a strong geochemical infLuence and is not sole1y control-

led by the crystal-chemistry of the individual mineral species. This point

is illustrated in Figure 68, showing the mean Ta,/(Ta+Nb) ratio of each min-

eral group as a function of the unit number. Thls plot contains much

information. First, the absolute trends for microlites and wodginite-group

minerals are nearly identical, whereas thal for the columbite-group niner-

als is quite different. This suggests that microlites and wodginites frac-

tionate Ta versus Nb similarly, and that columbites behave much differently

by preferring greater proportions of Nb. Secondly I a reasonably smooth

increase in ta/(ta+nb) is shown from units (2) through (6) for all miner-

aIs, indicating that it is due to broad changes in the geochemistry of the

parent medium, not just to differences in cornpetition between species for
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in the sections on each nineral,

it is also seen that srith crystallization, lJ, Ti and Sc decrease in all
pertinent species, and that Sb, Cs, and to an extent t''tn/(Un+fe) increase in

all pertinent species. From these data, the proposed crystall:zation

sequence of the units, Q)-(3)-(4,5,8)-(6) is unchallenged. Data for unit
(9) were too few in number to comment on its inferred position in this

sequence, except to say that its oxide mineral chemistries are sinllar to
those of unirs (4)-(6).

À pattern that emerged for all species of wide distribution was one

which placed members of the simpsonite paragenesis at the most cation-

ordered and most geochemically fractionated end of trends, indicating the

paragenesis to be the last group of oxide minerals to cryslallize in the

pegmatite. This shall be dealt with in more detail in the next section.
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tite"
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18.13 THE SIMPSONITE PÀRAGENESIS AT TANCO

18.13.1 Introduction

Simpsonite was first found at Tanco in'1976 by I. ðernf as one of a num-

ber of oxide mineral species in a saccharoidal albite association of the

central intermediate unit of the western flank of the pegmatite. The simp-

sonite was restricted to a region roughly 1000 m3 in volume, and has not

subsequently been found elsewhere in the pegmatite. Several metre-scale

areas in this region were without equal in the mine for their high Ta2O5

grades - to '1'1 wt.eo. Associates of the simpsonite are wodginite, tantalo-

wodginite, manganotantalite, ferrotapiolite, microlite and cesstibtantite.

Non-oxide mineral associates include albite, guartz, rose and green-

coloured muscovite, spodunene, beryl, bismuth and arsenopyrite, approxi-

mately in order of decreasing abundance. Most simpsonite-bearing samples

were labelled with the prefix "SMP"; a}l analyses presented in this lhesis

trith this prefix are of minerals from simpsonite-bearing associations.

In all cases, the simpsonite occurs in oxide mineral bands in ihe sac-

charoidal albite. The albite bodies, and therefore the bands, are discon-

tinuous compared to the saccharoidal albite unit of the eastern flank of

the pegmatite; nonetheless, the similarity is striking.

The saccharoidal albite bodies tend to be curviplanar and convex-upward.

Examination of the morphologies of quartz and beryl crystals hosted by the

bodies indicates that they taþer downward and are most euhedral upward

(toward the centre of unit (6) ), which implies that the crystallization

direction was upward.

One of the most continuous of the layered saccharoidal albite bodies in

the central intermediate uni! of the western limb of lhe pegmatite l¿as non-
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simpsonite bearing, and was over 3 m in length and up to 2 m thick. How-

ever, the sinpsonite-bearing saccharoidal alb:te bodies were often less

than 50 cm Long and 10 crn thick; one exceptional sample was 20 cm thick.

The discontinuity of the bodies and the heterogeneity of their surroundings

made geometric interpretations difficult to impossible; however, some

simpsonite-bearing saccharoidal albile bodies near the edges of these

regions were observed to abut against the nore typical coarse-grained

K-feldspar, quartz, S0I assemblages of the central inlermediate unit.

Often a thin (l to 2 cm) halo of green muscovile separates the saccharoidal

albite and the coarser materiaL. The contact between the green muscovite

or saccharoidal albite and the K-feldspar-qua:tz-spodumene assemblage is

usually sharp; however, the contact between ',he green muscovite and sac-

charoidal aibite is more gradationaL, suggesting a cogenetic origin for lhe

muscovite and albite. The oxide minerals thenselves vary within the sac-

charoidal albite. Simpsonite, some microlite, cesstibtantite and a pale

orange-yellow variety of wodginite-tantalowodg!.nite are nore concentrated

in central bands of the albite; however, a brown wodginite variety and fer-

rotapiolite are more concentrated toward the uppermost bands, reaching

greatest concentration in the green muscovite-rich outermost parts of the

albite bodies.

1 8. 1 3.2 Petroqraphv

Petrographic charact,eristics of the oxide minerals of the simpsonite

bearing associations are remarkabLy constant.

Simpsonite is always colourless and subhedral to rarely euhedral (fig-

ure 69)" Huch simpsonite is pristine; however, in several cases, simpso-

niLes collected near the Fe-rich edges of the albite bodies are partially

to wholly replaced by tapiolite.
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Fiqure 69: Simpsonite cryslals from
plane-polarized light, 100

the Tanco pegmatite.
X magnification.

Transni tted,
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The orange-yeIIow variety of wodginite is the most abundant oxide miner-

al of the association. This variety forms euiedral, sector-twinned dipy-

ramidal crystals, and ranges from wodginite ic tantalowodginite in chemis-

try. It does not replace other species, bu', is often rinmed (to slightly

repl-aced) by ttre brown variety of wodginite (rigure 70). This other vari-

ety forms subhedral crystals; only rarely are euhedral crystals found. It
is most abundant near the tops of the layered albite bodies, and is almost

always in contact v¡ith muscovite. Often there is a preferred direction in

the growth of the brown rims where they abut against the muscovite.

After wodginite, microlite is the next-most abundant species. Three

compositional varieties exist: uranian and conmon varieties are the most

abundant, and an antimonian variety is a distent third. The uranian vari-

eties are anhedral to subhedral, and show strong compositional zoning. The

zonation is one of decreasing U,Pb conteni and À-site vacancies, and

increasing Ta/fta+Nb) with progression from tb,e core to the rim. The most

uranian of these microlites are translucent green; translucent brown vari-

eties are less uranian, and the least uranian varieties are slightly trans-

lucent, but colourl-ess. The antimonian varie:y is roughly contempcraneous

r.rith the uranian one, and may actually represent latest-formed examples of

the uranian variety, ôs evidenced by the:.r trace-!o-minor U-contents.

These two microlite varieties serve as seed c:ystals to a later microlite

variety, the common microlite with low À-site vacancies. The contact

between the seed and its rimming microlite is sharp. The common varieLy

has anhedral to subhedral crystals, and shows polygonal grain boundaries

with other Iate-forming oxide minerals. Some crystals of this variety

enclose what seems to be manganotantalite i¡:clusions, but the typically
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Fiqure 70: Overgrowths of brown wodginite upon yellow-orange wodginite,
simpsonite paragenesis, Tanco pegratite. Transmitted, plane-
polarized light, 100 X magnification"

:ìr::'l::r



diffuse bouncaries of the "inclusions"

planes in the microlite suggest that

alteration prcduct of the microlite.
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and thelr location along cleavage

the manganotantal.ite might be an

In addition to the microlite varieties, yeIlow-orange, euhedral- cesstib-

tantite is present" tike the common microlite variety, it rims earlier

generations of microlite. A photograph showing cesstibtantite rimming the

uranian microlite variety is given in Cbapter XIV. 0ften the

cesstibtantite-microlite contacts are sharp, but occasionally gradational

contacts are encountered, in which yellow-orange cesstibtantite blebs occur

in a antimonian microlite matrix in the contact zone. Whether these blebs

represent an exsolution texture or a two-phase co-crystallization is not

clear. Cess:iblantite, unlike the common variety of microlite, is found

exclusively in the central parts of the albite bcdies. This, taken in con-

sideration wi:h the nature of the antimonian nicrolite - cesstibt,antite

grain contacts suggests that cesstibtantite is one of the latest of the

earlier generation of oxide minerals in Èhe asscciation, not part of the

later ferrotapiolite - brown wodginite - common ¡ricrolite generation.

Unlike other associations, ferrotapiolite !s common in simpsonite-

bearing associations. It is always transparent red with a strong orange-

red to red pleochroism. Crystals are usuaLly subhedral and are often poly-

synthetically twinned on (013). Às already stated, this ferrotapiolite

replaces simpsonite, and is most abundant at the edges of the albite bod-

ies.

Manganotantalite is uncommon to rare in simpsonite-bearing associations.

IÈ most frequently occurs as tufts of acicular crysÈals with a yellow to

brown-yellow colour (figure 71). The rareness of the mineral, and its
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infrequency of direct association with other oxide minerals of the albite

bodies makes placement of its position in the crystallization sequence of

the oxide minerals difficult. Às with wodginite, darker coloured rins are

often found about J.ighter cores; however, the contacts between tne core and

rim regions are always gradational. Manganotantalite may have c:ystallized

with both generations of oxide minerals.

It is concluded that the simpsonite-bearing albite bodies host two gen-

erations of oxide minerals which are also somewhat separatec spatially.

The earlier generation consists of light-coloured minerals poor in chromo-

phoric elernents (Fe,Ti), while the later generation is typicatly dark-

coloured and richer in chromophoric elements, and uses the earlier genera-

tion as seed crystals. À summary of the crystallization histcry of the

simpsonite paragenesis at Tanco,

given in Figure 72.

as outlined in the present section, is
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Fiqure 71: Tufted aggregate of manganotantalite crystals (t) with zircon
{z), simpsonite paragenesis, Tanco pegmatite. Transmitted,
pJ.ane-polarized 1ight, 100 X magnification.
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Simpsonite

Manganotantal i te
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Fiqure 72: Crystallization history of the simpsonite paragenesis, Tanco
pegmatite.



318

18.13.3 Geochemistry

The chemistry and structural properties of simpsonite paragenesis miner-

als oi lhe Tanco pegmatite has been outlined in various chapters of Part 3;

however, Do formal comparison of the properties of these minerals to oxide

minerals of the rest of the Tanco pegmatite has yet been presenled.

The simpsonite-bearing associations are atypical for their multiphase

nature; up to seven Ta-oxide minerals can be found in a single thin sec-

tion, with few replacemenl textures evident. they have atypical mineralo-

gy; (simpsonite), tantalowodginite and cesstibtantite occur nowhere else in

Èhe pegmatite. Àlso noteworthy is the complete absence of cassiterite from

the associations. Furthermore, the more common oxide minerals, the

wodginite-group minerals, columbite-group minerals, microlites and ferrota-

pioli:es have unusual chemistries r¡hich in several ways are distinct from

the cbemistry of their other occurrences in the pegmatite. As has been

mentioned, the chemistry of these minerals places them at the ends of frac-

tiona:ion trends for the pegmatite. ÀJ.l species are fuì.ly-ordered, an

atypical feature for Tanco tantalites, although not necessarily so for the

tapioiites and wodginites.

In an attempt to define the differences between the simpsonite paragene-

sis versus all other oxide mineral associations at Tanco, discriminant

analysis was applied, using the most complete set of mineral properties,

namel¡' chemistry, as the variables. Although some differences in mineral

chemistry are easy to discern, other less prominent, but potentially impor-

tant covariances can easily be missed unless the data are rigorously

inspected. Discriminant analysis has two additional potenlial benefits"

First, if the simpsonite paragenesis represents an extreme in transition
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metal fractionation a: the Tanco pegmatite, then the discriminant functions

separating the simpsonite paragenesis from the rest of Tanco provide infor-

mation on the directicn of fractionation late in the crysiallization of the

pegmatite. Secondly, if the discriminating powers of ihese functions are

effective, then classification procedures might help in locating other

potential occurrences of simpsonite in the pegmatite.

Discrininant analysis involved three steps. To seLect the chemical

variables which would conLribute most significantly to discriminating simp-

sonite paragenesis ninerals from other oxide minerals of Tanco, the SÀS

routine STEPI^IISE (stepwise discriminant analysis) was used. Variables were

selected by backward elimination using a 1Seo significance level as a cri-
terion for staying. Àfter variable selection, the routine CÀNDISC (canoni-

ca1 discriminant anaJ-ysis) was used to construct the canonical variables

from linear conbinations of the reduced set of chemical variables. Because

only two groups were being discriminated between, namely the simpsonite

paragenesis minerals versus the rest of Tanco oxide mine:als, only one can-

onical variable exists for each mineral studied. This variable, by nature

of the analysis, represents the greatest separation between the two groups

in conpositional space. Multivariate statistical tes:s for differences

between the two groups (simpsonite- versus non-simpsonite-bearing) vrere

significant beyond the 0.00005 level for all mineral species examined. The

final step of the discriminant analysis was a reclassification of the sam-

ples by means of the routine DISCRIM. This was done in part as a measure

of relative failure or success of the discrimination procedure by observing

what proportion of tbe simpsonite-bearing samples were reclassitied other-

wise, and in part to find which samples from other regions of the pegmatile
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paragenesis samples marked regions of

320

hish

(i) }lodginite-group minerals: The linearly independent chemical variables

Fe2-, Fe3*, Ti, Nb, and the À-site and B-site vacancies (i.e, substituents

for ideal wodginite, MnSnTazOs) were used at the start of the stepwise dis-

cri¡inant analysis. Backward elimination removed none of these variables.

Cancnical discriminant analysis (tabte 8Z) showed total À-site constitu-

ents, Ti and Nb to be generally lower, and B-site Ta to be higher in

wodginite-group minerals from the simpsonite paragenesis than the rest of

wooginite-group minerals from Tanco. The hislogram of Figure 73 illus-
tra:es that both groups show much spread with respect to the canonicaL

var:able; however, the group means are well separated. A sunmary of the

rec:assification of samples according io the canonical variable is given in

Tabie 88. The success of the discrimination is further shown here: on the

bas:s of chemistry alone, 94.'1% of all wodginite-group minerals from the

simpsonite paragenesis i,¡ere correctly classified as being associated with

sinpsonite, and only 7.6p" of all wodginite-group minerals which were not

found in association with simpsonite were classified as being associated

witb it.
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N Simpsonite -bøaring
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histogram for wodginite-group minerais from
versus simpsonite-f ree associations.

Freq.

Fiqure 73: Canonical variable
simpsonite-bearing

Midpoint
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TabIe 87: Canonical Discriminant Analysis f or l.iodginite-Group Minerals

STANDÀRDI ZED CÄNONICAt COEFFICIENTS

FeZ* !(A) !(B) Fe3* Ti Nb

-0.581 -0.399 1.001 0.s90 '1 .001 0.473

CLÀSS MEÀNS

Simpsonite-bearing samples: -2.062
Sinpsonite-free samples: 0.535

Table 88: Classification Summary For Tanco Pegmatite 0xide Minerals

Àssociation Wodginite Microlite Tantalite TapioJ.ite

Simpsonite-bearing 5.9

Simpsonite-free

0. 0 0.0

16.7 8.67.6

0.0

0.0

The table gives the % of samples from each association which ¡rere
reclassif ied otherwise.
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(ii) Pyrochlore-group minerals and cesstibtantite: The chemical variables

used in the s:epwise discriminant analysis were substituents for Na , Cà,

and Ta of idea: microlite, NaCaTazOe(Og,n). Because of the slight amounts

of Mn and Fe present, both were summed lo make a single variable R2. Simi-

lar1y, because of only slight amounts of calculaied Sn4*, both Sn2* and

Sna* were combined under a single variable Sn. Ài the start of the analy-

sis, the model had Pb, U, R2, Cs, Sb, Sn, Ti, Nb and ¡ as variables. Of

these, Cs, U anC u did not contribute significantly to the discriminant

function, and were removed.

Canonical discriminant analysis (ta¡te gg) showed Cs, Sb, Pb and Ta to

be generally h:.gher, and Nb, Ti and R2 to be lower in microlites (pLus

cesstibtantites) from the simpsonite paragenesis. The distribution of sam-

ples with respect to the canonical variable is given in Figure 74. The

group means are well separated, but some overlap occurs. Table 88 gives a

summary of the reclassification of samples. Àlthough no samples from the

simpsonite paragenesis were reclassified, 16.7e" of the samples from other

locations in tLe pegmatite were reclassified as belonging to the simpsonite

paragenesis.

(iii) Columbite-group minerals: À11 possible subs-,ituents for the mangano-

tantalite end-nember were used as variables at the starl of the stepwise

discriminant analysis. Backward elimination showed only Nb and Sc to con-

tribute signif!.cantIy to the discriminant function. Canonical discriminant

analysis (fabte 90) showed Sc, Nb, Ti, and to an extent, Fe to be generally

lower in colunbite-group minerals from the simpsonite paragenesis, and

showed Ta, anc to an extent, Mn to be higher. Figure 75 shows that the

means of both groups are well-separaled, and that overlap is minimal. This
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TabIe 89: Canonical Discriminant Ànalysis for
Microlites and Cesstibtantites

STÀNDÀRDIZEÐ CÀNONICAt COEFFICIENTS

Nb Ti Pb Sb Sn

1 .843 -1 .498 -0 .335 -0 . 383 0.850

CLÀSS I'ÍEANS

Simpsonite-bearing samples: -1.856
Simpsonite-free samples: 0.588

R2

0 .371

is further emphasized by the classification summary of Tab1e 88: none of

the columbite-group minerals from the simpsonite paragenesis were reclassi-

fied, and onLy 8.6% of the other columbite-group minerals were reclassified

as belonging instead to the simpsonite paragenesis.

(iv) ferrotapiolite: FerroLapiolite is sparsely distributed ove: the peg-

matite, thus only a Iow degree of confidence can be placed on the results

of statistical analysis of this species. Thirteen mineral analyses were

used in the discriminant analysis. The set of starLing variabies was Mn,

Fe3*, Nb, Ti and Sn. Backv¡ard elimination retained only Nb. Ranking of

the data according to Nb content showed MD, Fe3* and Ta to be generally

richer in simpsonite-paragenesis f'errotapiolites, and Fe2*, Ti and Nb to be

generally poorer in these samples. Nb discriminates between the groups

weII, as shown by Figure 75 and Table 88: no samples from either group nere

reclassified"
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Froq.

N Simpsonite -bearing

n Simpsonitø -trøø

Can. ver.

Mídpoint

Fiqure 74: Canonical variable histogram
bearing versus simpsonite-free

fo: microlites fron simpsonite-
associations.



TabIe 90: Canonical Discriminant Ànalysis for
Columb i te-Group Mi nerals

STANDÀRDI ZED CÀNONICÀL COEFFICIENTS

Nb Sc

1 . s63 -0.735

CLÀSS MEANS

Simpsonite-bearing samples: -2.838
Sirnpsonite-f ree samples z 0.i47

Table 9'1 is a Iist of aLl simpsonite-free samples which r.ere reclassi-
fied as being simpsonite-bearing. Their locations in the mine are shown in

Figure 77. Several of these samples come fron areas immediateiy adjacent to

the simpsonite-bearing regions of the western flank of the pegmatiLe. That

samples adjacent to simpsonite-bearing regions should shci¡ properties

intermediate to the minerals of the simpsonite paragenesis and simpsonite-

free associations, suggests that the progression from typical oxide mineral

associations !o simpsonite-bearing ones was continuous. Comparison of the

results of the discriminant analyses for all species studied, and consider-

ation of the mineralogy of the paragenesis shov¡ that just before and during

the time of formation of lhe simpsonite paragenesis, fracLionation was

leading to enrichment in Ta (with respect to Nb), pb, Cs and Sb, to strong

depretion in Ti and sc, and to an lesser degree, depletion in Mn,

Sn.

0f the remaining samples reclassified as simpsonite-bearing, the major-

ity come from the central intermediate unit of the eastern flank of the

pegmatite, and belong to the assoc.iation wilh nruscovitizei K-feldspar.

3¿6

Fe and



3?1

Ñ Simpsonitc - bøaring

n Simpsonite - frøe

Freq.

Fiqure 75: Canonical variable
s impson i te-bear i ng

-3 -2 -1 O 1 2 Midpoint

Can. var.

histogram for columbite-group minerals from
versus simpsoni¡e-f ree associations.



Freq.

Fiqure 76: Nb-histogram for
s impson i t e-f ree

5 10 15 20 25 Midpoint

Nb (pfu. xt00)

ferroLapiolites from
associations.

