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N.J. Davis, A.M. Cl~rk, and A.J. Criddle 
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(Natural Histor~J), Cromwell ROad, london S%7 5BD 

Clark et___.~. (19745 reported on the first part of ~n e~ination of 

the reltdu~/ concentrates from the gold ~rkiags at Itabire, Mints Gerais, 

Brazil~ contained in specimen number ~4 1934,72. The concentrates ~re 

presented to the Mineralog~ Department of the British M~e~ (Natural 

History) by Beard Hall S~ders. The mainly monomineralic grai~ (apart 

from s~faee deposits) consist domin~tly of ~senopalladinite, with r~r 

atheneite and i~mertieite, all three beiag new minerals, essentially 

~senide-anti~nides of ~.lladi~. In a ~rvey ~der the electron micro- 

probe of ~ains selected at random from ~ 193&,72 Clark etal, f~nd 

Grain 1 contalming major palladium and selenium and minor copper. In a 

parallel survey by X-ray single crystal methods of r~dom~y selected grains 

we f~nd Grain G, identified from i t s  cubic @ell dimensions as a palladium 

selenide near PdSe in composition. Grains 1 and 2 p~ved to be identical, 

and f~rther grains were later discovered by optical ~d microprobe methods. 

The latter fo~ the type specimens of a new mineral, palladseite~ ~ 

from the chemical c~posltion (PALLADium S~enide), and approved by the 

Commission on New Minerals ~d Mineral names, lntepnatlonal Mineralogical 

Association. 

Pa~iadlum selenlde mlner~le ~e very care. Besides major palladi~ 

and selenium, ooeterboschlte, (~b,C~)~eb, (Johan et el., 19'20) contains 

1~ copper, which is probably essential. Zincken (18295 found selene- 

palladium in clausthallte o~s from Tilke~de, Harz, but he later with- 

drew verbally the p~senue of seleni~. There is ~ extensive literature 

on synthetic ~alladi~ selenide~ (see Bibliography), which shows that 

palladi~ selenides ne~ PdSe in composition are present in the anode 

slud~s f~ the electrol~Ic p~ i f loa t ion  of copper (Ignetev and 

Plakain. 1958; Doli~-D~b~l~akil. I~; ~e~ve~ 19855. an~ in 

residual sludges after the purification of sil~r (Bliek~ilber) from silver 

coi~ (P~ssler, 18765. 

Specimen preparation. Five grains were p~p~ed for reflected light 

mic~scopy and elect~n probe micro~lysis. They were mounted in a cold 

setting epo~ resin ~d, owing to their size (0,2 - 0,5 mm), polished with- 

~t pre-grlndiag on Hypro~l-pellon laps with di~ond abrasives 6~m, 3~m 

~d 1~,~. Polishing ~s completed with I/4~m di~nd paste on cloth la~. 

E~hanol and distilled ~ter were used together as the lubricant at all the 

polishing stages, 

Optical characterist ics:  Palladseite is isotropic. In plane polarized 

light it is white except when r with the other minerals of the 

Itabira concentrates, atheneite, arsenopollgdthlth ~d is~ertieite, (see 

Cl~k etal. 1~) ~here i t  appears ~ey ~d lacking ~y detectable 

spectral hue. Th~ ~81ns have smooth (straight ~d ~rvillne~) ~gins; 

they are ~ha~, anhed~al to subhm~l. The largest grains I 1 ~d 5, 

monomineralir while grains 2~ contain inclusions. Grain 3 @ontain8 

inclusions of the two lower refieetiag mi~rals fo~d sep~ately in grains 

2 ~d ~. ~oth inclusion phases ~ isotropis; they oc~m Intergrown t~ 

~ether as discrete grains 1-~m in size with r~nd cornered, square out- 

lines; the lower ~lectiag grey phase encloses ~ctangul~ cores of the 

higher reflecting phys. They al~ occur as ag@~egated clusters of ~aller 

ro~dsd grains (~Tals SlZe < l~m -- 2~m. aggregated up to 5~m) ~d as ~b- 

angu~ ~es, or fingers, penet=atin~ t~ Im~llad~eite 8~ain I'rom i t s  rim, 

with a m~i~m length of 8~m and width of 4~m. The s~ll size of these 

Electron probe analyses ~d cell dimensions of thee pallaiseite 
grai~, A = Weight per cent, B = atomic proportions based on 
32 atoms per formula unit. 