328

simpsoniie-bearing versus

Ñ Simpsonitø -bøaring

n Simpsonitø - frøe
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Table 9'1 ¡ Samples Reclassified as Simpsonite-Bearing

Sample 0xide Minerals
Present

y¿d TpTnMc

c69-1
c69-7
G69-1 0

c69-17
c69-28
c69-36
c69-39
c59-43
c69-46
G6 9-52
TRT-1 5À

TSE-7
TSE-28
TSE-30
TSE*32
TSE-35
TSE-57a
TSE-63
TSE-69
TSE-1 01

TSE-'1 15

Mc,$id
Tn rWd
Tn,Wd
}id,Mc
}¡d
Tn rWd rMc
vtd,Mc
Hd,Mc
l{d
I,ldrTn rTp
Tn,Mc
Wd, Tp rMc
Wd rMc , Tn
}jd,Mc
Ì{drct,Mc
Mc rCt
}id, Tn
I.¡d, ct
}{d
I.Id,Mc
Wd, Tn , Ct

0
0

0
54

'1

0

0

84
60

99
100

0

0

ro9

0

98
98

99

98

?

¿

9;

0

95
95

100
100

95
57
91

96

100
9s
78
95

I

Abbreviations: Wd=wodgini:e-group minerals, Tn=co1um-
bite-group minerals, Mc=microlites, Tp=
f errotapiol-ite, Ct=cassiterite.

Numbers refer to % probability of reclassification for
analyzed minerals.
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Several of these samples cluster in an area of very high-grade Ta-ore. One

of lhese has two of its oxide minerals reclassified as belonging to the

simpsoniÈe paragenesis (sample G69-52) , all others had only one mineral of

the association reclassified in this way. These points alL strongly indi-

cate the region to be highly fractionated, undoubtedly the most highly

fractionaled area (with respect to transition metal chemistry) in the east-

ern flank of the pegmatite. The area was extensively sampled by Grice

(1970), who did not find any simpsonite at the location. His samples were

re-investigated in the present study, and again, Do simpsoniLe was found.

It would seem that although extrenes were reached in the geochemical frac-

tionation of transition metal ca;ions in the eastern flank of the pegma-

tite, fractionation did not progress as far as the western f1ank, as evi-

denced by the complete lack of simpsonile and low degrees of depleiion of

the common transition metal cations (Sn,Mn,Fe) in Lhe most highly fraction-

ated area of the eastern flank.

18.'13.4 Simpsonite-Bearinq Àlbiie Bodies: Detailed Examination

In an attempt to better define the crystallization sequence of the simp-

sonite paragenesis at Tanco, and to study the observed banding of the oxide

minerals, a detailed sectioning of the largest and most continuous set of

bands was done (sample SMP-51 ). Four 5 cm sections across a 20 cn diame-

ter, mm-sca1e layered albite body were taken, and analyses of minerals were

obtained at, an average spacing of 2 mm, I to the banding.

In alI, analyses ot 22 wodginile-group minerals, 13 nricrolites, 2 cesst-

ibtanlites, 6 ferrotapiolites and 3 columbite-group rninerals were obiained.

Simpsonites were not analyzed because of the difficulty in obtaining quan-

titative analyses, coupled with the expectation of rather invariable chem-



332

istry from the results of the crystal-chemical. study. The analyses are

presented in Appendix D; all have the prefix 'SMP-51". Unless otherwise

indicated, all mineral analyses were taken at crain cores, except for the

brown wodginites, where the analyses were taken half way between the inner-

most and outermost parts of each grain, because of the lack of a true core

in this colour variety

Mineral di.stribution within the albite body is uneven. Simpsonite,

cesstibtantite and the pale orange-yelIow variety of wodginite are most

concentrated in lower to central parts of the bcdy, but ferrotapiolite and

the brown wocginite variety are most concentra:ed in the upper parts, and

along a thin plane near the base of the body. Microlites are found evenly

throughout the body. Àt the base of the body, a large, medium-grained

aibite-rich orthogonal pseudomorph (?) is preser:c; the microprobe traverse

extended fron the top of this pseudornorph through to the lop of the albite

body.

Figure 78 to Figure 81 illustrate Lhe most important mineral composi-

tional variations across the body. A plot of Fe content, of the Fe-Mn oxide

minerals is given in Figure 78. In Figure 79, a plot of the Ti contents of

all Ti-bearing phases is shown. Figure 80 and Figure 81 are similar plots,

but for Nb, and cation site vacancies, respectively. In Figure 80, data

for microlites and cesstibtantites are excluded because these minerals show

no significant variation in Nb content.

In all four plots, data for orange-yelIow versus brown wodginites are

separated because of their different chemistries: the earlier orange-

yellow varie:y is significantly Fe, Nb and Ti-poorer than the later brown

variety. 9-site chemistry of al1 microlite varieties is practicaJ.ly invar-
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iant. Although À-site chemistry between the varieties is quile different,

within each variety, mineral zoning and irregular distribution of the vari-

ety over the albi*"e body make analysis of À-site c:remical variability

impossible, except fcr the common microlites. In this case, the only use-

ful variable is À-site occupancy, which is practicaJ-Iy invariant (rig-

ure 8'1 ). Ànd so, âDy interpretation of variability of srineral chemistry is

restricted solely to the wodginite-group minerals and ferrotapiolites.

In Figure 78, a consisleni pattern is shown for Fe variation. For all
species, crystals nearest to the edges of the body are richest in Fe (poor-

est in Mn) than those in the centre of the body. Furthermore, samples of

all ninerals taken near the centre of the body show no significant changes

in. Fe (or Mn) over approximalely 1/2 to 3/4 of the bod¡. It should also be

noted that the later-forming brown wodginites are always Fe-richer than the

earlier orange-ye11ow variety. The brown wodginite samples show strong

colour zoning, especially obvious in the darker crystals near the edges of

the body. For the wodginite crystals at 17 and 18* mm from the base of the

traverse, core and rim analyses were taken and are shown in Figure 78 (as

well as Figure 79 to Figure 81 ). Both sets of analyses show that core to

rim variation involves a significant increase in Fe reLative to Mn.

The distribution of Ti is the same as that of Fe (figure 79), Crystals

at the edges of the body are richest in Ti, and those from the central

parts of the body are poorest in Ti (to fi-free in the case of ferrotapiol-

ites and orange-yeliow wodginites). There is a sligbt departure from the

trend for Fe in thai the basal edges of the body are not as Ti-rich as the

upper edges of the body; however, like the Fe distribution, Ti remains con-

stant over the l/Z to 3/+ of the body representing the central sections.
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Àlso parallelling Èhe Fe distribution is the concentration of Ti in the

brown wodginite varieties over the orange-yeIlow ones. Core to rim chemi-

cal variations in the brown wodginites involve an increase in Ti, which

again parallels the trend for Fe.

À strong departure from the previ.ous two sets of trends is observeð for

Nb. Àlthough the brown wodginites and the ferrotapiolites from the ecAes

of the albite body are enriched in Nb, âs compared to their occurrences in

central regions of the body, the trend for the orange-yellow wodginites is

just the reverse: the central and basal sections of the albite body have

the Nb-richest orange-yellow wodginites, and Nb is seen to decrease reason-

ably smoothly Loward the top edge of the body. Furthernore, all colouriess

wodginites have Nb contents which are higher than the Nb-richest of the

brown wodginites, the reverse of what is observed for Ti and Fe. However,

as was observed for Tj. and Fe, Nb increases towards the rim in colour-zcned

brown wodginites.

The following points summarize ihe most important conclusions from the

study of mineral compositional variation across the albite body"

(1) The early generation of oxide minerals is typified by

and by low amounts of elements which Èend to substiÈute for

Sn and Ti. The later generation has significantly lower

higher amounts of quadrivalent cations; however, Ta/(Ta+Nb)

for the early generation.

high Mnrl(Mn+Ps )

Ta, namely Nb,

Mn/(t'tn+Pe ) and

is lower than
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(2) Despite modal variations, the minerals of the early generation are typ-

ified by nearly invariant compositions; the position of the nrinerals within

Lhe albite bodies does not affect mineral composition nuch. In contrast,

the later genera:ion of minerals is constant in conposition over a large

central region ccmprising 50-75ø" of the albite boCies, but shows sharp

changes in composiLion near the edges of the bodies where they are most

abundant. This indicates that lhe mechanisms responsible for oxide mineral

formation were sinilar for both generations of oxide minerals in the cen-

tral parts of the albite bodies, but dissimilar in edge regions.

(3) The earlier generation of minerals contains most mineral species typi-

caI of the simpsonite paragenesis, e.g. simpsonite, Fe-poor wodginite, tan-

talowodginite anc cesstibtantite. By comparison, the later generation is

quite ordinary: common mícrolite instead of uranian or antimonian microl-

ite or cesstibtan:ite, Fe-enriched wodginite instead of Fe-free wodginite

and tanlalowodginite.

(4) wodginite-group minerals and microlites

richest in cation site vacancies (nigure 81

ing members of the later generation poorer

to-rim zonation indicates that the number

their crysLalliza:ion.

from the earlier generation are

). Not only are the correspond-

in site vacancies, their core-

of vacancies diminished during

(5) The significantly higher Ti and Fe (relative to Mn) contents of the

later generation of oxide minerals suggests that the melt or fluid from

ruhich they crystallized was geochemicatly more primitive, or less fraction-

ated, than the one which produced the earlier generation. However, dala

for Nb suggesls just the opposite; minerals of the later generation are
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Nb-poorer (and Ta-richer) than their earlier-generation counterparts; thus

they would seem to have been der:,ved from a more highly fractionated melt

or fluid. This is difficult to reconcile unless the system which p:oduced

the albite bodies was geochemicaily open in the latter parts of its crys-

tallization history. If Nb-Ta fractionation were regulated principally by

the melt or fluid which produced the albite bodies, and Ti and Fe we:e pro-

vided by an outside source, then the observed trends in mineral chemisLry

could result. This model demands either (1) lhat the chemical poteniial of

Ta within the system that produced the albite bodies was much greater than

lhat of the external system which supplied Ti and Fe, or Q) that its Ta:Nb

signature was similar to the system which produced the albite bodies. it
is important to note that mineral zoning within the later generation indi-

cates that ¡¡(Ti), l(ret'tn- t ) and p(l¡bra- r ) all increased during the c:ystal-

lization of Lhis generation. If this zoning is an indication of inc:easing

openness of the system which proCuced the albite bodies, then the exiernal

source of transition-metal cations must have been richer in Nb rela:ive to

Ta than the source which produced the albite bodies. It is concluded that

the second scenario is the better one, and that the external source of

cations was geochemically more primitiver âs regards all transition metal

caLions, than the source of the albite bodies.

(6) I,lhen the systems which produced the albite bodies interacted with

external systems, s(Ta) must stil1 have been relatively high, yet

¡¡(tlbTa-r), p(ri), t(FeMn-1) were quite low. This is proven by the immedi-

ate and sharp increase in Ti and Fe concentrations in late generation nin-

erals as contrasted with the initially lower concentrations of Nb in these

minerals. That ¡(ta) itself was very high is further supported, but not

proven by the typically very bigh grade of simpsonite-bearing Ta-ore.
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(7) The associa¡ion of late-generation oxide minerals with green muscovite,

+¡ithin the albi:e bodies, implies that the external supply of transition

metal cations nust have been more potassic, and therefore more acidic than

the system which produced the albite bodies. Às was described earlier, the

albite bodies often have variably extensive muscovitic rims. It is proba-

b1e that the nuscovite veinlets within the albite bodies are related, if
not'identical to the rim maÈerial. Because of the lack of an appreciable

muscovite rim on the studied albite body (the sample was collected some 6

years before the present study began, and may have had a rim at one time),

no attempt could be made to test the relalionship through oxide mineral

chemistry. I.ihether the rims represent (1) reaction rims about the albite

body, Q) an immiscible liquid within the sodic fluid which produced the

albiÈe bodies, or (3) a zone of hydrolysis which may have preceded a once-

expanding Na-neÈasomatic front, behind which the albite bodies crystal-

1ized, is not known and cannot be answered at the present. The association

of muscovitic rims with saccharoidal albite bodies is not unique to

simpsonite-bea:ing bodies; the question presentei here is one which holds

for all of the Tanco pegmatite albite bodies, and the answer can only be

found with more detailed work on the distribution and chemistry of all min-

eral species of the albite bodies.



Chapter XIX

BRÀZILiÀN PEGMÀTITES

Simpsonite occurs in tvro locations in Brazil: the Àlto do Giz and Onça

pegmatites. BoLh pegmatites are located in the Brazilian Precambrian

shierd, and are two of many BerTa,Li-bearing pegmatites in a 3750 km2 belt

centred about the Paraiba - Rio Grande do Norte border in the vicinity of

Equador (0e ¡tmeida et al., 1944). Very litt1e has been published on the

geology of this region; availabl-e information is given by De Alneida f944)

and Pough (1945).

19.1 ÀLTO DO GIZ PEGMÀTITE

1 9.1 .1 Location and Geoloqy

The Alto do Giz is located 2 km S of the nain road connecting the towns

of Equador and Parelhas, in the state of Rio Grande do Norte, BraziL" The

pegmatite is hosted by a micaceous quartzite overlying an inferred granitic

batholitic source, and has a vertical attitude (eough, 1945). Although

heavily weathered, the pegmatite is welt-exposed, located at the crest of a

ridge. Published photographs and descriptions indicate pegmatite zoning to

be horizontally symmetric; the vertical zonation is not well documented.

There is a wall unit of quartz, mica and kaolinized feldspars. Progression

toward the centre first shows an intermediate unit(s) consisting rnainly of

coarse-grained quartz, feldspar and mica, foltowed by a guarÈz core. Beryl

-342-
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and Ta-oxide minerals are from the intermedia:e zone, and tend to be con-

centrated in lhe innermosl parts of this zone. A photograph presented by

Pough (1945) indicates that large spodumene + quartz pseudomorphs after

petalite were present in the intermediate zone. This, plus the list of

accessory minerals given above, indicates tre pegmatite to belong to the

petalite subtype of complex-type, rare-element granitic pegmatites of oro-

genic association (ëernf, 1986).

19.1 .2 0xide Mineraloqv

Manganotantalite is the dominant Ta-oxice mineral of the ÀIto do Giz

pegmatite. Cryslals are typically blocky, euhedral to subhedral, opaque

and black. Unit cell parameters were dete:nined for a blocky black crys-

tal: g.=i4.290(1) , Þ=5"7416(3), g.=5.1476(4) Å. The cetl parameters indi-

cate the !tn/(t'tn+Fe) ratio to be 0.9 and the csgree of order to be 14%.

Microlite is the next nost-abundant oxide mineral of the pegmatite.

Pough (1945) does not describe the proper:ies of this microlite, and

because only microlites associated with simpsoniLe were obtained for the

present study, nothing is known of the chemistry or physical properties of

the average microlite of the pegmatite.

Ferrotapiolite is a frequent associate of simpsonite, but occurs as iso-

lated crystals elsewhere in the pegmatite. Pough (1945) did not recognize

ferrotapiolite at the Alto do Giz pegrnatite, so little is known of its dis-

tribution. À single black ferrotapiolite crystal from a simpsonite-free

assemblage was obtained late in the present study. Its unit cel1 parame-

ters are: q=4.7561 (1 ), g=9"2175(3), which indicate it to be fully-ordered,

or nearly so, and to have a low Mn-content : lln/(t'tn+Fe ) =0 . 
'1 (M. Wi se, pers.

comm. ).
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19.1 "2,1 Simpsonite Paraqenesis

The occurrence of the simpsonite paragenesis at the ÀIto do Giz pegma-

tite is one of the most mineralogically diverse, second only to the Lesh-

aia, Kola Peninsula occurrence. Ten mineral species are known (ta¡te 9Z).

Manganotantalite and ferrotapiolite are the only oxide minerals studied

which are found both as members and non-members of the paragenesis. Às

members, they have high Ta/(Ta+Nb) and Mn,/(t'tn+Fe) ratios (tabte 9Z). The

manganotantalite varielies are comparable to other manganotantalites of the

pegmatite in terms of t'tn/(un+Fe), but have distinctly higher degrees of

order (100e"). Two varieties exist: an early, red variety, and a later,

yellow one. The red variety shows lower Ta/(Ta+Hb) and higher Mn/(un+f'e)

than the later variety, which indicates that during crystallization of the

paragenesis, a reversal in Fe-Mn fractionation occurred. The ferrotapiol-

ite shows degrees of order comparable to the ferrotapiolite from outside

lhe simpsonite paragenesis, but has I-tn/(t'tn+Fe) ratios (rable 9Z) approxi-

mately six times higher than the one from outside the paragenesis.

Simpsonite was a very abundant member of this occurrence of the para-

genesis; Pough (1945) reports that more than 300 kg of the mineral were

mined during 1943.. 0n the basis of the production during 19a3 alone, the

AIto do Giz is the world's largest deposit of simpsonite. Simpsonite

occurs as sharp, subhedral. crystals to several cm in diameter; its other

physical properties are described in Part 3.

Microlite occurs as green crystals which are usually euhedral and octa*

hedraL" Às a member of the simpsonite paragenesis, it is less abundant

than simpsonite or manganotantalite. It occurs as the common variety; its

chemistry is quile simple compared to other nembers of the nicrolite sub-
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given in Table 92.

Some features of its
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geochemistry are

Simpsonite, manganotantalite, microli;e and ferrotapiolite mark one

appoximaÈely coeval generation of oxide minerals in the Àlto do Giz occur-

rence of the simpsonite paragenesis. ALl o:her members occur as late-stage

replacement minerals of the simpsonite ani microlite of the paragenesis.

Natrotanlite, alumotantite and stibiotantalite occur as fine-grained

replacenenLs of simpsonite, while parabarionicrolite and plumbian stibiomi-

crolite occur as similarly-textured replacements of the microlite of the

paragenesis. Tantalowodginite occurs as inclusions within alumotantite

crystals, hence is assumed to be roughly coeval, but slightly earlier than

the alumotantite. The relationship between the rest of the late-stage min*

erals is difficult to assessi few occur in contact. However, on the basis

of the higher water contenl of parabariomicrolite as compared to stibiomi-

crolite (Chapters XIII and XV), parabariomicrolite is suspected to be later

than stibiomicrolite, which is assumed to be roughly coeval with alumotan-

tite, tantalowodginite, natrotantite and stibiotantalite. Figure 82 summa-

rizes the cryst,allization history of the Àlto do Giz occurrence of the

sinpsonite paragenesis.

À summary of the geochemistry of the members of the simpsonite paragene-

sis is given in Table 92. The following features typify this occurrence:

( 1 ) consistently extremely high Tarl(Ta+Nb) , Q) variable but high

Mn,/(un+re), (3) undetectable to ultratrace Ti, and (4) low Sn. The values

of. 'ta/ßa+Nb), Ti and Sn are too extreme to be taken as representative of

Èhe whole pegmatite, and by analogy to the background study done for the

Tanco occurrence of the simpsonite paragenesis, these variables indicate
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that the simpsonite paragenesis at the Àlto do Giz pegmatite marks one of,

if not lhe most fractionated part of the pegmatite, in terms of transition-

metal cation chemistry.

Àlthough the conclusion is weak due to a lack of data, the degree of

order of oxide minerals from the Àlto do Giz pegmatite seems to have been

following a path similar to that of Tanco pegnatite oxide ninerals. Sam-

ples from outside the simpsonite paragenesis show low degrees of order,

while those from within the paragenesis are fuÌly-ordered.

The values of.'Ia/(Ta+Nb) are too extreme to be put to any use in infer-

ring crystallization sequences within the paragenesis. However, Lhe crys-

tallization of the Fe-enriched (witi: respect to Mn) yellow tantalite vari-

ety coincides with tapioJ.ite crystallization, which indicaies that a late

reversal in Fe-Mn fractionation occurred, again similar to the Tanco occur-

rence of the sirnpsonite paragenesis.

Table 92: Simpsonite Paragenesis at ÀIto do Giz:
Geochemistry Summary

Mi nera I Ta/(Ta+Nb) un/(un+ne) Ti* Sn*

Manganotantalite (red)
Microlite
S impson i te
Ferrotapi ol i te
Manganotantalite (ye11ow )

Stibiotantalite
Tantalowodgi n i te
Alumotant i te
Natrotant ite
Stibiomicrolite
Parabariomicrolite

0 .888
0.96'r
0.987
0.997
0. 994
0.943
0.988
1 .000
0.985
0. 999
0.970

o:?1'

0.336
0.884

1 .000

._.

0.000 0.000
0.000 0.000
0.002 0.004
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.093
0.000 0.01 5
0.000 0.000
0.000 0.000
0.000 0 " 000

* per 24(0)
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Late

Manganotantal i te *JPq-*-

Microlite

S impson i te

Ferrotapiol i te

Tantalowodginite

St ibi otanta I i te

Stibiomicrolite

Àlumotant i te

Natrotantite

Parabariomicrolite

@

@

@

@

@

Fiqure 82: Crystallization history of the simpsonite paragenesis, Àlto oo
Giz pegmatite,



348

19.2 ONCÀ PEGMÀTITE

19.2.1 Location and Geolooy

The Onça pegmalite is located 25 km NE of the AIto do Giz. Much less is

knoç¡n of this pegmatite than the ÀIto do Giz pegmatite; the only account of

its geologic setting and internal zoning is in De Àlmeida et aI. (1944).

Like several other complex pegmatites in this region, the Onça pegmatite

is hosted by metasedimentary rocks and is vertical in attitude. De Àlmeida

et aI, (1944) describe two of its internal units. The quartz unit forms a

true core in horizontal section. Àn internal unit about the quartz core

was the host of the economic mineralization (bery1 ano tantalite), and con-

sisted mainly of coarse-grained (K-)feldspar and quar:z. Not enough of the

pegmatite's rnineralogy is known to fully classify it, but according to its
complex zonation and the presence of beryl and tantalite, it belongs either

to the spodumene or peÈa1ite subtypes of complex-type, rare-elenent grani-

tic pegmatiLes of orogenic association.

19.2.2 0xide Mineraloqv

According to De Àlmeida et al. ('1944), the Onça pegmatite was one of the

largest beryl- ani tantalile-bearing pegmatites in the region. Despite the

impressive size, the pegmatite and its oxide mineralogy are poorly docu-

mented. No chenical analyses for the most abundan; oxide minerals have

been published, but De Àlmeida et aI. (1944) clainr that tantalite, not

columbite, is the most abundant oxide mineral of the pegmatite. Cassiter-

ite is conspicuously absent; most pegmatites in the field are cassiterite-

bearing to cassiterite-rich.
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Pough (1945) added tapiolite, microlite and simpsonite to the List of

oxide minerals from the pegmatite. The tapiolite and microlite are not

described as being associated ¡+ith the simpsonite, and were noL found as

its associates in lhe present stuoy.

19.2.2.1 Sinpsonite Paraqenesis

The only member of the simpsonite paragenesis found from the Onça pegma-

tite to date is simpsonite. This most probably reflects the lack of scien-

tific interest in the simpsonite paragenesis at the time samples could be

collected (1940-1950), not the true mineralogic diversity of the paragene-

sis at Onça.

Unlike the ÀIto do Giz occurrence, the simpsonite at the Onça pegrnatite

is often found embedded in its original matrix. The matrix mineral is a

white mica. This is atypical for simpsonite occurrencesi minerals of the

paragenesis are usually associatec with saccharoidal albite bodies.

À single chemical analysis \{es obtained for simpsonite from the Onça

pegmatite (Chapter vliI). The analysis is typical for a sirnpsonite. The

Ta/(Ta+Nb) ratio of 0.993 is within the range shown by simpsonites from the

Àlto do Giz pegmatite; it would seem that high degrees of transition-metal

cation fractionation were ai.so attained by the Onça pegmatite.
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THE BIKTTA PEGMATITE

20.1 LOCÀTIC}í ÀND GEOLOGY

The Bikita pegmatiÈe is located in the Victoria Schist Belt, approxi-

mately 60 km EllE of Fort Victoria, SE Zimbabwe. The BeIt is part of the

Àrchean Bulawa¡an System, which consists of greenstone belts of dominantly

basic metavolcanic rocks and pelitic metasedimeniary rocks, bordered by

granodioritic intrusions. The nrosL recent accounis of the geology of the

region are given by Tyndale-Biscoe (1951) and Cooper (1964).

Metamorphisn in the region of the pegmatite attained amphibolite grade.

Little is known of the tectonic history of the area, thus of the relative

timing of metanorphism and intrusive events.

The Bikita pegmatite has the shape of an irregular sheet, has a vari-

abIe, but generally shallow dip (15-45") and is amphibolite-hosted. The

maxinum dimensions of the pegmatite are length 1600 m, thickness 70 m. 0n

the basis of i:s accessory mineralogy (petalite, beryl, lepidolite, tantal-

ite), the peg,natite classifies as the petalite subtype of the complex type

of rare-elemen: granitic pegmatites of orogenic association (ðerny, 1986).

Several atiempts have been made at describing the internal zoning of the

pegmatite (Tyndale-Biscoe, 1951; Symons, 1961; Cooper , 1964; Heinrich,

1976¡ Norton, 1983). The most recent attempt (Horton, 1983) simplifies the

picture consiierably by assigning only six internal units to the pegnatite.

These are as fcllows (names are assigned by the present author; unit num-

-3s0-
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bers are those of Norton, 1983). The border unit (1) consisis of fine-
grained albile, quartz and muscovite. The ç¡alI unit Q) consists of

coarser-grained muscovite and quartz, with albite. The outer intermediate

unit (4) lies inward of these units, and consists of perthite, quartz and

muscovite. The petalite unit (5) lies inward of unit (4) and consists of

perthite, arbite, quartz, muscovite, petalite and sQI, and pollucite. The

central intermediate unit (7) is the innermost of the intermeciate units,

and consisLs mainly of coarse-grained perthite plus quartz. The lepidolite
unit (8-9), is a replacement unit, and consists of lepidoliÈe and quartz.

Norton's (1983) assignment of the units differs most prominentLy from ear-

lier ones in considering the pollucite-rich areas as part of lhe petalite
unit (5), and in assigning the footwall albites to the walI unit (which

seems a bit unusual - Norton (1983) usualLy classifies these bodies as a

sodic occurrence of his feldspar unit (3)).

The pegmatite is one of the Li-richest and largest of complexly-zoned

pegmatites. Norton (1983) cLaims that Gallagher (962) estimated the over-

all,ti20 content to be 1.5 wt%. Àllhough rich in ti like Tanco, Bikita has

much lower Taz0s contents, but shows similar degrees of Nb-Ta fractiona-

tion. Except for Èhe Zr-Hf. signature of a hafnon determined by the author

Olt/Gt+zr)=0.53), other geochemical data f or the pegrnatit.e are unavail-

able, thus other extremes in geochemical fractionation are unknown.

The Bikita pegmatite has been worked over a large period of time, from
'1909 to the present. Several claim groups have existed for different parts

of the pegmatite, conseguently several names exist for the different work-

ings of the pegmatile. These include the Mdara mine, the Nigel tin mine,

the À1 Hayat mine, and lhe Bikita mine. At the time of discovery of simp-
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sonite at Bikita, all four names representec aeographically separate work-

ings. l'¡ith the purchase of the Al Hayat clains by Bikita Minerals Ltd. in

the late 1950's, the "Bikita mine" came to represent both the Àt Hayat and

Bikita mine workings (Symons, '196'1 ).

The most abundant oxide minerals of the pegmatite are tantalite and cas-

siterite, which are dominantly associated wi.:h saccharoidal albites of the

pegmatite (Tyndale-Biscoe, 1951). The tanialite is typically black, and

averages 5.3:1 TazOs:NbzOs (Macgregor, 1946). Little else is known of the

tantalite or the cassiterite, and attempts by the author and Dr. p. ðerny

to obtain more material have been unsuccessful-.

20.2 OXIDE MINERÀtOGY

Except for the work of Macgregor (1946), little is known

mineralogy of the Bikita pegrnatite.

À grey microlite variety is an abundant nineral phase

claims. 0nIy a semi-quantitative chemical analysis exists

(Macgregor, 1946), which does not distinguish Ta from Nb.

of the oxide

the À1 Hayat

this mineral

1n

for

20.2"1 Simpsonite paraqenesis

SimpsoniÈe was discovered at the Mdara mine workings of the Bikita peg-

matite by Macgregor (1946). The occurrence of the mineral is quite similar

to the Tanco one. Simpsonite was found in a 0.3 to 0.6 m band in a layered

saccharoidal albite body, just below a guartz body in a central region of

the pegmatite. The uppermost parls of the band, near the albite-quartz

contact, are quite muscovite-rich; Macgregor (1946) describes this area as

greisenized and sericitized. Simpsonite was found nowhere else outside of

the band; stratigraphically lower sections of lhe host saccharoidal albite

body contain only tantalite and cassiterite as oxide ninerals.
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In his 1946 study, Macgregor found simpsonite and what is now known as

alumotantite as the sole members of ihe simpsonite paragenesis. In the

present study, manganoan ferrotapiolite and manganotantalite have been add-

ed lo the List of members of the paragenesis. Cassiterite, which is pres-

ent in immediately adjacent parts of the pegmatite, is noticeabty absent

from the paragenesis. In addition to the members of the simpsonite para-

genesis, zirconian hafnon has been found, a chemical analysis for which is

given in Table 93. This is the second known occurrence of a hafnon, and it
indicates that extremely high degrees of Zr-Hf fractionation were attained

by the time of fornration of the simpsonite paragenesis at Bikita.

Table 93: Electron Microprobe Ànalysis of Hafnon,
Bikita Pegmatite

Hf0 2

7rO 2

sio2

Cations

Hf4*
zr4 *

si 4 *

49 "1
25,1
¿t.lìmt

per 4 (0)

0.s3
0 .46
1 .02
¿.u I

Simpsonite was the first mineral of the simpsonite paragenesis to form

at Bikita. À11 other members of the paragenesis occur as overgrowths and

partial replacements of Lhe simpsonite: fine-grained crystals about the

edges and along fractures in the much larger simpsonite crys:a1s (to 5 mm



in d:ameter). Às described in Part 3, alumotantite also

sive alteration of parts of the simpsonite crystals.

crys:allization history of the sirnpsonite paragenesis at
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occurs as a perva-

A summary of the

Bikita is given in

Figu:e 83.

Tbe late changes in oxide mineralogy were also accompanied by a change

in tre silicate mineralogy. The dominant matrix mineral to oxide mineraLs

of tbe simpsoriite paragenesis is albite; however, the later oxide minerals

(fer:otapiolite, alumotantite and manganotantalite) are hosted by muscov-

ite, indicating a similarly late shift in melt/fluid chemistry from albitic
to potassic, and therefore more acidic.

Às h'ith most occurrences of the simpsonite paragenesis, so litt1e is

known of the oxide mineral chemistry of the host pegmatite, that a purely

factual discussion of the geochemical setting of the simpsonite paragenesis

at B:kita is impossible. However, on the basis of the extremely high

Ta/(:a+Hb) and Mn/(tun+re) ratios, the absence of Ti in members of the para-

genesis (fabte 9¿) and the chemistry of the associated hafnon, it is safe

to speculate that the simpsonite paragenesis represents a most-highly frac-

tionated assemblage of oxide mineraLs at Bikita. It is difficult to deter-

mine fractionation trends within the paragenesis because of the chemical

dissimilarity of the species which crystallize with simpsonite versus those

whic: crystallized after it. The only elements common to all species are

Ta, lib and Sni Sn remains constant for all species, and ra/(ta+Nb) is so

extremely high that no significant variations in the ratio could be detect-

ed.
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Tab1e 94: Simpsonite Paragenesis at Biki:a:
Geochemistry Summary

Mi neral Ta/(Ta+Hb) Mn/(Mn+Fe ) Îi * Sn*

Simpsonite
Àlumotant i te
Manganotantal i te
Ferrotapi oI i te

0.001 0.110
0.000 0.010
0.000 0. 090
0.000 0. 1 30

1 .000
1 .000
0.99s
0. 996

olãõs
0.329

* per 24ß)
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Fiqure 83: Crystallization history of
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Chapter XXI

THE BENSON NO. 3 PEGMÀTITE

21.1 LOCATION ¡ND GEOTOGY

The Benson mine pegmatites are located at Mtoko in NE Zimbabwe. In all,
some forty pegnatites occur in the region known as the Benson mine (von

Knorring & Hornung, 1953). The pegmatite which hosts the simpsonite in

this region is known as the Benson no. 3.

The only acccunts of the regional geology are gi.ven in von Knorring &

Hornung f962,1963) and Hornung & von Knorring f962). The country rocks

to the pegmatite are basic metavolcanic rocks of the Bulawayan System,

which have been netamorphosed to amphiborite grade. The Benson no. 3 peg-

matite is dyke-like, r¡ith a vertical dip, and has maximum dimensions of

300 m long by 11 m wide by 13 m thick.

The pegmatiLe is symmetrically zoned; von Knorring & Hornung (1963)

assign four internal units; (1) a rvall unit of quartz, albite and muscov-

ite, (2) an inte:mediate unit of quartz, lepidolite and albite, (3) a late-

stage unit of cleavelandite plus lithium nica, and (4) a quartz core.

von Knorring & Hornung (1963) have outlined the Cistribution of accesso-

ry minerals in the pegmatite, a compilation of which is given in Tab1e 95.

0n the basis of the regional geology, the accessory mineralogy, and pub-

lished Ta,/(fa+Ub) ratios (von Knorring & Hornung, 1963), Èhe pegmatite

classifies as either the petalite or spodumene subtypes of complex-lype,

rare-element granitic pegmatites of orogenic associaÈion (ðerny, 1986).
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Table 95: Àccessory Mineral Distribution

Unit Àccessory Minerals

Wall

I ntermediate

tate Stage

spessartine

tantal i te ,

lepidol i te,
s impson i te ,

, cassiterite

beryl, spodumene

microlite, manganotantalite, topaz,
st i bi otantal i te

21.2 OXIDE MINERÀLOGY

The oxide mineralogy of the Benson no. 3 pegmatite has been comparative-

ly well-documented by von Knorring & Hornung (1963). CassiLerite is limit-
ed to the wal1 unit, while tantalite, microlite simpsonite and stibiotan-

talite are found in the intermediate and late-stage units (fai:te gS).

However, individual assemblages are not reported by von Knorring & Hornung

(1963), and naught is known of the mineralogy or structures shown by the

rocks hosting these minerals, except for menbers of the simpsoniie para-

genes i s .

21.2.1 Sinpsonite Paraqenesis

Simpsonite and its associates were found in "bands" of fine-grained
nmassive" (?) colourless nica of the late-stage unit, associated wiih spo-

dumene, quartz, topaz and albite (von Knorring & Hornung, 1963)" The mem-

bers of the paragenesis at the Benson pegmatite are simpsonite, stibiotan-

talite and microlite, which although simple by standards set by occurrences

of the paragenesis in many other pegmatites, is still the most diverse
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oxide nineral assemblage of the pegmatite, Aiihough attempts were made to

obtain simpsonite samples from the Benson no. 3 pegmatite, all were unsuc-

cessful; consequently, the accounts to follori are derived wholty from von

Knorring & Hornung (1963).

À summary of the crystallization history is given in Figure 84.

Sinpsonite was the first member of the paragenesis Èo form. It is anhe-

draL and ranges in diameter from "minute" to 10 mm. It is usually found on

its own, but a few cases of simpsonite inclusions in slibiotantalite indi-

cate it to have formed slightly before the stibiotantalite. Note that the

texlural relationship here is one of overgrowtt, and not replacement.

Microlite was the last oxide mineral to fosn, and it did so later than

the simpsonile plus stibiotantalile; it occurs as replacements of the sti-
biotantalite only. No analysis of the microliie was obÈained by von Knor-

ring & Hornung ('1963), consequently it is no: known whether the microlite

is a cornnon or antimonian variety. its unit ceII edge of 10.42 Â precludes

the presence of substantial Cs in the sÈructurs, so it is not a cesstibtan-

tite.
Chemical analyses of the simpsonite and stibiotantalite were done by von

Knorring & Hornung (1963), and have been presented in earlier chapters of

this thesis. Importanl features of the chemisiry of these minerals, frorn a

geochemical point of vier+, are given in Table 96. the Tarl(Ta+Nb) ratios

indicate the Benson no. 3 pegmatite to be amongst the most highly fraction-

ated pegmatites in the Benson mine region, and show the members of the

simpsonite paragenesis to be the most highly fractionated assenblage of the

Benson no. 3 pegmatite (von Knorring & Hornung, 1963).
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Table 96: Simpsonite Paragenesis at Benson no.3:
Geochemistry Summary

Mi neral Ta/(Ta+ltb) rio Sn*

simpsonite 0.952 0.00 0.1 1

StibioÈantaiite 0.950 0.00 0.00

* per 24(O)
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Simpsonite @

Stibiotantalite @

Mic rol i te

Fiqure 84: Crystallization history of the simpsonile paragenesis, Benson
no.3 pegmatite.



Chapter XXI I

THE LESHÀIA PEGMÀTITE

22.1 TOCATION AND GEOTOGY

Simpsonite was found in a granitic pegmatite in the vicinity of Leshaia,

Kola Peninsula, USSR by Sosedko & Denisov (1957). Despite several publica-

tions on the pegmatite (Sosedko & Denisov, 1957 and several of Voloshin et

â1., '1981-), the regional geology of the area is not documented, nor are

the geology and internal structure of the pegmatite.

The overall mineralogy of .the pegmatite, and the sil-icate mineralogy

near the sinrpsonite occurrence have been described by Sosedko 6, Denisov

(1957) and Voloshin et 41. (1981 ). The list includes muscovite, Cs-beryl,

spodumene, montebrasite, pollucite, petalite, eucryptite and tourmaline,

which indicate the pegmatite to belong to the petalite subtype of complex-

type, rare-element granitic pegmatites of orogenic associa'"ion (Öerny,

1986).

No work has been done on the oxide mineralogy of

of investigations of the simpsonite paragenesis.

the pegmatite outside

22.2 SIMPSONITE PÀRAGENESTS

Incomplete references to the host pegmatites of several new minerals

from granitic pegmatites of the KoIa Peninsula in recent years confuses the

issue; nevertheless, a conservative Iist of all oxide mineral species which

are undispuledly associated with the simpsonite from the Leshaia pegmaLite
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are given in Table 97. The list is impressive: '11 individuaÌ species are

known to be members of this occurrence of lhe simpsonite paragenesis, mak-

ing it the most diverse occurrence of the paragenesis.

Às rrilh several other simpsonite occurrences, the simpsonite in the

Les'raia pegmatite is associated with albitic bodies. Simpsonite, cassiter-

ite, manganotanLalite, wodginite, microlite and tapiolite all crystallizeC

during the time of formation of the albite bodies" Simpsonite was the

first of these to crystallize, with all other species forming slightly

after the simpsonite (voloshin, 1983). Members of this earJ-y generation of

mineralization, particularly the microlite and simpsonite, Ì{ere in turn

repiaced by alumotantite, natrotantite, cesstibtantite, stibiotantalite and

sosedkoite. This later generation of Ta-oxide minerals is ascribed by

Volcshin et al. (1981) to a potassic (metasomatic) event. The crystalli-
zai:.on seguence is summarized in Figure 85.

À summary of important aspects of the geochenistry of the oxide minerals

is given in Table 97. This occurrence of the simpsonite paragenesis is

typical for its high Ta/(Ta+Nb), moderately high Mnrl(Mn+Fe), and Iow Ti-

con;ents. Sn distribution is erratic, but the presence of wodginite (as

opposed to tantalowodginite) and cassiterite indicate higher-than-average

¡r(Sn) for an occurrence of the simpsonite paragenesis.

3ecause of the diversity of species, it is difficult to make comparisons

between the geochemistry of both generations of oxide minerals. The mean

Ta/(Ta+wb) ratio for the early generation is 0,934, and for the later gen-

eration it is 0.946; farl(fa+Ub) does not seem to have varied significant!.y

during Lhe crystallization of the paragenesis" This is the Ti-richest

occurrence of the simpsonite paragenesis. À11 Ti is concentrated in the
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manganotantalite anc tapiolite of the earl-ier generation; the lale genera-

tion is free of Ti. Fe2*-Mn oxide minerals are similariy restricted to the

early generation of mineralization; except for sosedkoite, which contains

Fe3*, no late generation minerals contain iron or manganese. In general,

late generation minerals have rather atypical À-catior: chemistries (À13*,

Sb3*, Na>>Ca) for Îa-oxide minerals. Àlternately, the early generation

minerals, except for simpsonite, are rather unexceptional Ta-oxide minerals

in terms of their À-site chemistries.

TabIe 97: Simpsonite Paragenesis at Leshaia:
Geochemistry Summary

Mi neral Ta/(Ta+Nb ) un,/(l'tn+re ) Ti* Sn*

S impson i tex*
Manganotan laL i te
Wodginite
Fe r rotapi oI i ¡e**
Cassiterite
Microlite**
StibioLantalite
Àlumotant i te
Cesstibtantite
Nat rotant i te**
Sosedko i te**

0.000 0.1 1 0

0.131 0.058
0.000 2.352
0.080 0.000
0.000 1 1 .54
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000

0.9s5
0.793
0 .902
0.966
1 .000
0.98s
0.905
0.983
0.938
0 .9s2
0.9s3

0.791
1.000
0.160
o:1!'

--:

* per 24rc)
** from Voloshin (1983)
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Simpsonite @

Late

wodginite

Manganotantal ite

Cassiterite

Microl ite

Ferrotapiolite @

St i bi otantal i te

Cesst ibtant i te

Nat rotant i te

Àlumotant i te

Sosedkoi te

Fiqure 85: Crystallization history of the simpsonite paragenesis, Leshaia.