A B A B A B 

P~I 55.7"2 15,&7 55.13 15.17 55.~7 

Pt o.co 0.00 0.39 0.06 o.o& O.Ol 

Cu 3.99 1.85 17.56 4.33 1 99 17.~0 3.89 1.80 17.44 

Hg 1,66 0,24 1,24 0.18 1,68 0.25 

Se 38,59 14,43 39.38 14.60 38,97 ~4.56 

1oo.oi 1oo.47 100.05 

2 10.635(?) 10.628(&) IO.6~O(25 

~alyses, but qualitative p~be sc~s indicate that both phases are copper- 

bearing oxides of palladium. As they are isot~pin they a~ unlikely to 

be Pulladinite, the only oxide of pslladi~ previ~sly ~ported. 

Chemical composition, Elect~n probe ~lyses of grains 1,2 ~d 3, given 

in Table I, were obtained by mea~rin~ Pd, Pt, ~d Cu relative to pure 

metal standards, Hg against cinnab~, end Ss against synthetic clauethalite, 

~bSe. The i~t~ent used ~s a Cambridge Geosc~ and ~hs sea.resents 

~re ~de at an aeceleratin~ potential of 20 keY. The mea~ped intensities, 

after dead time corrections, were r~ocessed with ~he BN.IC-NPL computer 

programs (Mason etal., 1969) to ~ve the tabulated wie~t percentages. 

Recal~latlon of these ans/yses to a total of 32 atoms appro~h~ the 

the ideal formula (Pd, C~51~e15 in each case. The three analyses ape 

virtually identical ap~rt from the p~sence of minor Pt in Grain 1. The 

seleni.m concentration is simil~ to that ~/ven for oosterbosehite (doh~ 

et el.| 19~0) and ~til the X-re~7 ~d optical data proved othe~ee~ 

pallar ~s thought to be a C~-poor ~sterbuschite, 

Table II. Reflectivity data 

GRAIN I GRAIN 2 GRAIN 3 ~RAI~ 4 

air oil air oil air air 

&O0 40.3 26.0 39.9 27.4 41.0 42.1 

420 41,2 26, 9 40. 9 28. 3 41,6 &2.6 

&2.2 27.7 41.8 28~ 42~ &3.1 

460 42.8 28.6 43.O 29.5 42.8 43.6 

&70 ~3.1 28.9 ~3,0 29,8 &3.1 43.8 

4~O 43.~ 29.~ ~3.O 30.0 ~3.4 ~+.O 

5CO ~.0 29,5 43,4 30.~ &3.8 4~.4 

520 4~.4 29.9 AA.O 30.6 4~.3 4~.8 

546 44,9 30,1 <4+.3 31.0 4/~.? ~5.2 

560 ~5.O 50.2 44.6 5~ .O 44.8 45.3 

5~ 45,1 ~0.2 b9~,8 31,0 /d+.9 45.3 

589 45.1 3o.1 45.0 31.0 ~.9 45.2 

600 ~5.o 30. I ~.8 30.9 4&.9 45,2 

620 43.0 30.0 45,1 30.8 ~.8 45.1 

640 43.1 30.1 ~5.6 30.9 44.9 ~5.1 

6~ 45.0 30.1 43.3 31.0 ~,9 45,2 

660 45.1 30.0 43.6 ~1.0 45,1 A5,2 

680 45. I 50.2 46.0 31.5 ~5.2 45.4 

700 ~5,2 30,5 ~Z,O 31,8 45,4 ~3.8 

Table III. ~antitative eolour values 

Illuminant c 

X 0,3144 0.3148 0.315 W) 0.3143 0.3143 0,3131 

y 0,3226 0,3243 0.3221 0.3229 0.3219 0,3211 

z 0,3629 0,3609 0,~28 0,3630 0.3638 0.3658 

572,5 570,& 575,3 570,9 573- 8 571,5 

F% 2.87 3.41 2.89 2.8# 2.6~ 2.09 

Ill~inant A 

x 0.4504+ 0,4~3 0,4514 0.@~ 0 .@~06 0,~+ 

y 0.4103 0,4111 O ,4096 0.4105 0 .bJ]9~ 0.4098 

z 0.1393 0.1385 0.1590 0,1395 0.1396 0.1409 

AD 581.3 579.5 5~.~ 57~.9 582.5 579.7 

Y ~..83 30.04 ~.61 ~O.84 i~+.71 45.09 

The values in Table III sre r.lative to the CIE(1931) illuminants C and 

A which have eolour temperatures of 6970~ and 285A~ respectively. 