Chapter XXIiI

TÀBBÀ TABBÀ

23.1 LOCÀTION ÀND GEOTOGY

The Tabba Tabba pegmatites are aboul 50 km SE of Port Hedland, W.4.,

Àustralia. The geology of the area is not well-documented; the most recent

accounls are Ellis ( 1 950 ) and Blockley ( 1 980 ) .

The Tabba Tabba deposits are localed in a "tongue" of meta- basalts,

gabbros, basic tuffs and pelitic sedimentary rocks which have been metamor-

phosed to amphibolite facies conditions (nlockley, 1980). This tongue is

located between two masses of granitic rocks. A younger, syntectonic aran-

itic intrusion ¡vhich cross-culs the rocks of tbe tongue and the older gra-

nites is proposed by Blockley (1980) to be the source of the pegmatites,

although this connection has not been proven geochemically.

Two groups of granitic pegmatites are preseni at the locality; both are

heavily weathered. The southern-most group consists of two interpenetrat-

ing dykes of shallow dip (25-35") which form a V-structure. These pegma-

tites hosted most of the cassiterite r¡hich was nined in the area. The sec-

ond occurrence of granitic pegmatites at the locality is of a singl-e, Iarge

pegmalite to the immediale north of the V-shaped group. This pegmatite,

known as MC116, hosts the simpsonite, and is the main source of Ta-oxide

minerals in the area.

Pegmatite ¡"tC115 has maximum dimensions of length 600 m, thickness 55 m,

and has a shaÌIow dip. The country rocks to :he dyke are sheared, basic
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metavolcanic rocks. Only the zoning of the intermediate units of the peg-

matite has been published (EIlis, 1950). Tre units are (1) a microcline-

perthite plus quartz unit, which comprises most of the pegmatite, Q) a

(later) saccharoidal albite unit consisting cf fine-grained albite, quartz

and muscovite, with accessory amounts of Ta-oxide minerals, cassiterite,

beryl and lepidolite, and (3) a quartz unil, expressed as several tabular

bod i es

23.2 OXIDE MINERÀIOGY

The oxide minerals of MC 116 are confined to the saccharoidal atbite

unit, particularly those parts of the unit belo\,¡ occurrences of the quartz

unit. Eilis (1950) has documented the rhythnic layering of this unit. The

oxide minerals are tantalite, microlite (n1Lis, 1950), simpsonite (BowIey,

1939) and wodginite (Pryce, 1970). No cremical analyses of individual

oxide mineraLs have been done outside of ¡nembers of the simpsonite para-

genesis; however, El1is (1950) gives analyses for batches of oxide mineral

concentrates (Table 98), which show that Ta,/(Ta+Hb) is high over much of

the pegmatite"

Tab1e 98: Taz0s and NbzOs Contenis of 0xide Mineral
Concent,rales at Tabba Tabba

Wor k i ngs Taz0s* Nb205* Tarl(fa+Hb)

North
Central
South

57 .7
64.9
68.8

2.8
¿.1
â. 1

0.92
0.95
0.91

* wt .9o

ÀI1 data from Ellis (1950).



368

23.2,1 Simpsonite Paraoenesis

Tabba Tabba is the type locality for simpsonite (Bowley, 1939). Ellis
(1950) describes the simpsonite occurrence. Simpsonite is confined to a

5-8 cm thick by 1 m long band in the central workings of ihe saccharoidal

albite unit, located a: a surface exposure of the saccharoidal albiLe

unit - quartz unit contact. The simpsonite-bearing region seems to be more

weathered than stratigraphically lower sections of the saccharoidal albite

unit, perhaps reflective of the higher proportions of muscovite at the con-

tact (nl1is, 1 950 ) .

The nineralogy of the Tabba Tabba occurrence of the simpsonite paragene-

sis is simple: simpsonite, wodginite and microlite. The simpsonite forns

subhedral to euhedral cm-scale crystals. Microlite replaces the simpso-

nite, and is associated with muscovite veinlets, which nark a late shift in

fluid/melt chemistry frora sodic to potassic. Wodginite is also partially

replaced by the microlite. The crystallization history of the paragenesis

is summarized in Figure 86.

The data given in Tab1e 98 show that oxide minerals in the region of the

simpsonite occurrence (central workings) have slightly higher Ta/(ra+Nb)

ratios than those from acjacent workings to the north and south. A summary

of the geochemislry of the Tabba Tabba occurrence of the simpsonite para-

genesis is given in Table 99. 0n the basis of uniformly high Ta/(Ta+Nb)

and t'tn/(un+Fe) ratios, and low Ti contents, it is inf errec that the para-

genesis is a late crystallization product, and represents a high degree of

transition-meta1 cation fractionation. tike the Bikita pegmatite samples,

the Sn-contents of all members of the simpsonite paragenesis at Tabba Tabba

are high; s(sn) was even high enough to iniÈiate cassiterite cryslalliza-
tion.
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Tab1e 99: Simpsonite Paragenesis at Tabba Tabba:
Geochemistry Summary

Mi neral Ta,/(Ta+Hb ) Mn/(Mn+Fe ) Ti* Sn*

S impson i te
Wodginite
Microlite

0.005 0.21
0.000 1 .80
0.000 0 .28

0.909
0.963
0 "972

{.'õ,

* per Z4(0)
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Fiqure 861 Crystallization history of the simpsonite paragenesis, Tabba
Tabba.



Chapter XXIV

LÀKE KI\n]

24.1 tOCÀTION AND GEOLOGY

Simpsonite and other oxide minerals were found by Safiannikoff & von

Wambeke (1961) as pebbles in an ailuvial deposit at Mumba, near Lake Kivu

in Zaire. The mineralogy of these pebbles clearly indicates the original

host rock to have been a rare-elenent granitic pegmatite, nost probably

belonging to either the spodumene or petalite subtypes of complex-type,

rare-element granitic pegmatites of orogenic association (ðerny, 1986).

Unfortunately, the source of the pebbles has never been located, so nothing

is known of the geologic setting or internal zoning of the parental pegma-

tite.

24.2 SIMPSONITE PARAGENESIS

It is unfortunate that the simpsonite-bearing samples at Lake Kivu were

not found in situ; the paragenesis here has an atypical geochemistry and a

very diverse mineralogy. To date, investigations of only one pebble have

shown simpsonite, cassiteriLe, manganocolumbite, rankamaite, plumbomicrol-

ite, microlite and parabariomicrolite to be present.

Simpsonite, manganocolumbite and cassiterite were the first minerals of

this occurrence of the paragenesis to form. Rounded relicts of partially-

replaced simpsonite and manganocoiumbit,e, as opposed to sharp, euhedral

cassiterite crystals, a]1 in a rankamaite matrix indicate lhat lhe repl-ace-
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ment event marked by rankamaite formation was highJ.y selective; only the

Ta,Nb-oxides we:e replaced" Às discussed earlier (nart 3), the pervasive-

ness of this replacement event is marked by selec:ive cation leaching of

the relict manganocolumbite, in which the lowest-charged cations (Mn2*,

Fe2*) are signiÍicantly depleted.

PlumbomicroL:te is of uncertain origin. Safiannikoff & van Wambeke

(1961) indicate it to have crystallized after simpsonite; however, the san-

ple examined in the present study has plumbomicrolite and microlite incLu-

sions in simpsonite; thus it would seem here that plumbomicrolite precedes

simpsonite in tee crystallization seguence. It is assumed that plumbomi-

crolite and mic:olite formed at about the same time as simpsonite, but over

a wider period of time.

Parabariomic:olite occurs as a replacement of the microlite, and by

analogy with the Alto do Giz occurrence, is assumec to have been one of the

last oxide mine:a1s to form, perhaps during the rankamaite-forming event.

Figure 87 summa:izes the inferred crystallization sequence.

Some aspects of the geochemistry of the Lake Kivu occurrence of the

simpsonite paragenesis are outlined in Table 100. The following features

are typical of :he occurrences

(1) Moderate to high Tarl(Ta+Nb). This occurrence shows the lowest degrees

of Nb-Ta fractionation of all known occurrences of the simpsonite para-

genesis" Furthermore, the range in Ta/(Ta+Nb) is large; the low end is

marked by manganocolumbite with a value of 0.343, and the high end by

parabariomicrolite rvith a value of 0.826. The ratio does not seem to

increase wi:h crystallization; however,

the occurrence nay mask the subleties of

mineralogical diversity of

such increase.

the

any



373

hasQ)

(3)

(4)

High t'tn/(Mn+Fe). The only Fe-Mn mineral, nanganocolumbite,

Mn,/(Mn+Fe)=0.857. FerrotapioLite is conspicuously absent.

Undetectable Ti.

High Sn contents (earliest-formed oxide minerals).

Table 100: Simpsoniie Paragenesis at Lake Kivu:
Geochenistry Summary

Mi neral Ta/(Ta+Hb) un/(¡rn+re) Ti* Sn*

S impson i te
Manganocolumbi te
Cassiterite
Microlite
Plumbomicrolite
Parabariomicrolite
Rankamaite

0.000 0.090
0.000 0.086
0.000 1 

'l .40
0.000 0.000
0.000 0.070
0.000 0.000
0.000 0.000

0.81 7
0.343
0.913
0.805
0.670
0.826
0. 678

0.857

* per 24()
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Fiqure 87: Cryslallizalion history of the simpsonite paragenesis, Lake
Kivu.



Chapter XXV

THE MÀNONO PEGMÀTITE

25.1 LOCÀTION ÀND GEOTOGY

The Manono pegmatite is located 500 km E of the tualaba Valley, 7,aire,

and is enclosed by schists of the Kilabara System (Thoreau, 1950). The

pegmatite consists of a network of dyke-like intrusions which range up to

14 km in length and 700 m in width.

The pegmatite is zoned; Thoreau (1950) describes three units ccnsisting

of: (1 ) K-feldspar unit - K-feldspar, quartz and minor muscov:te, (2)

albite unit - albite, quartz and muscovite, and (3) spodumene unit - spodu-

mene, albite and muscovite. Most accessory minerals are described as being

associated with the albite unit; these are beryl, tourmaline, oxide-

minerals, apatite, zírcon and garnet. ëerny (1986) classifies this pegma-

tite as belonging to the spodumene subtype of complex-type rare-element

granitic pegmatites.

25.2 SIMPSONITE PÀRÀGENESIS

Little has been published on the oxide mineralogy of the Manono pegma-

tite, outside of Thoreau's (1950) enumeration of the oxide mineral. species

and MéIon's (1950) analyses of thoreaulite. The list of oxice mineral

species is cassiterite, columbite-group minerals, thoreaulite and simpso-

nite.
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Simpsonite was found as an isolated crystal in a banded "nodule" of

undescribed mineralogy (Sarp & Duferne, 1983). A partial chemical analysis

of the simpsonite was published by Sarp & Duferne (1983), but in the

absence of a Nb determination, little use can be made of the analysis.

Àttempts by the present author to obtain material were unsuccessful.



Chapter XXVI

DISCUSSION: THE ORIGiN OF THE SIMPSONITE PÀRAGENESIS

26.1 ST'MMARY OF OCCURRENCE

Despite the wide geographical separation between localities, it is

remarkable just how simiLar the various occurrences of lhe simpsonite para-

genesis are

Where data on the regional geology of the pegmatites hosting the simpso-

nite are available, it is seen that the country rocks are of Precambrian

â9Ê, that these rocks typically lie in greenstone belts, and that metaba-

salts and metasedimentary rocks are the typical country rocks.

À11 occurrences of lhe simpsonite paragenesis are restric',ed to the same

class and type of graniiic pegmatite: the complex type of rare-element

granitic pegmatites of orogenic association. At the level of subtype, the

similarities still persisti regarding the pegmatites which could be

unambiguously classified at this leve1 of examination, all but one, Manono,

belong to the petalite subtype, which limits their conditions of formation

to relatively low pressure (<g.S kbar) environments, and the range of pri-

mary crystallization to 350-650oC (London, '1984; ðerny, i986). Manono

belongs lo the spodumene subtype of the same type of pegmatite as the oth-

ers (complex), which implies conditions of formalion at slightly higher

pressures than Lhe petalite subtype (3<p<¿ kbar)"

Where the internaL zoning of the host pegnratite is well-enough defined,

the simpsonite paragenesis is observed to occur in some of the latest units
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to c:ystallize. A preference seems to be shown for saccharoidal albite

bodi.es of rather limited size, ç¡hich tend to be located near or at the con-

tacts of the intermediate unit to ç¿hich the bodies belong, and the quartz

unit of the pegmatite.

the only restriction in defining an occurrence of the simpsonite para-

genesis is the presence of simpsonite. It is again remarkable just hov

simll.ar the mineralogy of the various deposits are, working under this

rather loose definition of the paragenesis (tab1e 101). Simpsonite is an

index mineral, the presence of which implies ralher specific conditions ai

the tine of formation of the mineral. À comparison of the two most minera-

1ogically diverse occurrences of the paragenesis, namely À1to do Giz anC

Lesi:aia, shows that seven species are common to both occurrences, and tha;

the:e are two sets of analogous species (wodginite and cesstibtantite a:

Leshaia occupy the same niche as tantalowodginite and stibiomicrolite,

respectively, at Àlto do Giz). This leaves only two species at Leshaia

(cassiterite and sosedkoite) and one species at ÀÌto do Giz (parabariomi-

crolite) for which no analogue exists at the other deposit.

S;rong similarities exist between the occurrences even at the level of

mineral chemistry. Table 102 gives mean unweighted (i.e. not weighted by

abundance of each mineral phase) Ia/(Ta+Nb) ratios for each occurrence, and

Ta/(Ta+Hb) ratios for the simpsonite of each occurrence. Eight out of nine

of the occurrences have only marginally different mean ratios:

0"94 < Ta/(ta+Hb) < 1.00. The Kivu occurrence is the exception witi:

Ta/(Ta+Nb) = 0.722, but serves to show that the simpsonite paragenesis can

forn at relatively moderate Tarl(ta+Ub). Extreme Ta fractionation is nor

necessary for the formation of the paragenesis, but extremity tends to be

the rule, rather than the exceplion"
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Table 10'1: Mineralogy of the Simpsonite Paragenesis

Mineral Tanco ÀIto Onça Bik- ¡en- Lesha- îabba Kivu Mano-
Species do ita son ia no

Giz

Àlumolantite x x x
Cassiterite x x x
Cesstibtantite x x
Ferrotapiolitexxxx
Manganocolumbite x
Manganotantalitexxxx
Microlitexxxxxxx
Natrotantite x x
Parabariomicroli:e x x
Plumbomicrollte x
Rankamaite x
Simpsonitexxxxxxxxx
Sosedkoite x
Stibiomicrolite x
Stibiotantalite x x x
Tantalowodginite x x
Wodginite x x x

No. of species 7 10 1 5 3 11 3 7 2

Other sinrilarities in the geochemistry of the occurrences are (1) impov-

erishment in Ti, Q) enrichment in large, low-valence cations (e.g. Pb, Cs,

Ba), particularly in late-stage replacement minerals, (r?) a frequent genet-

ic association of ea:Iy-stage members of the paragenes:s with sodic matrix

nrineral assemblages, and of late-stage (replacement) members with potassic

assenblages, and (4) occasional reversals in Fe-Mn frac:ionation, marked by

changes in tantalite chemistry and first appearances of ferrotapiolite.

It is concluded that the processes leading to the formation, and perhaps

ultinately affecting the development of lhe simpsonite paragenesis at each

of its occurrences are extremely similar. Despite all. of its diversity,
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Table '1 02 : Mean Ta/( Ta+Nb )

of the Simpsonite
Ratios for Occurrences

Paragenes i s

Local i ty Ta/( ra+Hb )

l,{ean* S impson i te

Tanco
Alto do Giz
0nça
Bikita
Benson
Lesha ia
Tabba Tabba
Kivu
Manono

0. 948
G.97 4
C. 993**
0. 998
0.9s1
0.939
0. 948
4.722

0.980
0.987
0.993
1.000
0.9s2
0.955
0.909
0.817

* nean for all species of the parage-
nesis (not weighted by abundance).** based on a single analysis

the simpsonite paragenesis is a raiher predictable phenomenon; several

aspects of the regional geology, as well as the type of host pegmatite, the

relative time of formation of the paragenesis with respect to the crystal-

Iization of the host pegmatite, crystallization sequences wilhin the para-

genesis, the matrix mineralogy, and the bulk geochemical signature of the

paragenesis can all be predicted w:th considerable confidence. The most

significant difference between the occurrences of the simpsonite paragene-

sis seems to be the extent to which the processes responsible for the for-

mation of each occurrence operated, thereby determining the diversity of

mineral izat i on.



381

26.2 FORMÀTIO}i OF THE SIMPSONITE PARAGENESIS

On1y one depcsit, namely the Tanco pegmatite, has been well-enough stud-

ied in terms of both its geology and oxide mineralogy to provide considera-

b1e evidence on the conditions necessary for the formation of the sinrpso-

niLe paragenesis. À11- conclusions derived from the other occurrences are

based mainly on inference and comparison to the Tanco occurrence.

From the stucy of the oxide mineralogy of the lanco pegmatite, it was

shown that the original melt or fluids in the vicinity of the simpsonite

occurrences had the highest concentrations of Ta for the whole pegmatite.

Às will be shown Later, this is probabJ.y not a coincidence; increasing tan-

talun activity during the crystallization of the paragenesis may have

played a significant role in determining crystallization sequences. How-

ever, it must be noted that high overall abundance of Ta in the host pegma-

tite is not a prerequisite to the development of the simpsonite paragene-

sis; the Bikita pegmatite contains only negligibie quanLities of Ta-oxide

minerals, Yet hosts an occurrence of the simpsonite paragenesis. Further-

more, on the basis of the highly localized nature of the occurrences and

generally small quantities of sirnpsonite in its host pegmatites, it is con-

cluded lhat Ta ccncentrations sufficient for simpsonite formation can only

be attained on a highly loca1 sca1e. It is the efficiency of tantalum

accumulation du:ing the internal evolution of the pegmatite, rather than

the initial quantitative accumulation of Ta in the pegmatitic melt which is

responsible for these concentrations.

In the case of the Tanco pegmatite, it was snown that the simpsonite

paragenesis was typified by much higher Ta/(Ta+Nb) and lower Ti than any

other oxide mineral assemblage at the pegmatite. The geochemistry of the
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Kivu occurrence shorvs that extremely high Ta/(Ta+Nb) (i.e. differences in

the crystal chemistry of Îa ano Nb) is not a factor which controls the for-

mation of the paragenesis. Instead, both high Ta/(Ta+Nb) and lot. Ti con-

tents are symptomatic of high degrees of transition-metal cation f:actiona-

tion which are necessary for the high loca1 accumulations of Ta.

Locally high !(Ta) during crystallization cannot be the sole criterion
resÞonsible for the formation of the simpsonite paragenesis. The Harding

pegmatite, which belongs to lhe spodumene subtype of the same type of gran-

itic pegmatite as the simpsonite-bearing ones, contains Iarge, microlile-

rich regions which inrply local Ta concentrations of the parental melt or

fluids in excess of those observed for the sinrpsonite paragenesis at Tanco

(r'. Cook, pers. comm.), yet the Harding pegmatite does not host sinpsonite.

Rather obviously, ¡¡(Na,Ca) and probably p(¡') must have been relatively high

in these regions, producing a stable environment for microiite formation.

Evidently, a high chemical potential of Ta relative to the poteniiats of

other alkali and transition-metal cations is required for the fornation of

the simpsonite paragenesis.

26.3 EVOTUTION OF THE SIMPSONITE PÀRÀGENESiS

The division drar+n here between the formation and evolution of:he simp-

sonite paragenesis is a bit artificial; it is probable that the factors

responsible for the formation of the paragenesis also guide the mineralogi-

cal and geochemical evolution of the paragenesis. Àlternately, several

events which did not take place until the time of fornation of :he para-

genesis, may also have affected the evolution of the paragenesis, and merit

discussion here. Às will be shown, both increasing ¡(ra) and nelt/f1uid
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acidity can be calIed on lo explain the changes in mineralogy and geochem-

istry observed during the crystarlization of:he paragenesis.

1. Increasinq s(Ta). It was shown that relat:vely high ¡¡(ra) was necessary

for the formation of the simpsonite paragenesis. It is important to con-

sider whether or not s(ta) showed furÈher changes during crystaJ.lizaLion of

the paragenesis, and if so, how this behaviou: affected the crystallization
history of the paragenesis.

Figure 88 is an attempt to address this question. The ordinaLe variable

is the nurber of À-cations, and the abscissa variable is the number of

B-cations per mineral species, on a basis of 24(O). Ta and Nb are desig-

nated as B-cations, and aLl other caLions are designated as !-cations.
Mineral species were divided into two groups: those species which tend to

crystallize aE the same lime as simpsonite, and those which tend to crys-

tallize af¡er simpsonile. The minerals which crystallize aboul the same

time as simpsonite cluster near the end of lhe plot with low

Þ-cation:À-cation ratios; later-formed minerals cluster near the end with

high B-caiion:À-cation ratios. The last species to crystallize (".g.

rankamaite-sosedkoite and parabariomicrolite) tend to plot at the B-cation-

richest end of this latter field. it is obvious that crystallization
resulted in increasingly B-cation-enriched anc A-cation-impoverished miner-

aI species. it is inferred that this was a response to progressively

increasing l,r(ra) relative to s(e).

The inf erred increase in yfta) /pG) is a_so accompanied by a change in

[-cation chemistry. Ear]iest-formed species tend to have smalLer and more

highly-charged À-cations (Mn,Fe2*,4f, sna*rca,Na) than later species, which

instead host major anounts of large, Iow-valence cations (Na,pb,Cs,Ba). It.
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is proposed that as s(ra) increased, and the chemical potentials of the

compatible elements Mn,Fe,Ca and Na decreased to such low Levels that "typ-

ical-" Ta-oxide minerals could no longer form, Ta began to combine with ele-

ments which are more strongly partitioned into silicate phases (u"g. À1).

As the chemical potentials of these elements also became infinitesimally

low, Ta was forced lo form oxide minerals with the minor amounts of incom-

patible elements in these latest batches of. nelt/t1uid. The nodel explains

several important properties of the paragenesis: (1) why simpsonite is one

of the firsÈ species to form, (2) why simpsonite is one of the most abun-

dant phases of the paragenesis, and (3) why replacement phases are rich in

LILrs and poor in Mn,Fe,Sn and other highly-charged transition-meta1

cat i ons .

2. Increasinq acidity. 1n four of the eight occurrences of lhe simpsonite

paragenesis (which perhaps not so coincidentally are among the best-

documented occurrences), a change in matrix mineralogy was noted, indica-

tive of a late increase in melt or fluid acidity. Accompanying lhis change

in acidity is a change in the types of species which crystallized. To what

extent can the changes in oxide mineralogy be related to melt/fIuid acidi-

Ey?

Igneous melts contain a variety of polyanions at various stages during

their crystallization. Às igneous melts cool and crystallize, or differen-

tiate, the acidity and degree of polymerization of silicate polyanions in

the melt increases. Silicate mineral species which crystallize from the

melt reflect these changes. The first silicate minerals to crystallize

host the most basic, and least-polymerized silicate structure modules (e.g.

isolaLed ISiOo]a- tetrahedra in olivine); the last minerals to crystallize
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often host the most acidic, and most highly-polymerizec silicate structure

modules (u"g. Isiogro]a- sheets of the micas).

Tantalum, like silicon, is a highly-charged cation and forms relatively

strong bonds with oxygen" Although it is more highly c:arged than Si, its
preference for oclahedral coordination results in a Pauling bond strength

marginally lower than Si $y 1/6 v.u. ). with a bond strength close to, but

less than 1 v.u. , ltaOs] 7 - octahedra can polymerize to form rather

strongly-bonded structure modules, like silicate anions. It is reasonable

to assume that if such modules exist in the nelt or fluii from which tanta-

lum oxide minerals form, then, Iike silicates, varia:ions in melt/fluid

acidity could affect the degree of polymerization and basicity of the "tan-

talate" structure mocules from which tantalum oxide minerals form by con-

densation of these modules.

Às Brown (1981) and Hawthorne (1985) have shown, crys:a1 structure anal-

yses provide data from which the tewis basicity anc polymerization of

sLructure modules can be calculated. Brown (1981) def:nes the Lewis acid

strength of a cation as its valence divided by its average coordination

number, which is the average bond val-ence of a characteristic bond formed

by the cation. The characteristic valence of a bond iormed by an anion

could analogously be iermed the Lewis base strength of t:e anion.

The Lewis basicity of a single ltaou]z- polyhedron should serve as a

pertinent example of the calculation. The strength of a Ta-O bond is 5/6

vou. ¡ which multip).ied over six bonds of the octahec:on means that the

charge at Ta is satisfied. However, each 0 atom requires 2 v.u" of charge,

but receives only 5/6 v.u. from the Ta atom. This leaves each O with 7/6

v.u. to form additional bonds; the resulting Lewis base slrength of the
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oxygen atoms will be 7/6 diviðed by Lhe number of additional bonds formed

by each oxygen. If it is assumed ihat lhe O atoms are [4]-coordinated,

then during crystallization, 3 addi.¡ional bonds must be formed at each 0

atom, resulting in a Lewis base strength of 0.39 v"u. Obviously, ihe

calculation is highly dependent upon anion coordination, further emphasiz-

ing that a reasonably precise knowledge of the slructure of a mineral is

necessary before such calculations can be done.

tewis basicities and degrees of polymerization of the structure modules

for the minerals of the simpsonite paragenesis are given in Tab1e 103. The

entries in Table '103 are arranged in order of decreasing basicity, which

also corresponds well with increasing polyrnerization of the structure mod-

ul-es. Decreasing basicity marks progression from finite cluster structures

(u.9. simpsonite) to sheet structures (e.9. sLibiotantalite) to framework

structures (e.g. microlite). À comparison of Table 103 to the crystalli-
zalion histories outlined in prececing chapters of this Part shows that

earliest-crysLalIized minerals of the simpsonite paragenesis host the least

polymerized and most basic structure modules (".g. simpsonite), and that

Latest-formed species host the .most polymerized and 1èast basic modules

(".g. rankamaite).

The data presented here suggest that melt or fluid basicity played a

significant role in the evolution of the paragenesis. À model of increas-

ing acidity of the parental melt/fÌuid accounts for (1) replacement of

simpsonite by alumotanÈile, Q) increasing Ta content at the þ-site of

wodginite-group minerals with fractionation, and ( 3 ) predominance of

microlite subgroup minerals and structurally similar minerals (natrotan-

tite, parabariomicrolite) in the lalest crystallization products of the
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Table 103: Lewis Basicitíes of B-0 Structure Modules
of Simpsonite Paragenesis Minerals

Mi neral- Module Polymer Basicity
Cla ss

S impscn i te

Stibiotantalite

Alumo¡ant i te

Manganocolumbi te-
Manganotantalite

Wodg in i te

Tantalowodgi n i te

Ferrciapiolite

Natrocantite

MicroJ.ite,
Plumbomicrolite,
Stibicmicrolite,
Cess',ibtantite,
Parabariomicrolite

Rankama i te-
Soseckoi te

ltagor s] 11-

ltaoo ] s -

[tao*] s -

lrao¡ I -

Isntazoe]2-

lta ¡os ] -

lrao, ] -

[ta¿or r]2-

Itao s ]

FC

S

S

s

FI,l

FW

FW

FW

0. 55

0. s0

0. 50

0. 50

0.45

0.33

0.33

0 "29

FW 0.17

FW '0 
"2*

FC: finite cluster, S:* by analogy with the
sheet, Fli: framework

tetragonal tungsten bronzes
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Ta-O structure modules.
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the various

In summary, both models of increasing s(ra) and increasing nelt/fluid
acidity adequately explain crystallization sequences of the simpsonite par-

agenesis. Both could operate complementarily, in which case they highlight

different aspecLs of the same geochemical event. To which extent one of

the two models could be an artifact of the other is not known - it is easy

to conceive a situation where increasing melt/fIuid acidity results in

increased s(ra); alternativeJ.y, if an increase in p(ta), coupled with a

decrease in temperature should lead to more.polymerized Ta-oxide minerals,

then the Ta-O structure modules of the minerals would necessarlly become

less basic with crystallization. Àlong this line, it is important to note

that the model of increasing melt/f.nia acidity does not explain the forma-

lion of the simpsonite paragenesis; taking Tanco as an example, the mean

basicity of simpsonite-paragenesis mineral-s is indistinguishable from that

of simpsonite-free parageneses (involving wodginite, nricrolite and tantal-

ite). I.iithout more work on the non-oxide associates of simpsonite, the

ambiguities surrounding lhe evolution of the simpsonite paragenesis cannot

be resolved.
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Appendix A

CHÀNGES TO THE PROGRAM EMPÀDR VIi

The program EMPÀDR VII (Electron UicroProbe Ðata Reduction) was written

by Rucklidge & Gasparini (1969) for the reduction and ZÀF correction of

microprobe data collected with wavelength-dispersive spectrometers. The

many important advances made in the 1 970's in modeJ.ling inte:actions

between electron beams and materials, particularly with respect to X-ray

generation and enission, were not incorporated into the original program.

Because of the initial dependence of this thesis upon microprobe data col-

lected with such spectrometers, and because of the failure of the Rucklidge

& Gasparrini version of the program to properly reduce data for ,ninerals

such as simpsonite, changes were made to the program to improve its Zef

correction routines and to optimize its operation.

ZÀF correction involves the standard formula:

l,i1 = lio 'L'RoSr f(X)o 1+ro (1)
Io RrSo f(X)r 1*7t

where t,he element concentration (wt. eo) .

the count rate (after dead time and background correction).

the electron backscatter factor.

is the electron stopping power factor.

is the X-ray transmission factor.

the characteristic fluorescence factor"

Eis
L ls

HlS

S- t

å(x)

f. is
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The subscripts "0" and "'1" refer to the standa:d and sample respectively.

The ratio (noS')/(nrSo) is called the atomic nunber correction, because of

the strong dependence of R and S upon atomic nunber. This is the "2" part

of the "zÀF" correction. The ratio f(x)s/f.(xi., is caIled the absorption

correction (the "4" part of "zAF" ) . The ra¿io ( 1+70 ) /(l+7 r¡ is the

fluorescence correction (ttre "F" part of "z¡f" ) . Several significant

changes have been made to the atomic nurnber and absorption corrections,

whereas changes to the fluorescence correction have been more cosmetic in

nature (simp).ifications to the calculation of tbe correction have been made

which do not significantly al-ter the results).

Changes to Èhe atomic number and absorpt:.on corrections follow the

approach of tove & Scott (1978). 0f four new approaches to atomic number

and absorption correction of electron nricroprobe data developed ín the late

1960's and the 1970's (Andersen & 9¡ittry, '1968; Ruste & Zeller, 1977; paro-

bek & Brown, 1978; Love & Scott, 1978), tha: of Love & Scott (1978) is

superior for light element analysis and sLight:y superior for heavier ele-

ment analysis (Love & Scott, 1980).

BACKSCÀTTER FACTOR

R is calculated from the following equation:

R = 1 _ ?0.[i(U)+4s.C(U)J

U is the overvoltage, and is defined as

(2)

lJ = Eo/Ec (3)
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where Eo is the operating potential and Ec is the critical excitation

potential of the line used in analysis. I and I are functions of the

overvoltage:

I (U)

G (U)

A ln u + B(In u)z + c(ln u)3 + D(]n u)a

u-r[E In u + F(ln u)2 + G(ln u)3 + H(ln u)¿]

[ = 0.33148
! = 0.05596
C = -0.06339
! = 0.00947

S = 2.87898
F = -1 .51 307
c - 0.81312
H = -0.08241

(4)

(s)

H of (¿)

(7)

atomic number (z) z

From least-squares regression analysis, the constants' À'through

and (5) were determined by Love & Scott (1978):

Lo, the Lotal backscatter coefficienL of the specimen, is obtained

through a series of steps. Love & Scott (1978) determine ini;ial backscat-

ter coefficients of each element of the specimen ( ¿(no) ) at the.operating

potentiat of anal.ysis (Eo) by extrapolating from an expression they give

for operation at Eo=20 kV:

'ttzo = GSZ.glgl + 150.48371'z - 1,67373.22+ +.007'15.23) x 104 (6)

Exlrapolation is carried out via the following equation:

l(Eo) = 4zo.[1 + G(z)/nro' ]n(î,0/20))

Love & Scott (1978) express C0)/nzo âs â polynomial of

Gf-)/r¡ro = (-lll2"8 + 30.289.2, - 0,15498.22) x 10a

In the case of non-nornal beam incidence, 4(Eo) is transformed to A(ß),

where ß is the incidence angle:

(8)
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rl(ß) = 0.891 'Ia(so)/a.891]
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(10)

q is the

(e)

(Dartington, 1975). From this 4o is calculated¡

?o = lCi'a(B)i

i.e. by summation

weight proportion of

over all I elements

efement "i".

of the specimen, where

STOPPING POWER FÀCTOR

S- r bas the Bethe expression as its basis, as does the stopping power

expression of conventional ZÀF routines; however, the Love & Scott (1978)

expression for 5- t results from a more rigorous treatment of the Bethe

expression than the conventional approach (Green 6, Cosslett, 1961). tove &

Scott (1978) give

S-r = {t + 16.0s.(Jo/Ec)o's( luoo.u-l]/[uo-l] ) 1.07 ] / i tc, zt/At) (11 )

where {o is .the mean ionization potential of the specimen, and À is the

atomic weight of element "iu; C and !are as defined before. Jo is calcu-

lated from the individual ionization potentials for the constituent ele-

ments of the specimen (¿ );

ln(Jo) = i [(c¿z,/x,)'ln J ) / i ß¿2,/a;)

For each element "i",

(12)

J', = 0.0135'Zi (13)



X-RÀY TRÀNSMTSSION FÀCTOR

The method of Love & Scott (1978)

Bishop (1974):

408

uses Bn expressj.cn for !(x) after

where ¡ is defined as follows:

f(x) = 1-exp(-2x'õi)
zx.'þZ

x = (p/p')s cosec f

(14)

(1s)

surface of the

is used in (15)

{ is the

spec imen )

i n stead,

take-off angle

. r f. ß*900 ,

where

(angle between

the effective

the detector ani the

take-off angle (É')

tr' = cosec- 1{cosec ú.(1 - 0.5'cos2ß)} (16)

the specimen(Reed, '1975). (pJp) o is the mass absorption coef f icient of

and Ís calculated from:

(u/p)o=lc(u/p) (17)

where Q is as definec before, and (pJg\ is the mass absorption coefficient

of element rt i rr of the spec imen .

i2 is the mean mass depth of X-ray generation. Through Monte-Carlo

methods, tove & Scott have obtained an expression for þi:

þã = ps(m) (0.49269 - 1.09870.?0 + 0.78557'?oz) In u
(0.70255 - 1"09865't?o + 1"00460'?02) + Jn U

(18)
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anwhere Ao

electron

Ps(m) =

g(ij) is a

cence, 4 .0 for

1S

tn

calculated fronr (10). pe(m) is the maximunr path length of

the specimen, and is calculated from:

(0.78i x 10-s.Joo.s'Eot.5 + 0.735 x 10-5.E02') /Y(c;z;/Ar) (19)

is that

where [o is calculated from ('12), and Eo, I , Z- and À are as defined ear-

lier.

FLUORESCENCE CORRECTT ON

The characteristic fluorescence correction of the program EMPÀDR

of Reed (1965) where:

? = 0.s P(ij) cB'âA @B{H+}' ".{fr:} {td-+ 1n(1+v)} 
{H}

(20)

The sub- and superscripts "À" and "8" refer to the characteristic line

of the analyzed element and the enhancing element respectively. In order

to obtain the characteristic fluorescence correction, f rnust be summed for

all lines of all elements B which enhance the intensity of the analyzed

line of element À. In practice this is done only for Ka, Kß, La and Lß

lines; other L lines and all other M lines are ignored in the calculation,

as their effect is considered negligible (Rucklidge & Gasparrini, 1969).

The various terms of equation (20) are defined below:

C and À are as defined earlier.

constant which has a value of 1.0 for K-K and L-L fluores-

L-K fluorescence and 0 "25 f.or K-L fluorescence.



a^ is the

been replaced

absorption jump factor.

by an ana).ytic expression

The original expression for

(cotuy, 1968):
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has

(21)ôA=@-ß'Z

where

o-g

of g's

Burhop

o = 0.954, ß=2.7'l

a = 0.996, ß=4.98

À

À

x

x

0B = x4
(1+¡a¡

10-3 for

10-3 for

K-Iine

L-l ine

radia¡ion

radiation

element

element

of

of

is the fJuorescence yield of

in EMPÀDR has been replaced

(1955);

element B. The original

by the the seni-empiricaÌ

Iook-up table

expression of

Q2)

where

x = À + B.Z + C.Z3 (23 )

Burhop's expression has been found to be the most suitable empirical

expression for estimating fluorescence yields (Banbynek et al., 1972).

Bambynek et al. f972) provide values for the constants of Q2) based on

fair- to good-quality experimental data; however, I decided to derive my

own constants for the expression by fitting Q2) to the calculated g's of

Chen (1980) uslng the SÀS routine NLIN ([on LINear ]east squares regres-

sion):

À=1.?89x10-2 B=3"308x10-2 C=-8"359x10-7
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yields

K-she1l.

L-shells,

of Bambynek

data:

l¿¿ I was

et al.

f i tred

(1972) ,

to veighted (o-2),

using the same NLiN
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mean experiment.al

routine used for

À=-1.80x10-1 B=1.42x10-z C=-1.61x10-7

9, in equation (20) is the overvoltage.

g!Â is the mass absorption coefficient of element ! for

gÞo is the mass absorption coefficient of the specimen for

equation 17).

g

B

radiation, and

radiation (see

I and y are X-ray and electron absorption parameters respectively,

where:

x=
y=

(yo/pù cosec {,

o/ya

Q4)

(2s)

å11 terms in the expression for å are as defined before. g is the electron

mass absorption coefficient. I have replaced the original lookup tables

for o with the following empirical expression, derived by polynomial

regression of the data of the lookup table:

o = 26200 - 2522.80 + 106.2.802 - 2.155'Eo3 * 1,715 x 10-z'Eoa (t26)
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OTHER CHÀNGES

For both lhe unrevised and revised versions of the program, it was found

lhat in several circumstances, calculations b'ere converging too slowly or

not converging at all. To remedy the situaticn, the simple iteration rou-

tine originally used was replaced with the New:cn-Raphson algorithm (other-

wise known as the "llegstein" nethod: Springer, 1976). With this routine,

convergence problems have disappeared; most runs norv converge in 3 cycles

of iteration, all in less Èhan 5.



ÀPPendix B

OUÀNTITÀTTVE ED ÀNAIYSIS OF TÀ-NB-SN-TI OXiDE MINERALS

Energy-dispersive (e¡) electron microprobe analyses presented in this

thesis were done with a Kevex Micro-X 7000 spectrometer and Kevex software.

Despite the relative ease of success of K-line analysis with this software,

L-line and U-Iine analysis, and especially mixed-Iine (..g. K and L) analy-

sis is still a non-trivial procedure. The problem is further complicated

by numerous errors in lhe version 3.2K software used with the Micro-x 7000

system. This appendix describes the problems involved in quantiÈative ED

analysis of REE-free Ta-Nb-Sn-Ti oxide minerals with Kevex sof:ware.

8.1 BÀCKGROUND REMOVÀL

Background models are calculated with the semi-empirical method of 9lare

and Reed (1973), which uses the expression:

f=f(E)+k.n{E,X,xj

where I is the intensity of the continuous spectrum,

I(E) is an empirical energy-dependent correction factor, and

k is an instrumental constant.

The remaining part is an abbreviation for:

(1)

{ (no-n),/e}'f (x) .exp[-Es(i )'p( i ) 'x(i )]

-413-
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Eo is ihe operating potential. [(x) is the X-ray transmission factor for

the target, and is strongly composition-dependent (see Àppendix A). The

summa:ion accounts for absorption at sources other than the sample:

absorpcion at the Be window, the gold layer and the Si dead layer of the

detec:or all contribute to this. Kevex software allows user intervention

in background calculation: all terms except F(E) and k can be directty or

indirectly altered.

It was found that indiscriminate use of the routine used in background

modeliing (¡¡t¡), as advocated by Kevex, gave poor results. In particular,

calcuiated models fit the observed background very poorly at both low and

high energy ends of the spectrum. Much of the error was due to incorrect

estimation of the sample composition used in the background calculation

(pers. comm. G. Pringle, Geological Survey of Canada). Àlthough reasonable

estimates were determined by the software for the concentrations of detect-

ed elenents (z=11+92), the calculation of oxygen (by stoichiometry) from

these concentrations was in error. By suppressing the command for oxygen

calcuiation (SefOX), and supplying an expected estimate of the wt.% oxygen,

the BKÀ routine was found to consistently give very good background models

for aiI oxide minerals analyzed. Àlthou-oh the shape of the background pro-

file was excellenl when using this procedure, the entire model often

appea:ed to be linearly displaced by a few channels when the true value of

the tbickness of the Be-window (¿(ee) ) of the detector was used in equation

(1). The degree of shift was found to be only composition-dependent, and

by trial and error, effective best val-ues for x(ge) were determined for

each nineral species analyzed. For some solid-solution series, x(Be) v¿as

found to vary slightly across the series; values of x(¡e) were determined



for end-menbers of the series, and

according to peak heighl ratios of

t i on . I deal val-ues of the wt . %

species are given in lable 104.