The rectangular chromaticity eo-ordi~tes, x,y and z, and the Helmholtz 

values, Y the luminanc.,~ D the demiDant wavelength and Pc%the 

excitation pmrity. ,,ere compus usin~ the ~eight@d ordinate method. 
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F i g . 1 .  X - r a y  powder p a t t e r n s  f o r  p a l l a d s e i t e .  For  e x p l a n a t i o n  see  t e x t .  

~uantitatlve microscopy: R values in air and Cargille A oii for grain 1 

were obtained f~m ~O-7~ nm at intervals of approximately 1o ~ using 

the equipment described in Cl~k eta/. (J97~)* Grains 2 to 4 were 

measured with a Zeiss Universal microscope equipped with photometer 

M~403, photo~itipller R4~ and a continuous line interference filter. 

Measu~mente ~re ~de in air for all the g~ains ~d with Zeiss oil for 

grain 2, from &490-7C4) nm at 20 nm inter~is. A Zeiss WTiC ~mm~ 

(no. 266) was used with a pair of X~6 air and oil ob~.~tives. 

'l~e spectral reflectance values in air for the different ~ains, 

Table II, are relatively constant and, ever the visible speet~m range, 

at least, ~e not obviously sensitive to mlnor chemical variation. The 

R values for the t~ gTains mea~red in oil differ in magnitude at 

different ~velengths by up to 1.4% relative, but the shape of the curve. 

~e similar. Quantitative colour values were computed with ~ un- 

published programme developed by G S ~erne, M. Hills and Miss K. Show 

for use with an ~ 98~9 progra~able cal~lator. The progre~e used 

WrightCs (~96~. Tabl~ 8, p.276) condensed tables for the CIE (1931) 

system of distribution eoefflclents weighted by energy values for the 

illumi~nts S A and S C. The reflectances ~sed in the cal~!atiens are 

khcse sho~ in Table II (excluding the COY wavelengths) and R values which 

were inter~>~lated from these at intervals of ~0nm. T~e quantitative 

colour values so derived far the four grains are similar, Table III. 

The excitation purity levels are low an~ the inminance is quite high for 

both illuminants which explai~ why the miner~l lacks any de~ectable h~e 

in reflected light (observations were ma~e u~ing a quartz halogen light 

source, the cele~ temperature of which approximates to that of illuminant 

A). It will be seen that the excitation purity and the luminance levels 

far the A sourme are higher than for the C sauce, ~d that the dominant 

wavelengths are shifted by about 9~ towards the stage. This is to be 

expected since the A source is 'cooler', with a lower ~ission in the blue 

p~t of the speet~m than the C ~urce. 

The ~,rey appearance of palladseite a~ainst the other Itabira species 

is a result of its lower excitiation purity ~nd luminance levels; the 

dominant wavelengths for the fo~ species (C source) being between ~65 an~ 

583am (Table VII, p94~, Clark et el. ~97&). ~e isotropy, luminance level. 

and shape of the reflectance curves readily distinguish palladseite from 

the anisotropic l~ellar twinned oosterhoschite Oohan e t el. ~970), and 

from all the previously reported platinum group minera]s. Carrollite, 

Cu(Co,Ni)2S 4. (Bowie et al. 1975) is the only mineral nreviously reported 

with slmilsr reflectance properties. However, at the four C.O.M. w~velength$, 

the reflectance v~lues of carrollite are consistently 2% lower than those of 

palladse~te an~ the VHNIo 0 of pa]ladse~te (measured by G S Bearne) is &~ 

(390-457) corn;areal with 351-366 for ea~ol]ite, 

X-ray studies. Grain 2 fr~ the X~r~y ~rvey proved to ~e c~bie whereas 

oosterBoschite is orthorhombic (Joh~ et_.__~., 1970). A rotation photograph 

around [O113 shewed shs/~p spots on 15 ~ layer lines plus smooth powder 

lines due to microerystaline pot~ite. Laue photographs taken ~lor~ [1oo] 

[111], and [OIW~ showed ~, 3_ m, and ~nmn sTnnmetries respectively. Back- 

reflection oscillation photographs with the mean be~ position along [I~3 

sad [o11] respectively Fsve accurate cell dimensions (Table IV) with a vmlue 

(~/_d(o11)) 2 = Io9996(8). Weissenber~ photographs showed no ~stematir of 

absences, so that the space ~ p  is one of ~5~, P~3 S or P~32. Using 

approxi~te cell dimension of I0.6X the tables of Donnay ~d Ondlk (1973) 

identified grain 2 as a palladium selendde near PdSe and vari~sly formulated 

as Pdl. 1 Se, PdpSea, or, correctly, as Pd17Se15 of Geller (1~2). ~is 

identification was cenfi~ed when Grain I, al~ad y ar~lyse@, g~ve a ~tatlen 

photoEraph around ~1CO] identical (apart f~m the potarlte lines) with a 

simil~ photograph of Grain 2. 