415

were estimated for intermediale members

the elements involved in the solid solu-

oxygen and x(¡e) for oifferent mineral

Modelling Backgrouncs of EP
Ta-Nb-Sn-Ti 0xide Minerals

Tab1e 104: Parameters Used in
Spectra of Selected

Mineral x(se) l¡r.% o

Columbi',e
Tantalite
I.todginites
Mic rol i tes
Tapi o1 i:e
CassiteriLe
Tantalian RutiIe

29
55
53
s1
s6
41

3¿

22.5
21.5
21 ,5
¿t.5
¿t.5
22.5
23,0

28
19
20
21.5
19
21

32

By supplying appropri.ate values of the wt.eo oxygen and 5(Ae) to equation

('1), consistently high-quality background models were generated by BKA over

the region .1 .5+10 keV. However, misf it in the region <1.5 keV was still
observedi this was due to shortcomings in the theory rather than in prac-

tice; conseguently, gcod background models for this region could not be

calculated with equation (1). The model calculated with equation (1) had

to be improved empirically in this region by fitting a quadratic function

to the observed background in the range 0.85+1.5 keV. This was made pos-

sible by the facL Èhat the oxide minerals analyzed had no Mg (E=1.254 kev)

and À1 (n=1.487 keV), thus the background model in this range needed to be

precise only near the region of the Na Ko peak (5i.OAt keV), which is not

difficult !o achieve.
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To simpLify and speed analysis, two command lists ("ATO''s in Kevex ter-

minology) were written to carry out the above-described procedures. These

were named BÀCK and NÀBACK, and were used to calculate the backgrounds for

Na-free, and Na-bearing samples respectively (allhough NÀBÀCK is now suit*

able for both purposes). Both command lists prompt the user for the appro-

priate data needed for background calculation, remove escape peaks and caf-

cuÌale the background model for later subtraction.

ANÀIYSI S

Àfter background renoval, spectra were stored on disk for later retriev-

al in analysis. Batches of up to 30 samples per session could be analyzed

fu1ly automatically with Kevex software after background removal. Never

more than one day's collection of daia was analyzed at a time, so tha'-

software calibration could be kept at an optimum.

Hardware energy drift never exceeded t1 eV over the 2$ year period of

analysis; consequently, all drift correction could be done with the soft-

ware provided by Kevex. Most drift was in the gain of the pulse processor;

the zero-setting drifted very little over the entire time" Consequently,

the t'1 eV shift described above pertained almost exclusively to gain, and

refers to shifts observed for the Fe Ka peak of fayalite. Drift at the

low-energy end of the spectrum was necessarily much less than this amount;

drift in the E<2 keV region was virtually undetectable.

Drift correction with the software involved semi-automatic peak centroid

and shape calibration. The software was calibrated once per analytical

session by making measurements on a composite of standard fayalite spectra

collected during each session. The Kevex software routine INI(tialize) was
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used for calibration; t,he alternate routine PUR(ge) was found to be inef-

fectual.

Quantitative ZÀF analysis of Ta-Nb-Ti-Sn oxide mineral-s was initially

difficult for a number of reasons:

1. Peak overlaps were numerous. Some important overlaps were:

(1) Ta Uô+Ta U4 with Nb Lo,ß with Pb Uo,ß with Bi Ua,ß

(2) K Ka,ß with sb Lo,

(3) ca Kø,ß witb Sb Lo,ß

(4) Sb Lj,Lß5 with Cs Lalpha

(5) u Eß with sn La

(6) sn Lß with ca Ko

(7) Sn L7 with Sc Ka,ß with Ti Ka

(8) Mn Kß with Fe Kø

2. The software deconvolution routine frequently failed for cases of moder-

ale to extreme peak overlap.

3. Minor L-, and g-lines (e.g. Ll and U4) were not recognized by the decon-

volution routine, thus further contributing !o its failure.

4, Intra-she11 line intensity ratios used by the peak synthesis and decon- 
:

vo].utionroutine5werea1waysinerrorforL-,andt.t-1ines.l
,' :

5. Non-idealities in peak shapes contributed to errors in peak synthesis

and deconvolution; e.g. (1) skew toward the low-energy side of each peak

due to incompleie charge collection and Q) a slight Lorentzian compo-

nent of each peak were not recognized by Èhe software, resulting in con-

stant underestination of tail intensities, and consequently, in overes-

tination of intensities of other peaks overlapping with these tai1s.
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Eventually it was concluded that all overlap problems had to be resolved

semi-manually, Peak overlap was resolved by stripping techniques using

library spectra of individual elements which were themselves stripped from

spectra of standards free of overlap problems. The standards from which

these spectra came were chosen so as to have matrices as similar as possi-

ble to samples, thus minimizing spectral mismatch between the library and

sample spectra. In acquiring Èhe spectra parental to the library spectra,

Èhe main line of the element of interest was acquired !o 1-2eo counting pre-

cision, the actual value depending upon collection tine constraints.

The stripping technique used depended upon the degree and type of over-

lap involved. Minor overlaps, oF overlaps of lesser lines on a line

intended for analysis were corrected by one-step stripping of the lesser

line or a part of the energy distribution of the offending line. In this

case, normalization was done by scaling on parts of the library spectrum

corresponding to segments of the sample spectrum which were free of over-

1ap.

In cases of major line overlaps, segments free of overlap were often too

small (or non-existent) for use in normalization. Stripping necessarily

involved an iterative approach. For the special case in which two or more

lines intended for analysis were extremely close, only parts of the full
Gaussian distribution (12 channels or more) per peak were used for analy-

sis, after extraneous energy was stripped fron each analytical region.

This approach has been tested extensively by Dr. G. Pringle (pers. corun.)

and has been found to give good quantitative results for analyticaL prob-

lems as difficult as REE elements in minerals such as euxenite.
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À11 stripping techniques involve sets of two library specÈra. The first

of the two consists of aII detected lines of a given element. The second

specLrun consists of a copy of the first spectrum, but with all energy to

be used in the analysis stripped array (Figure 89). Initially, the first

spectrum is scaled to the sample spectrum, often by total count normaliza-

tion in the analysis region (nOt) of the element. The second library spec-

trum is then scaled to the first spectrum, bringing it now to 'the 
same

absolute scale as the sample spectrun. The second Iibrary spectrum is then

subtracted fron the sample spectrum, which removes all undesirable energy

associated v¡itâ this element (i.e. that not intended for analysis) from the

sample spectrun.

In iterative stripping, the region used in normalizing library spectra

coincided with the analysis region. For the iterative approach to work,

different analysis regions cannot overlap, and for practical purposes only,

they must be separated by at least one channel (software limitations).

Ànalysis regions were most often centred aboul peak centroids, but in cases

of significant line overlaps, they were shifted slightJ-y away from the

region of overlap, which irnproved the success of deconvolution, but lowered

the precision of analysis.

Because of hardware drift, and the inability of software routines to

adjust library spectra to compensate for such drift, library speclra had to

be re-acquireô once every month !o once per session (which could be as fre-

quent as once per day), depending upon the seriousness of the overlap prob-

len and the rate of drift.
0nce all overlap problerns were eliminated, the sample spectra could be

analyzed. Care was taken to analyze lhe same relative spectral regions of

samples and standards.
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tt
3 keV

Fiqure 90: Typical library spectra used in
here is for Sn. (a) Spectrum
the spectrometer energy range
copy of spectrum 1, but with
(3"34-3,52 keV) removed.

energy stripping. The example
1: all lines of the element in(1-10 kev). (b) Specrrum 2:
the analysis region for Sn La
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Using the above techniques, all Iine overlaÞs encountered in the Ta-Nb-

Sn-Ti oxide minerals studied here could be deal.: with. To generalize, non-

iterative s:ripping was used to sort out Ta-Nb, Ti-Sn, Sc-Ti, Mn-Fe over-

lup, but iterative methods h'ere necessary for resolving, for example, Pb-

Bi-Nb overlap and U-Sn-Ca-Sb overlap.

Alchough the analytical procedures describec above are tedious and arqk-

ward, ÀT0's could be written to perform all such tasks fully automatically,

thus putting símp).icity back into ED analysis, once the method of analysis

was determined. Consequently, quantitative analysis of Ta-Nb-Sn-Ti oxide

minerals at the University of Manitoba is now a rapid and simple task.

BEAM CURRENT DRIFT

Because of the imprecision of the sample cur:ent meter supplied with the

MÀC 5, rela:ive beam current drift less than 12å can go by undetected; con-

sequently, this ammeter was only used for coa:se adjust,ment of the sanrple

current.

Relative variations in sample current \{ere piecisely determined by moni-

toring intensity changes of selected lines of standard spectra ("reference

spectra"). Synthetic fayalite (nezSiO¿) and sphalerite (znS) were used as

reference spectra because (1) they have peaks distributed at low and high

ends of the ED spectrum, necessary for disce:ning between zero and gain

drift of the pulse processor, (2) they are comprised only of K-Iines, which

made for rapid and simple analysis, and (3) lhey could also be used in

software calibration. Because of similar absolute peak intensities of

Si K¿ and Fe Ka in fayalite, as compared to ver¡, dissimilar absolute inten-

sities of S Ka and zn Ko in sphalerite, and because of the poor polishing
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properties of sphalerite, use of sphalerite as a reference standard was

eventually discontinued.

One reference spectrum, designated the "prime reference spectrum" (a

composite of reference spectra of one type acquired during the collection

of all standard spectra to be used in analysis) was arbitraril.y assigned a

current of 5 nÀ. Currents were assigned to samples (and standards) by com-

paring the line intensities in reference spectra acquired at lhe same time

as lhe sample spectra !o the intensities of the same lines in the prime

reference spectrum. Line intensity varies linearly with beam current, thus

the calculated sanple currents were simple 1:1 linear extrapolations of the

prime reference current.

Using this method, both inter-, and intrasession current drift could be

handled. To simplify drift correction, a FORTRAN program, REF, !¿as written

by the author to carry out the calculations. Current calculations were

done prior to background removal and sample analysis, and currents were

st.ored with sample spectra as part of the norrnal functions of the ÀT0's

BÀCK and NÀBÀCK, described earlier in this appendix.

Because intersession drift could be compensated for, it r.¡as found that

standard spectra could be stored, and used to analyze sample spectra col-

lected at later dates. However, because of long-term voltage drift, such

standard spectral datasets had to be updated approximately once every two

rnonths. To tesl the validity of this method, spectra of the manganotantal-

ite standard were collected over the 2{ year period of the study. The

spectra were analyzed against similar spectra fron this slandard which were

used in mineral analysis. À11 spectra were acquired at Ieast two weeks

afler the spectrum againsL which Lhey were analyzed.
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The analyses and their nean are given in Table 105. Two points deserve

mention. First, the measured standard deviations for the mean are only

slightly larger than the 1ø estimates from ccunt statistics alone. Second-

Iy, the mean falls well within 1o of the ideal composition for all constit-

uents. It is concluded that (1) inter-sessicn current drifl was adequately

compensaied for , (2) standards can be storec for later use in analysis when

the method of operation described above is used, (3) the 1ø estimates based

on count sÈatislics give slight underestimates of the true standard error"

Table '105:. Repeated Ànalyses of the ì'langanotantalite Standard

MnO 14 ,2 14 .4
Nbzos 8.0 8.1
Tazos 76.9 77,1

99"1 99"6

1 4. 3 14 "7 14 "6 14.7
8.'1 8.2 8.s 8.5

78.0 77 .6 77 .3 77 .0
100.4 100"4 100.3 100.0

14.7 14,6 14.5
8.4 8.4 8.5

76.7 76.8 76.2
99.8 99.9 99.3

0xide ideal
Conc.

MnO 14 .6
NbzOs 8.1
Tazos 77.3

100.0

Mean
Conc.

14.5
8.3

tt"t
æ

0
(neas )

.¿

.¿
..:

o
(est)

"t
.t
.4
.4



ÀPpendix C

CHEMICAT ÀNÀLYSES OF }¡ODGINTTE_GROUP MiNERALS (TNSS TÀNCO)

Abbreviations Used in Appendices C and D

(c): centre of grain
(r): rim of grain
(e): edge of grain (not necessarily the

true rim of the grain)
(i): between edge or rim and core
(d): dark
(t): lisht

Numbers in parentheses refer to different
grains or to different spots on crystal
clusters.
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CHEMICÀL ANATYSES OF OXIDE MIIíERÀLS FROM THE TANCO PEGMÀTiTE
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Àooendix E

SÀMPtING INFORMÀTION FOR TÀNCO PEGMÀTITE OXIDE MINERÀIS

No. Zone Locr- Oxide Àsso- P¡obe X- No.,es
tion Xinerals cia:io¡: Rðy

SHP-'I ro 6 H Hi,Hc,Tp, Sp, Àb x x
-52 Tn,Cs

TSE-1 5 F Hd,lt:, (Sm,Tp) ¡b,xu x c belou Snr p¿¡¡9.
-2 6 !¡ Ho,H: Àb
-3 5 t'¡ H¡,Tn Àb x
-5 6 H H3,r¡ê,(Tp) Àb c (sQ¡)
-56HHd,TnÀb
-1 6 H r¡d,(Tpfl,rc) Àb I c
-g 6 H ¡ri,H3 Àb
-9 5 H Hc,(Tp) Àb c (z:)

TSE-1C 6 u Hc,(în) Àb c
-11 6 H Hc,Ì,1: Àb
-'t2 6 ¡r Hd,l.lc Àb
-13 6 H lp,tlC Àb (zr)
-1{ 6 ï r¡d Àb
-15 6 H no Àb
-i6 6 H lri,ì,tc Àb x c Qr)
-11 6 ¡¡ ¡¡ó Àb r
-18 6 r¡ H:,{Tn) Àb
-19 ¿ H 1n Àb

TSE-20 6 H Àb
-21 6 H H3,Ct Àb
-22 6 r¡ ÀÞ
-23 6 ¡r Àb
-?4 { t¡ ct,Tn Àb x
-256HTpÀbc
-26 6 r¡ t¡i,Tn Àb x
-27 6 r' Àb
-28 6 H r¡d,X3, (Tn) Àb x c (SQI )

-296¡¡1pÀbc
TSE-30 6 r¡ r¡c, (Hc ) Àb x c nea; 6/i

-31 6 H wd Àb c
-32 6 Ir Ho,Cr, (ttc ) Àb x c
-33 6 E Àb
-34 5 r¡ Lp
-35 9 t¡ H.,(Cr) Lp x c
-36 6 H în,Hc, (xc) Àb r c
-37 6 H C:,Hc, (1n) Àb x c near $/6
-38 { H Cr,H3 Àb
-39 { H Ct,ln Àb x c

ISE-{O 5 H l¡i Àb x c
-{1 4 s¡ Ct,(r¡i) nf x c
-42{HTnÀbxc
-{3 4? H Tn Rf
-4{ 4 H Tn,Cr Kt c (Zr,Àrn}
-{5 I H HC,(cr,Hc) Àb r c (Àm)
-46 9 C C¡ Lp x c
-{? 9 c cr, Tn LP
-{E 3 E Ei,H:, (C',) Àb r c
-{9 2 E C:, (Tn) Kf r c

-446-
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Nc. Zone Lo:a - 0x ¡ cie
tion H:nerals

Àsso- Probe ¡(-
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No.. e s

lSE- 1 2C
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_!1q
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-tlt
_ 12E
_ 129

lSE- 1 30
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- 132
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-Êo

G6 9- 60
-b¡

?

3
I

6
E,

9
4

5

3

Àb
Àb
Àb
Àb
Àb
Àb
Ab
Lp
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Ìi.Ë
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c
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Àb

3

6
6
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6

6
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Asso:iations: Àb.s¡:ch¿roidal ¡lbite plus guartz: ¡us:ov:te, tour-
m¡l:ne, beryl, apatite.
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Àppendix F

BOND VÀLENCES

F.1 INTRODUCTION

Pauling (1929) introduced the idea of empirical bond strength with his

electrostalic valence rule:

In a stable coordination structure the electric charge of each
anion tends to compensate the strength of the electrostatic
valence bonds reaching to it from the cations at the centres of
the polyhedra of which it forms a corner.

For a cation of valence ! surrounded by n coordinating anions, the Paul-

ing strength (q) of a single cation-anion bond is given by:

s=z/n

Pauling did not consider bond Iength - bond strength interdependency in

his model, and it was not until Evans (1960) and Zachariasen (1963) that

models relating bond length and bond strength canre into being. In the last

15 years, several formulations have been proposed: Donnay & Àl1mann (1970),

Pyatenko f972\, Brown & Shannon (1973), Ferguson (1974), Zachariasen

(1978). 0f these, the most widely used expression is that of Brown & Shan-

non U973) where:

s= ( RrlRo )-N

(1)

Q\

-4s0-
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s is the bond strength (formally referred to es the "bond valencen) and R,

the bond length. Bo (the }ength of a bond of unit strength) and N are con-

stants which are derived by fitting data from well-refined structures to

the above relationship. Tables (".g. Brown, ;981) nou' exist v¡ith values of

Bo and I for almost any cation of any valence coordinated by any common

anion (0, F, cl, I, s, N, c).

TÀNTÀIU}I-OXYGEN ÀND NIOBiW-OXYGEN BONDS

Because of the lack of precise structural. data available for tantalum

oxides up to the mid-1970's, constants for equation Ql for Ta-O bonds are

not available. Considerably more precise structural data is available

today, largely due to growing interest in the chemistry of Ta in the late

1970's. Consequently, I decided to derive constants for equation Q) for

both tantalum-oxygen and niobium-oxygen bonds.

The approach taken was that of Brown & Shannon (1973). Precise struc-

tural data (ø85.02 Â) for 13 tantalum oxide compounds and 13 niobium oxide

compounds involving 19, and 25 independent coordination polyhedra respec-

tively were used for the calculations. 0f these, 15 Ta polyhedra were

6-coordinate and 3 were 7-coordinatei 24 Nb polyhedra were 6-coordinate and

1 was S-coordinate" À wide variety of compcsitions was sanpled, and care

was taken to not over-represent any particula: structure type.

In order to ninimize correlation between $o and S, equation (2) was

recast as:

s=so (R,/no )-N (3)



where g0 is the Pau)'ing bond st'rength for

coordination (go=5/6 for Ta, Nb oxides)'

The quantitY,

e5?

cation in its nost frequent

a2=lw: (2, -p: ) 2

was minimized, where ! and n are as defined above, B is the number of

polyhedra used in the calculation, p is the bond valence sum to the central

cation of a polyhedron (i.e. p=EE ) and g is a weight calculated from the

estimated standard deviation of the observed bond valence sums. Specifi-

ca1ly, w=o(p)-2, where g(p) is the standard deviation in the bond valence

sum to the cation and is estimated by:

o(p) 2=E( ôsr ,/ôRi ) zo(ni ) 2 ( 5)

ÀI1 calculations were done with a computer program written by the author

using the SÀS routine NtIN. Starting values for Ro and N were published

constants for Nb-O bonds (Brown, '1981). Refinement converoed on the fol-

lowing values:

Ta-O bonds: Ro=1.983(1 ), N=5.4(3)

Nb-O bonds: Ro=1.988(3), N=4.4(4)

(consLants for equation (3) ). This translated to the foilowing set of

constants for the simpler equation (2):

Ta-O bonds: Ro=1.927, N=6.4

Nb-O bonds: Ro=1.907, N=4.4

(4)
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orThe resuLt for Nb-O bonds is in excellent agreement r¿ith the result

Brown (1981 ), where Bo=1.907, [=5.

Bond valence sums for the cations used in the cal-culations are given in

Tabie 114 (ta oxides) and Table'115 (Hb oxides). OnIy one polyhedron'(the

Ta(-?) polyhedron of CusTar rOso ) naa to be removed f rom the ref inemen¿

because of a grossly deviant bond valence sum (¿-p>.3), indicative of

eitber problems with the refinement of its structure, or of factors affect-

ing its bond lengths which cannot be accounted tor with such a bond valence

model (e.g. McGuire & O'Keefe, 1984).

tsond valence - bond length curves for Ta-O and Nb-O bonds are given in

Figure 90. The two curves cross near 5/6 v.u., the Pauling bond strength

for octahedrally coordinated Ta and Nb (at 5/6 v.u. 3(fa-O)=1.983 .E anC

R(Nb-o)=1.988 Â). This indicates thai in undistorted octahedra, Ta and Nb

have about the same effective ionic radius (r), as confirmed by the inves-

Èigations of Shannon (1976): he gives q(NU)=r(Ta)=0.64 Â.

lhe different slopes and degrees of curvature of the bond valence curves

refiect differences in the covaLency of Ta-O versus Nb-O bonds: short Ta-O

boncs ( < 1.98 Â) are less covalent than short Nb-O bonds, whereas long

Ta-O bonds are somewhat more covalent than long Nb-O bonds. It can also be

seen from Figure 90 that niobium can form shorter bonds than Lantalum (com-

pare the curves at g=1 .3 v.u', f or example).
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Tabl-e 114: Calibration Dataset for Ta-O Bond Valence Curve

Compounri Number of Reference
Polyhedra

FeTa z0 s

MnTa z0 s

CuTa z0 o

HzTaz0o
M-tiTag0s
CeTaO ¿

NdTa0¿
LaTaO¿
Sr zTa zOz
CaTaq0r I
Ba 3 SrTa 20 e

CusTa r l0so
KTas0r g

2
1

I

1

2

2

1

2
?

Àc 130
zR 144
JSSC 24
JSSC 41
Àc B33
JSSC 35
JSSC 35
JSSC 36
AC 832
Àc 831
Àc c39
JSSC 4',1

JSSC 24

ÀC: Àcia Crystallographica, AMIN: Anerican Mine-
ralogist, CSC: Crystal Structure Communica!ions,
JSSC: Journal of SoIid StaLe Chemistry, MRts:

Materials Research Bulletin, ZÀÀC: Zeitschlift
fur Ànorganische allgemeine Chemie, ZFz Zeits-
chrift fur Kristallographie.

Tab1e 115: Calibration Dataset for Nb-O Bond Valence Curve

Compound Number of Reference
Polyhedra

CaNb z0 s

NiNb z0 s

CoNb z0 s

FeNb z0 o

MnNb z0 o

NaNb0s
CeNbO¿
I nNb0 s

LiNb¡Oe
Ca zNb z0z
Te¡Nbz0r I
CszNb¿Or I

Pr3Nbo4C15
Ba¿NbsLi0r z

Àl,flN 55
zAÀc 503
zc 144
zc 1'44
zc 1+4
AC 825
JSSC 35
MRB 15
csc 1

ÀcB 36
JSSC 27
ÀcB 37
MRB 18
JSSC 9

1

1

1

I

1

3

4

1

7
'1

1
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Observed and Calculated Structure Pactors'for ÀLUHOTÀNTITE
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Observed and Calculated Structure Factors for ÀLIjMOTÀNTITE

q 6 t

o 6a
10
1r
12
13
1ø
15
16
2 It
22è
2 3t
2bø
25à
266
30
l'l
32
33
3t
tq
l6
B1
ð 2t
q ìa
0 ¡¡
o5
t¡ (t
50
s.1
\?
s3q0
5S
5Á
6 1Ê

6 26
6 ìû
6 l¡r
6 <t
?0
11
72
71
?t
?C
q ltqz
B ì¡
8l¡
q 5t
a0

:: 3:

61
90 81

180 t69
61 56

158 1C3
ð8 5t

r 03 110
a5 02
50
60
62
61
60
62

210 205
21 2¡

1 ?E 1??
17 q

rt5 136
1< 15

108 108
38 3s

fi2
61
Á1

1o 15
60

115 11-<
120 1?0
95 95

113 113
12 "¡79 78
5r 61uz
51
62
60
60

8¡ R6
t¡6 1ð6
89 el

128 r33
69 69
9Ê 101
Á3

22 22
70

17 1c
f\2

l3Á 1t¡0

t P0 9cø

39N
392
3q3
39ø
3e5
3 f0 Îa
3 10 2s
3 10 3Ê
3t0 qs
3 11 0
3 11 I
3 11 2
3 tl 3

3 11 s
l't2 1

3 t2 2ø
I 12 3e
3 12 0û
3 13 0
3 1ì I
3 13 2
3 1t 3
3 t0 la
3 lq 24
3 15 0
3 1s I
c00
802
a0q
ð I 1û
6'l 2s
¡ 1 3E
¡ I q,û

a154
ø20
421
ø22
621
¡:q
q25
6 I ÎsgJ2ø
c 3 38
It I E8
r¡ I 5a
qðo
r¡r¡1
tt¡2
ðq3
qg4
Es5

?0

q 5 l8 I Ig 5 2ø 10 7
6 5 31 6 3
65q@83
ø55s?3q 6 0 131 131
s 6 1 13 3
8 6 2 120122q6307ð
!¡ 6 I 10t 101q 6 58 6 I
I t 10 5 ô
872ø55
6 7 3e 2 2
6 7 Bà tl 5
ð75066
6 I 0 116 116q I 1 107 ttq
a 8 2 73 ?6
6839¡96
t¡8ô656¡¡
ð 9 18 6 5
¡32ø35
ir 9 31 3 1q 9 ür 1 5
¡ 1J o 61 63
0 l0 1 92 99
r¡ 1) 2 52 55
4 't0 3 91 90
rt lC r t¡8 q7
r¡ 't1 1Ê 10 5q 11 2ø 2 u
I lt 31 6 'l
q 12 0 101 111
E 12 1 17 16
rr 12 2 I05 111
4 13 11 6 6q 13 2è 6 6

5 0 ? 18 16
5 t å 16 13
5 I 0 q2 Ë0
5 t 1 121 12ó
5125t¡52q I 3 103 99
5 I ô q3 A0
521ø50
522830
523Ê50
5 2 r¡ç 6 I
5 3 0 130 129
5 3 1 12 I

PO PC

s 3 2 131 130
3 3 3 19 l7
: 3 q 110 112
5 s t 18 t5
5¡t2ø61
5 ð 3E q 1

5 E EE 5 1

: 5 0 68 61
551959q
: 5 2 73 7t
5537673
5 5 { 61 64c 6 lE 6 I
562ø¡0
56J650
5 6 Ec ð 0
5 ? 0 71 ?6
5 ? 1 10? 113
1?2565?
5 1 3 95 91
58ls32
5 I 2 13 13
5 I 3û 3 0
5 9 0 89 92
5 9 1 2o 20
5 9 2 91100
3 9 3 12 7
: 10 13 7 0
5 10 2* 6 1

¡ 1l o 57 58
5 11 1 85 90
6 0 0 107 rtc
6 0 2 125122
6 1 1ø 6 6
61?.95
6 1 3É t¡ 2
62050¡8
6 2 1 8r¡ 82
6 2 7 11 ¡¡0
623?9?5
6 3 1 12 7
É324ó6
6 3 3E 6 2
6 4 0 5t¡ 51
6 rr 1 113 111
6 q 2 46 s7
6 5 18 6 1
652' 16
6609r¡93
é 6 'lE e 2
6 6 2 90 88

gq gBYCtg t

!
3

3

3
3

3
t
3
l
3
I
3

3
I
3

3

3

3

3

3

ì
3

l
j

l
3

20 lts
115 119
26 ?6

r00 103
12 13
51
61
61
6Z

?8 86
1 15 125
12 17

100 10 q

62 60
1? 18
38
?t
63

32 3r¡
89 9?
36 39
88 9¡
63
61

10? 't15
13 tr¡

2 16 215
15q 156
12! 128

51
9?
61
76
51

70 66
121 't18
6ß 63

103 r02
52 51
83 82
99q7
62
72
62

?3 71
1r0'1 ol
?t 69

1 55 155
56 56
9t 9l

3
1

3

3

?

l
I
3
ì
_2

I
3
î
3

3
I
ì



oF-sEFU€o âHD CâLCULî.TEI¡ S¡Â'UC¡('ÊE FAC¡oFS FoF' 0ISC¡[f]EREIì A00G I ¡. : TE. î, I abaøè

H I( L FO Fi HK'tFO FC Hl:f. FC HALF(I Fi'' HT,LFTI FC

2 I I t4r' t3J

4884-eJ1i4

6-88¡38.\'
gÈ63.r.¿.4r?.c

,t? d I 5c' 5J

l¡ I I Ic'-, ,6-ù

1 1 B 4¿i âs'

3Jtì34-ì¡

5 f I ¿¡' f8

111ø1517
I î I É'-4 5-o

¿ 2 rì .l.t 6 3¡¡

4;I.l-el-a
6 â I âtìtl J-€-o

b'â8¿é,-e5

fr? 2 I 133 148

,;' 2 A tt :8

1 3 ¿? 6-.q 6a

-?3tì494d
53È'li'{3
¡38¿'b'3i

-'? 3 rì â3 ?1

lJ 3 I Jb' t7

¡3 3 tl Í!' J5

84O3.ltl 3-ìtl

;18c,-lC;-a
4 4 0 3J tì ;-e-e

6'405;'53
.\' .l tì J ò-:' J ci-È

I ¿? d tì ¿'5 .38

Jj' I tl -9j' 5'-a

lSrl 3l-ì;

3 5 È:ì 3tl 3c:

55tì3335

¡5¿L¡J5

-958i¿'¿'d'
tl 5 I 13 S

8ó8-eI-e5
;r 6- I 5i.¡ 53S

168S-?-e¿'

úi 6- A 3è-3 3ii.r

b'68-5:'5'l

t tì 6- B ¡';'¡- â¿'J

12683;3.r
Í 7 rì J5 11

B I tì 2-9.í ¡'.qrì

!' .\' 8 -q ¡'l
.l b' I JI.r 

'Ê-a
6' s L1 14 15

.\' I rl Il¡ J35

Ir?sd17-e
J9€s-331
¡ -ç d 3tì 3t:l

5 9 I ¡ò 17

¡ -e ø 2i ârì

9 9 {t âB I5'

d Jrl tì .l-9 5;'

:'ld I i5'.1 J.\'¡

j Jr? ¡? 45 l_a

6 ftì I I-55 J5-a

5' J t? tì 35 -?¿i

J [? J r? ù .s'¡' ¡¡

I 11 rì ;'i :'-e

3 I f tì :'.i :'Ò'

5 JJ B l;' i-q

7 11 r:l Js' ¡'j

-e f¡ ¿1 .Í6 i1

rl I j rl jss j5.í

â I¿' È 5tì 5I

.l J ¿' I ¿'l-È ê46

óI;8 4,i 43

8 r¡' I t6rl ¡56'

] Jf, 8 J5 4

î 11 E b'-e ¡¡

6- J.l d ¿.-q éit?

I 15 8 .\' 16

I Iò I .\'Lì 77

-f3111714
--9 11¿'3¿'.\'

-¡ I 1 3t-' ?b'

-5t14141
-3 11{dl.l

-1 t I 5-q 5Èi

11r5353
3 J I 36- 41

5lf354tì
? I t ;at 1q

-eJIi;'îi
11 1 1 J6- 11

-riî12321

-1L7 :' f :'Jð ?:'J

-.\' :' J i.r' s;'

-ò ¿ I {lJ +¡r

-4 ¡' J ¡õ 6.c

tì j' J ¡f,S l!t'
i ¡ J -¡iJ

,t !. ¡ lrìS lrll

ci !' I 4:'i' .lt'.¡

.\' ¡r I 19 1:)

f tì ¡' J j'¿]J r'tltl

r'r ì t ?a ì-

-1 3 f 3¡ 11

I 3 f 3-q l5

3 3 J r'5 16

-1-?ftè-i
] 3 T î1 J3

-i:' 4 LÈi5 t5¡'

-:r? 4 I I-9 ä;'

-S I 1 ¿'5¡ ¡5.\'

-61!Iâ3¡:J

-1 415t?Ò-4-9Ò

-î417444
I J I 5¿ì-e 4òi

2 I J .Î3Ù ¿'¿ì ¡

111415{.\'-È

6 .r I 3É l!'

.\'41245âí,ì
¡ tr I I 5,\' 5ó-

!Ì 4 I J53 .f-?.\'

-:1 5 r 2ù Ir
-: 5 I 19 ¿'3

-5512726
-35J.184:'

ç t 1S :fù

¡ 5 J -ìtl :5

?<t:fsr'ì

1 ata !¡

l5Ii'¡3,'

--j ð J t-a tì

-.Ll c I l-' J -

-S õ J ¡Þ

-õ e I io

-46¡3.ir¿l
-:-fJló'"-:r

e65

861î5:'tì

¿ 6 I 43 ¿'.1

46L-e1

6- 6 1 17 ¡

861ê4j.:
Jtl 6 , I5 itj

-11 7 I 11 !1

--a 7 I J5 ¿'È

-7iI¡'ó-3d
-5irf,83¡

-_r , t {-r ti

-1 7 t .lrl 4i

17J3-93ô
3iJ313;

5¡J3l:¡¿
? ? r 1? ti

_e ¡ ¡ J5 f-1:

11 i I f-e f:

-i8 \' J 47 41

-.\' b' J ¡'Ì5 !'l'¡'

-èiSr5¡'5'r
-{8i3:-e333
-f ¡ f e? c!

I .\' I 3S J 3-È-:

â.\'164éij
I .r f 3lò- 3J-Ë

ó .\ I ô' ò.-

¡ !a t tQl lti

I ¡:ì Sì .l ¿'lì 3;

'::

-i -È J iÒ i:

f -ù 1 î1 if
? ù I 1; ::

Frì



CIF'SEPUEO AND CâLCULÊIETì STFTICI¿'ÂE FÊCTOÂS FOF 0ISOI'OEFEO t]?DGINITE Êl¿öesà

FC HKLFTIFT'

-J J5 J ¡S J,?

r ,3 I 15 11

3 f 5 t 15 I3

a Jó 1 137 Ir9
_rî I f ,-e8 ,SJ

-Irl È ¡ 71 ¡r¡

-S I ¡' 3l -c 3¡d

-6 8 2 4Ì 3.3

_tA260IS_e.\.
-¡ I ¿' e5ó' ¡'3.ì

tì I ¡' 5¡i 5o¿'

28!'ó524
.l I :' s.\'tl 56;'

è- tì 2 t4l J3è,'

.\ fi ¿ 4-YL\ 4 Lr J

J Lì È ¡' ;'ò' ¡'.\'

13 I : J¡3 tt;ë

-11 J ¡' Is' 14

-5 r â 17 I-e

t a ]a tÈ

I t j ji l-r

-1 I ¿ li :J

t J i ¡' Jrr

lt i :' t.e 11

-jrl :r j 1rì5 Jdll

j i it

tì :' j ¡¿i 3¡

:' :' ¡ j.:5 :'ù'i'

t : f :! l-_

HK FCHT, FO

466

Fi.. H t'. L Ft')

-.r Jd â 4ô'

Fr-

-i t8 â ,3J J:9

-1 tÈ â 3: 3.¡

-¿ !4 ¿ l'¿ l'(\

8JF â 5r 5è

¡'Jtì î ,¡3 t¡3
¡ J ¿l â 4.\' .1.9

6 ¡rl î Jf-È Ji'r-

c /cr ¿ ie ¿!

-9. 11 :' J-a Jb'

-.- 11 î rù 1ç

,? t, î 2? ¡_a

: r: a tlr t:

Ê rt 1 f : lLi

-S li' 2 179 J5è.'

-è lj i ìù

-t ri ¿ ¿4: ¿i¡

-: Jâ 2 4¿1 41

d J r' e â3.\' 3¿-ù

j i:' 2 63 5.q

r jj- ; ¡tì¡ ¡'rìj

; ji 2 .31 -ìtì

-- ¡: ¿ f i-, ti.

ç r? : ts I

i ¡r i ir

-: :< I 1i I l

i .¡: i J-È ;b

: rc f .q r:

-rl I -r l-¡ J-:

HKL

-e_s1

F(lFtl

19 Iè'

-Irl lrl J J.lrl 1'¿7

-8 Jtì I 3-e 3{

-6 Jtì 1 è11 !81

-4 J rì J 3.\' 37

-4' , tl I ¿'13 ¡'il

8 I¿ì t 49 45'

¿' ,8 I iÉ's.l 264

.l trl I 43 4A

6 J rì 1 î111 ¡.¿ìí

I rB 
' 

¿'5 27

fL? Jrì I 11ì ,J6

--e Ji J 13 ó-

-5 It I ?rì âI

5 JI 1 17 J;

-s\ lj I Ëi d_¡

-3 I ¡' J 5r? 5i?

L? J¿' I 41 11

I jj' ¡ 30 ltr

6 I.:' t 3í 34

.\' I s' J !'ó' :r

-< :: t 11 îf

- l-1 l lù

:' Lr I iò ¿i

¡ l-r ) t. l-1

-; :r t rsi? j-?.::

-; .ì i ¡ 5{-ì Jó

-: J. I ---a Jtr¡

,_i Ji I J-e 1-.-'

4 !¿ J .a-r

I ¡-1i /-:j

6 î ¿' ¿'83 J -9i

6 â I 11 42

Ir1 ? 2 lrlc,- lÐi

-1r 3 ¿' â3 17

-a -r d dè di

-53ä3:4tì
-3 3 ¿' 51 4.t'

-1 r- ¡ .l.c 45

1 ,1 ¿ tq {i

33ir:4-
5 3 ¿' 3." 3.\'

¡ 3 ;' r-rl ;'¡

1J 3 ¡ tci Ji

-J8 4 ¿ 33 3t?

-.\' .l ¿' I cit? t cis

-c' { ¿' 53 5i
_4 4 .¿ !.5-c âr 6

¿? r :' fis 30f

i t i 'l

4 I i' ;'l i ¿'j;

64!3:i_:
Lr { j ¡{_¡ ¡r,

: ¿. 4 ì j3 ¡':-r

-È q :l ti .l;':

-:53I.\'17

-55i:'ò3Lr
-3 5 !' 3¡' Sti

i q :r ì: ì'

.35219¿'tì

5 5 î 21 3-ì

-e5âJ6I-È
-ftr 6 2 197 ¡'8tì

-s6â45.1-e
-6 6 â 31t 35ci

-1639091
-e6:4d545È'

06e.q:-sJ
¿' 6- ? 417 {55

46â6-qitj

6- 6 â ib'J 3IS

.\' 6 ¡' 53 5_a

Jr?62r.\'Jr8,
5 ¡ ¡ 

'5 
6-

-Jrì S â i6 ;r-ì

-.\' b' ¿' 8.'? -ç J

-c,- s r' J6 ,-s

-1 I ¡ J.\'3 J¡j.i

-:1 8:74¡B

Èì S i Il.\' 11!

'rL_t:E:?

4 6 i' Ió-.1 Jd;f

è ò ¿ -: .t

Lr i ] :; Laì

_-a _c ¿. lJ 14

-; -9 ¿' ä-ì !'-:

-5 ,ù j' ;'5 :'l

-t Q I :lq l?

- I -a ¡' J-¿ì :'3

I -9 :' 3i -ìj

.i -\' :' 3, 3¿ì

q È ;r fJ lJ

t íJ :;



OÂSEÂUE0 ÊNtt ¿ilLaa,i-¡i¡Êi' S¡åircr(/P¡ FÁCI(lF-q F(ìF 0iS(rÊl,EåÉC b,-'0dIñi TE . Ê) at,¿¡'¿

461

Far H t¿. ¿ FLI Fd N^:¿FrlFaH t( L Fr'ì Hl:-Frr F.' hÁl rFc

-5 I 3 3.\' 3É:

--ìt3:534
-.¡ I 3 35 35

i133-4 11

.3 I33.¡3Ò
513¿'-ç3:'
I I 3 2:' J-è

11 J -ì ¡i It?

-lt :f ? ?J ìJ

-l rl ¡' 3 :'t?ii î¿?S

-;fi¡9/ììr?5

-4â3¡-9.\'3

Ll :- _? -91 .\'_Q

t' ¡' 3 3-e¡ r: Èi

.l ¡. 3 ¡rì l.\'

ó- !' -? :'lc, ;'7-q

b' !' 3 .,-9 1-.

i,l ¡' 3 ,.\'i JF:

-:3lISJ.-'
333I¿i¡'I

-1t1 4 .3 11 3;

- ù' -l 3 :'5S :'o't:ì

-d '¡ -ì 5u? 55

-': .t 3 J¡--ì ;'-Ç¡ì

-;' -' 3 :3 ¡b

¡j' - _1 rrc -rrt:

:4fi.is:'i;

ò r .1 -e ,rc-

Sjji-î:':':-ei

jL¡

-11 5 3 Ib' i5

--a 5 3 14 J3

-153¡'r¡'.1
-? < ? fq ft

-t ç ? ¡o ?l

,53¿'S:''l
353¿-5;'s
¡ 5 3 J.ì 11

-953¡J-a
11 5 3 I-\' 17

-,\' èi f, J¡ if,

-6634t?3Êi
-4 ò 3 IS !7

tt ò -1 jt tl

:' ó- 3 J;r !Û

1631..--!4

¿i63â4:'3

Jr? éi 3 11 r

--ù ¡ 3 J5 1:

-c:??;71
-3¡3â53t'r
-t ¡ -? ji 3f

313;'è:31

5 i :ì J' ¡'tì

_€ : 3 ¡Þ' J;

-Jri .\' 3 3É 35

-ò il r- 55 5-È

-,, -Ê 3 ;'is' :'S,'

i'l .\' ,l ¡'S-ì j'-i.l

:'s36-3á-:

I .\' 3 :'.ri :'jj

dò34.q5C
ò ò -1 ¡+l l-.