The original G~dolfi "powder" photograph was supplement.d b y two 

f~rther such photo~-raphs after remounting Grain I~ and by one each from 

Grains ~ and 4 mounted at.r~dom. Accurate cell dimensions derived by 

extrapolation methods are listed in Table IV, ~d ~e discussed below, 

Fig. I shows a typical Gandolfi pattern of Grain I, the pattern of 

Pdb~e15 (Gronvold ~d /~et, 19~6~ also PDF Card 11-508), and the pattern 

calculated I from those structure factors, F@bs, measured h y Gel]or (I~2). 

/ 
50 f 

60~3~344 
>. 

2c 5o~ 
611013~41/ie 311 

I ~ 3 a P O  

0 0 4 - 3 2 2  re 
0 10 522 222 

o 
1 5 w  
$ 
o 511 

" D 
200 500 1000 

Fob s -- GELLER -- Absolute Scale 

Fi~.2. Structure factors for palladseite measured here, and 
plotted against the values given by Geller (~962). 

I. Visually estimated line intensitites on the t~ observed patterns are 

plotted on the usual scale f~m ms (1OO) te _~ (10), which correlates 

better with the souare root rather than the first power of the calculated 

intensity. Accordingly for Geller's d~ta we plot values of O.O4~_ 

(~ ~ F2obs)~ where 2 is the refle~timn multiplicity and ~is the inter- 

plnnar spacing; d 2 measures most of the angular variation in the Lorentz 

pol~rlzation factor. 
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T a b l e  IV. C u l l  dlme~ions f~ palladseite and Pd1~e15. Nnless sthe~ 

Wise stated all results were obtained with filtered Cu~K~ 

rad'iation, using 6 cm d i a m e t e ~  Back ref~botdod c~eras for 

single crystal rotation (R) and oscillation (0) photographs 

and c~eras of 11.4~ em diameter for powder (P) and Hondolfi (@) 

p h o t o ~ a p h s  

P a l l a d s a i t  e ~17Be15 

G r a i n  a ~ Notes Autho r s  a ~ Notes 

1 10.6356(1) 0 Gron~old and P~et (1956) 10.604 P 

1 10.6366(I) O SchuBert et al. (1957) I0.6A t 

1 10o6332(12) a KJekshus ( 1@)  10.6060(13 P 

2 10o628(4) G ~elle~ (19623 10,606(33 P 

lo.6Ao(5) 

3 lO.6Ao(~3 
3 10,6~(25) 0" 

4. 10 .631(4)  0 

�9 Y i l ~ e ~ d  C o - ~  r a d i a t i o n  u~wd. 

~ 'Ro  e x p ~ i m e n ~ a l  d e t a i l s  E l v e s .  R e s u l t  c o n v e r t e d  from 10 .62  kX u s i n g  f a c t o r  

1.002023.  

F i g e r e ~  i m  ~ r a c b e t s  a r e  e s t i m a t e d  e ~ o r s  i n  t h e  l ~ t  u n b r a e k e t e d  d ig i t .  

Q r a i ~  2 and 3 ~ r @  pure;  3 and ~ c o n t a i n e d  PdO. 

Thermal expansion ~eff~clent of Pdl~S@15 is 9,8 x 10"6/�9 e~valent to 

0,000104 R/~ i n  t h e  c e l l  d i m e n s i o n s  (Kjekwhus ,  196o) 

L i n e s  Below G e l l e r ' s  p a t t e r n  s u g g e s t  t h a t  h i s  unmeasUred s t ~ o t ~  f a c t o r s  

and triangl~ indicate s~nifi~ant discrepancies between our patte~ a~ 

t~at o f  P d l ~ S e l ~ i o r  B a t t e n  t h e  latter and  G e l l e r ' s  d a t a .  Home lines 

g r a d e d  a s  ~ ' i n  G e l l ~ ' s  p a t t e r n  a r e  undetec ted By G r o n ~ l d  and Roar ,  b u t  

of their se~n an~mal~u~ly strong lines (empty triangles) five c~ be 

a t t r i b u t e d  t o  Geller~s u~mea~nd s t ~ c t u ~  f a c t o r s  and i n  g e n e r a l  t h e  

agreement is excelllnto Roare r ,  ou r  patte~ sho~ ten a n o m a l ~ u a l y  weak 

lines (full triangles) as well ~ five enomalously strong one~ (empty 

triangles). This is ~inly attributed to the knows imperfections ~ee e.g, 

C a b r i  e t  a l . ,  1975)  i n  G a n d o l f i  p a t t e r n s  and we were  o n l y  d i s t u r b e d  By t h e  

lines a t  N=10,11, and  13, which we graded  a s  vvw but ~ g i v e n  as s,vs, and 

r e s p e c t i v e l y  By G r o n ~ l d  and P o s t .  S ince  t h e  311 l i n e  a t  N = 11 is t a k e n  

a s  t h e  s t r o n g e s t  on  PDF Card 11-508, our  e ~ l i m r  f a i l u r e  t o  i d e n t i f y  

p a l l a d s e i t e  i s  e x p l a i n e d .  We t he re fo re  t o o k  t h e  additional G a n d o l f i  

photographs of grains m~ted at raa~d~ Bet only on one of these did the 

inte~itles of these lines rise above ~, whereas the line at N = 1~  

g r a d e d  a s  ~ by e ~ n ~ o l d  ~ d  P o s t ,  a lways  l a y  i n  t h e  ~ e  m~ t o  vs  i n  o u r  

p a t t e r n s .  

Fig. 2 shows st~oture factows obtained in the us~l way from visual 

estimates o f  the blackening of all spots on our hkk Weissenberg photograph 

~t to g=~, plotted with a line of unit slops on a iog-lo E sc~e  ~r~e 

t h e  c o r r e s p o n d i n g  s t r u c t u r e  f a c t o r s  o f  G e l l e r .  We h a v e  e v i d e n t l y  
underestimated the blackening of t~ee very st~ng spots and on~ very weak 

one  b u t  t h ~  i s ,  in g e n e r a l ,  good a g r e e m e n t  be tween  our  v a l u e s  and t h o s e  

of Geller, showing that palladseitu is isost~uctural as well as is~phous 

with Pd1~e15 and particul~ly that the intensity of the 311 spot agrees 

with Geller's value. Discrepancies in fig.1 are therefore ~tefacts and 

we offer i n  Table v powder d a t a  for gelladseite, t a k e n  from G~nvold and  

Rost  (1956). The i n t e n s i t y  d i f f e r e n c e s  a r e  n o t  thought t o  be  caused  By 

copper  s u b s t i t u t i n g  f o r  some o f  t h e  p a l l a d i U m  in p a l l a d s e i t e .  

d,Tnhhetic palladium selenddes, Pallsdi~ s~lendde precipitated f~om a 

solution of a palladous salt ~lyses at st~hi~etric PdSe, Bet has not 

been examined By X-ray diffractdon, R~ssler (1876) and Tai~i ~ d  

Nakshpal (19613 found the precipitate r e ~ o n a b l y  stable Bet Noser and 

A t y n s k t  (1925)  n o t e  t h a t  i t  c anno t  be h e a t e d  o r  d r i e d  Wi thou t  d e c o m p o s i t i o n .  

Gronvold and Host (1956) heated an alloy of c~poaltiem PdS@ in 

evacuated silica capsule at 5OO-80OOC ~d fo~d that it then gave a 

d~inantly cubic X-ray Powder ~attern close to that o f  "Rh^S8"l together 

1, This compound ~s later shown to be ~h17S15 , isost~uet~al with palladseite 

with the strongest lines of PdBe 2. After adding ~fficient palladium t o  

b r i n g  t h e  o ~ p o s i t i o n  t o  Pd lo lSe  , t h e  a l l o y  w ~  r e h e a t e d  a t  600~ when i t  

gave the powder pattern of the pu~ cubic phase with a density of 8.30 g.~-3 

~d a = 10.604~ . For  an assumed formula of PdgSe 8 unit cell contents are 

TABLE V. X-ray powder data for palladseite 

N d Ip I G N d Ip I G 

5.29 ~ a 61 %356 ~ m 
3.73 62 1.3~6 ~ m 