I rl .\' 3 3J frl

--!¡ -a 3 15 i:
--r :r !r lr\ Ji.

;-e3fôi-Ì

-993J.\'-;
-.c ¡B ¡ âS :'5

-ci Jt? ¡ lci.\' ¡-j

-í J r? j 3-ù j::

-i Irì ¡ i¡S î::
tl f r? 3 -ìS J.¡

i Jû 3 ¡'t5 3jj
1 i0 3 s-.s' J¡

ó Jtl 5 ¡lè- 15¿

o' J t:l -î J -Ç :'!

-- tt 7 t< I

--r ll -r l-r r,.

5 ¡l 3 Í6 -e

-ó- J¿ i Io :i
-.í l¡' 3 43 .¡:

-1 l: : tt .:

-6 r? ? f:r ::

-J l-1 -1 i,' i-'

? t" ì ;ç

f i-r -1 la

-: !1 rr l!!r¡

rì Í4 3 .trl 3b'

¡' rr 3 JsJ I.l:

-¡r? rì .r 3c' 3¡

-6 g 4 Itì.\' Jti¿'

-1 € I 4tìè: i-q-?

P843ðr.3.\'ù
.r I ¡ l¡'5 ,15

48435¿rf,s-n

¿i a .r 3¡' -ìi

.q I + ât?;' J.9S

Itì tl r 53 dl!!ì

-il I 4 ¡ó ¡-ì

-_a 1 I J_q _e

-5t4I-ei
-: 1 r fò- ¿'l'

3 t J .t6' J-9

Ì 1 I 17 17

-!ø ¿ - L\i

¿ I lJ -t¡

-Ë. ¿ I J5¡ I¿iil

-1 ¿ 1 i: i:

-¡ ¿ { J!s-- /L\j

I ¿' .í stl 3:

i ¿ - lt, Jù-

r j - J(¡

¡ ;' .. Jjrl l-ìj

.\ J a ta lo

ftl 
= 

I :-!' 6:

--È -; J ¿'¿ì j'ir

- -q j ; ic: :'-¡

- _ì 3 ¡ ,îtl -ìi.:

-t

r?¿?1??

3342;¡5

-iiì 4 4 !':' j-

-.\' 4 1 J.l.\' l¿^3

-õ- 4 4 jr-Q 3:

-i I I 1õ,\ r,ò

-; , ì J-,

tì I I ¡'{ìü l_a:

¡' .l I 4: lr¡

t t { l,rt ¡-,Lr

6 4 .l .3ð r-.c

.c 4 .r IPs J8;'

1û I 4 ¡'3 l¡'

-¡ 5 I 11 l¡'

-1 5 .r ¡'.3 24

J5.l 3:¡'b

_a 5 J ;.tl J:

-irl 6- I l-5-a j6-ì

-.\' ¿.- J 5; 55

-Ë61î1:363
-3 ð' .r 5¡' 5.ì

tì ci { 7-ì io

:. i .l ¡.-è5 _ì¡.t.J

J ¿i .í òr dr'

.\'dr5ci3.(
-3ì b' J irl 7r

-i .\' r 3¡ 35



06-\-EF/-¡80 ÁN¡ i:ÊLt'trLrl¡€0 SrÊtriIL¡FE FiiIt)FS FtlÊ ¡;SoAoEF:E¡ È/006INI fE. Éi ¿c¡ànà

668

Ft: Hl<LFtì FCH^ FCkñtFr,' rrrilFJFd H¡ Frl

tl .q 4 .í tì¿' 184

j.\'441 11

I .ç { jIì 116

.\' b' .í 5ô 5¡

-7 -9 .l Íd iéi

-5 _e I 16' ;.ì

-_ì _9 .l Í'-c :'.\'

-1 I .l ¿'Lì l.\'

Í _.? 4 î1 ¡'r?

:¡ _a 4 t9 ¡'I

-5 I .l ¡b' J5

-é; ltì r ltì: IÙlì

-4 ltl I 46 .lo

-j' ¡tr ¿ i3i J35

r? I ¿? .l i.l 3l

;' Itì 4 117 ¡âtì

.l lr? 4 35 3¿'

è ttì .l b'l .\'.(

--1 lj - l-' tt

-t rl a ;{ ¿r

- tJ + /-r i-,

3I¡ J ;È'- Íô

5 il r J5 1r

-- li { ¡èÒ lõ'

-. t i J Jl gs'

r1 Ii -: iS'l ;b'j

j' Ir' ¿ 3-? f,:

I JJ r ¡lrl

-¡ 5 5 217 fs'

-5 5 5 ¡'r? ts

-1 5 5 J;¡ J¡

J 5 -5 .15 I:1

3 5 5 Jò J5

5 5 5 
'¡ 

l.Ï

¡55¿'r117

-6 ci 5 I-ç 5

-i õ .' di ¡t

B i 5 I¡ l-a

¡' 0 5 ¿'rl 11

r?lr ¡¡

-5 I 5 
'S 

l-a

--ì15:'3¡.1
: q 1: :f?

J¡5J.\'!7

375¿'l?5

5 3 -5 ts' 17

q rÈ t?

-È' b' 5 1; J5

-1 .q 5 J¡t? ISJ

-:' .C 5 .l è. {-a

t:lS5:.rìJi'rì¡'

;'S55553

4 S 5 fõ: I5.\'

o .'l 5 .1 r' 3¡'

:r -e :ì ti l:

-.1 I rl 5 ¡'-9 3;

-¡'I8 5 I5¿' 147

È f ¿ì 5 ¿'¡ r-¡'

¡ JÈ 5 J.l:' t41

118 5 ¡'¡ i-¡

-6 tì 6 {-9 4.\'

-l tì 6- ¡.d_a â8,ì

tr tl c. ¿'6d :5-a

¡8CStì5o
{ ¿ì 6 ls.c fd..ì

ó- ¿ì ¿i .3.\' -?:¡

-¡ 1 6 17 16

-1 i ¿i 11 11

I 1 6 J3 ;
: I 6 J3 5

-6 2' 6 .\'6 6i

-1 ê ¿i ¿'5 :'.1

-¿ j Ò !11 t¿l

¿ì 2 6 3-9 ¡:

!' ¡' 6 Jtì¿l jdil

¿i ¡' 6 ¡.\' ¡,ì

-7 -ì ò- Jê: 15

-5 3 ó J'r :j

-i 3 6 ¡r' :'iì

I -1 O ¿-t j-

33d:'3c-j

-ì _1 ö ¡-r Lr

- Ê, .l 6 ¡'.\' 38

-.1 4 6 117 118

8 4 6 t;'r? Iii

246333¡
I 1 6 J¿1., -95

6- 4 éi ¡'¿. i¡'

-5 5 6 J4 
'3

-356¿'tìJs
r 5 6 f,e 16

3 5 6 13 1¿

5 5 é'- J5 14

-1 ó65;'4.\'
-¿' õ ó- î10 ,-a-a

tl 6- 6 l.c 4-o

â 6 6 l-a:' J;-e

466.r54:'

-ä b- ¿. i3 i1

8 .C 6 lt: -eI

': Lr Ê ,q 1)

I i i!5 l'

1 I ¡ iÒ Jè'

-;' 3 ¡ Jcitr Jl5

8î74544
: ;' : i.í:; J 3ó

tì 4 3 ¡.1:' J;'ó

-.9 ; 5 ¡'J t:

-¡ I 5 Js J.q

-5J5¡'í¡';

-: r ç ?r -fs

c l,: fÊ¡-¡
115¿'l¡3
7 | S tÈ It

5.l5¡'.r:"1
St5¡.\'J3

-.\'¡53.c35
-ò i ,ì iJj i¿-,

-j1.5;f,¡ì

-l 1 q :l--è :¡j f

tl ¿' 5 5-a 5-a

!' .r 5 ¡'.í j ¡'5:'

I ì 5 r: 5¡'

ó ¿' 5 J¡i I¡-i

s. ¡. 5 3_È 3.c.

-t 3 -5 t.:

-È: 4 5 l5r 15;

-ó1i:'i¡'-ì
-r { 5 !''í:- 3{ ¡

{.-ì15¡'f,r':';'.i
:l

¡ ': 5 ;'ll ìt,

èt-,-rj

ir .: 5 Jj: li:j



669

FCFCFtìFL'FL,

!ìF-i:-ti;i: ;N; c'&!Cit!É;EÍ: S:Ft/C¡(,FE FÊCf 0FS FOF FJdFI'r- j-E rSlF-4 ) f¿ncù Feçuat ¡tø

¡r ¡. b À ! f (, F' H¡.

t - I {C,

¿ i ; ¡/i ¡:J.'

r 1 ? J?È J.i'

r ? ? :q- -:çJ

??"q.riS¡1,'l

irdi.ri..r55

! ; ' 'J

e { .l : ¡J'-: i i: -:j
j i . Jc ¡J

r .! ; :iî :ê:
c ::J :-r:

: : Ê ::' ?'-

. q q iÉ: ì.::

: q Ê lc: :;?

< q ç r:a l.:r

Ll i f -;i-' S:

: 1 j :¡ :-:

r¡ ô- è .rrì :-È .¡ d t ij j-ì I -; -: ¡l-: iii r- : ti j'ij l-ìr

3 ô ¿i ¿iS(¡ ÉSi 6 6 .ù ;5 I tì ;' .1.r .í.ì 3: 5 : ,j ¡-?-: j{J

4 È' ci c,.¿ 'J P S ." '¡.J JÒi i :' it- 5i-; 5:": 'l I jj i'ì' i-ìt'

i c, d 5-. sji ; b' 6' ¡¡-: 'r5tr j i j.' i- ;'i -ì 'ç l" Jr'r :"-:

i I I ;.1-e ;'ll ri ¡' ..: ,"j í .i jr' ¡'i -È t-l 0 j:' -ì-:- -".r:-

J -? i .j:'rl !;'.1 .c .i .\' f¡: 3f.- tr É :;' -¿? :: ¡' j :j J'i i;

j -: : j.ì.: j.:j t i -ù j-r-: i-:.; i É jr' ¿:: ':-?i tl i ij :;; ¿::

{ i J¿ -îj jJ r .í jj j:_: -"S:i i a ¡sa j¡-' j -'

-? 5 I :'ij ;'j- : 3 ! .i-'; j:i i i j.' -ìcii -ìi-: I ó J:' '?i jti

5 5 : jj: iSj i -' -ù i-:ó ¿'rli tì Jf ii -ìj i:' i ¿i Ii 'ì-: ;5

; : : ;-e.j :-qs 3 5 -È j-ìi i-':j i .irì ji' -?:'-È !:1 I I ij 7i: -?{ltì

: - - :q¿ r5.: q Ê È '¡Ê iÈ: .: :d :1¡ 'í: 'fS I 1 i3 ijj JciS

5 : : j¡;' ir-j ; : -È :-j j:'l i : ;: j-ì;- i-:i j -î j-: 'i3t- ::':

: : - :JÕ' :J: 3 : -Ê jlf ;'.1- .: 3 j: 'rl: fS-: -? 3 jl J:: :-1

( f ,: :i-i :c-: 5 : -q :j: ji-: 3 -r j j .:.?: .Í-ei J 5 l-" j-ì': tii

j ;' .r ci: ci: : ¡ -È :j: j:'-" r' -c :. J-¡-: :5'S :' 5 il J'¡: i':-:

Li ¿ S dt'li iis i -a -È jr-r l:t 3 5 -': :fi ¡è'¡ i ¿' jr -?i': 3cì':

;- .i s ;-l :¿ ; -: -: ji: :d-: -c -5 i: :3i.' i-ì; i' í l; ;'i- ii

¿ : -: 35; 5j5 : -: -: :ji :r': '. ::: ::j :4-2



670

oSsEÊ{/Et á¡r! ciìLcutÊrEo çIFU|ILTRE F,iCroES F{.1Ã' cEssTisI¡iNIÌrE r¿n¡" FEai

H li L Ft't FC HriLF0 Ff HKLFCT Fd HKL FC HIiLF¿IFÙFr'l

I I : 315 .rf5

8¡'¡1555
¿' Î ¡' fl-el I¡'tìJ

!1345s455
I 3 3 l-es' lji

3335iò-51-a

tì04s'-o¡'.\'-çr'
ù I 4lJ:'lIl¿'l

¡' .l I 4i 3:'

4 I .l .\': -9 .\'¡'3

i15-ì3d3â¿'
J353rltrâ-ç-9

-ì35.11ì-q3-95
J5536-c35¡'
_ì 5 5 3J-ì 3lì

< f?La lqo

rr Ê èi I54 117

â r À ql? g¡ìÅ-

j4¿i31 3q

4463:31

FSo-9¿'.\'lì

¡' 6- 6 6-ç5' :J -\'

I 6- c,- J3f J3-a

É'6ôôLr.\òLr+

- .rLaLr lLrj

I -? ; -?-el' 3¿iS

-r -r , étJ i¡i

J 5 ; ¡'l-e ¡S:

35i¿'.l3iit?

55¡;:5âÊ,-'r
r 'f rq f?ltt

3 I ¡ 3J-ç 3¡tr

5i¡¡'6-râ51
7 7 ¡ ¡'t?i:l ¿tr;

t? tì .\' .\'5r' Sà';

. ¡ -s fa lË

t? .l .\' 655 ó-¿:S

î1.s'4j.1:-
I 4 .\' èi3¿i 6.1 -î

¿' 6- .\' ¿'5 ¡'3

4 ê.\' 35 3ó

6653b'b'

rì 6 s' s.iJ 5.r J

; .\' s' .l -? 6;'

.l .\' .q 5r.l -5J 5

6 .\' .\' 51 5i

.r s .r' 4Lì:' 3¡b'

I 1 -9 ¡'¡.1 â51

I 3 -e 3;t? 3i4

-? 3 -ç ¡'tìé' l -ql

J 5 -Ë ;'É:' ¿'6-ù

-1 -ì _Y 4JÒ ¿¡!ì

5 5 -9 ¡'5o ä15

1 7 -s iJ6 î17

3 ¡ .È ¡èi-È r'¡t-ì

5 ¡ -e ¡'¡'I ¡'33

7 7 -e J¡: J,5'l

, -e -9 I¡: J-er?

:i -e -e Ê¡'l ¿'3,\'

5 -9 -9 I s';, ¡'B{

¡ -e -e J 5,q 161

r'ì ; I L? stl 35

¡' ¡' I Èl é'-I i 5-e5

¿' I i tì 4-e 4.c

I .l Irl 3-q !1

8 i I¿? 111 Iâ;'

¿. 6 J ¿ì l_a.l 5J rr

J á f¿ì 3J -e

6 ô- Jt? .l-5.È .13:

¿ L\ tt ¿t ¡-¡

.r s Jr? r'i 3ì

6 6 Jtr 5¡ 6:

r? :e jc 4Ì ,j

2 1È 117 3b'5 3.q3

4 :P Jrì dÈi .\'3

! i 1: ¡'35 :'-ì.i

I f Ii ¿'¡'.{ â¿'l

-r -' I j iÒ3 ¿-¡'

I : 11 ¿'.ld ¿'l-i

-ì -c f J d'I -q â¿'tì

5 _q lJ j.\.tì l_9è.

I : 11 L\'-9 !rì¡

-r , ll lèL\ JùL\

5 7 Ii ¡¡-,¡ ,-eò_

J -ç J ,t , .\'s j -e-5

3 -a J I 17t ¡.\'j

I tì I :' J -ìrl 4 -ì.\-

¡l l.l:' l.\'-a 4-o5

.l .l Ji 43f li-:

¿ è JJ -t¡

.t òIi îi i3

ri 6'Jj -s.q 5:

rl .q j ! -? l¿' 3ô;

â .\' ¡i 3Ò 5i)

r r r: :ta î:q

I 3 i3 J15 J.\'¿1

,r Ér j _r ;J, ;_._-

i 5 IS 171 isi

3 5 J5 J9:' ¡'tìi

5 5 Jf, ¡.\.I I¡5

I : Li l-çf, âdtì

{l ¿'l{ 3I ¡'J

ì î 14 4tì-9 -?.\'F



oFsEF'i/Etì A^i¡ cÈt¡.'¿rL4¡Fn -çIÊ¿/d¡UEí FÉaIr'rFS FrìF C5,:S7I6IÊ^/¡tTF r l.tl-,1 lc.l¿ Fentr'sul¿

Frl Fi HAIF.ìFi: Ht:iFrrFd HI FiFtì

&71

FÊGE I

FO Fd

1iJ3-a-?3-qlì

tì ¿' i .c5 ¡5

¡ 3 ¿'II;'o IJI5

1t31.\':'ls'tì
I 3 3 J_9_a ¡.r13

3J3éidi:l 5¡J

tì 0 4 i{:' ¡oJ

tì l 4 JBì3 Jr?;'5

1416éiidèil

11533-e3.ltr
J35î.r'-r'Ê.\'5
33535{ 3-çJ

155-?5;'3{9
? < ç ,¡È: :f Q\r

555Ê5-eê5-5

rl : 6 Ió-J ló'r

î î ei i5¡' ¡6-5

I 6- È' -9f 6l'

; ó- 6 55.\' 5è-3

.l ò- 6 J¡'¡ Jl:'

É, éi r.' .r5 j ,líi

.l I i ¿' J db,

,3¡35.i-?cif

J 5 ¡ :6.ç !'¡í

3 5 i ¡'tì-q :'j:

551ä3tl¿'3.ç
r : t tO- tO!'

3¡72:.:2.i.¡-
< ? ! :ro lllr

7 7 i ts_a J6ò

6 tì !c ¡t?.q iJ..'

I f Li :l ç?

rl .l g\' l-a-ù 5tl5

t t L\ A!:O 9Þù

¡'ò-.s5:fii
l ò- .\' 5i 48

Èl .q ù- 3.CÍ 3.s'g'

¿ ù c Þ; Ji

I .\' .ç 3c'5 3¡¡'

.\' .Q .\' ¡'i i j:'.s'

I t -- dt, irj

J .i -e ;'S0 i'Scl

-1 -r _r lù-r I,o

J 5 -o ;'3; ¿'-ìJ

ìqÈts'ifh'\'

5 5 -a êt]e, .:t Èi

I 7 _a J.\.rl I ¡.-Ç

-1 t _v ¿¡{ 4-r-r

5 ¡ -e ,i; ¡.*'¡

i i -c I3l J3-e

, -È -o J.lè,- 142

,t _v -w li-r Iri

5 _e _9 t4.\' Jls

¡ _9 _È I tì.\' I 14

¿:ì É Í0 5:' 3J

¡' i' J tl l5Ò .l-ì¡

;' .í r't? ó-S 5i

1 I lt 6¿' ¡'j

tì 6- Jrl -9.c ljs

¡ 6 Irì 35; 35r

J 6 Itì 5-Þ ltl

É. 6' , tì ¡9-: ¿'5'S

.l È' J rl 6i .3f

d 6Jir di 6i

¡' J r? J t? âl:' 21:

4 t L1 111 6; é,-.1

I 1 11 l-9.\' âtltl

1 3 I1 I.\'i ,.\':

-i _r ¡l .t.t ata

f 5 JJ 194 ¿'rl:

.i 5 J¡ 171 If.\'

5 5IJ Jls ¡.1-c

r 7 11 Ic,'ú .lls

3 irr lr'5 i3:
:ì r lJ /!¿ ltl

t1 I

J -a JJ l3¡ J5¡'

3 -e J l.:': [4i

¿l I J ¡' ¡'_Èê ¿'_9 j

tì .l J ¡' 35f, .33.\'

i { lj is\-r ¿t ¿

;' ¿.- I i l.\' 4

.l 6 l:' 5i 3!'

ci ó Ji 54 4-a

tl .\' J ¡ â¡'.r' ¿3j

¡' .s.lj 5i 3J

1 1 13 Iëi¡ ,¡8

I 3 .l 3 J-i{ ¡-?5

.3 3 J3 l-e{ Is's

J 5 J3 Js'.r' Ijs

3 5 J3 I.r3 Jls

5 5 13 JJs 
'BS

J ¡ J3 J.lè J53

¿ ¿ ll ¿ou Éat

¿ 1 Ja -¡l ¿:


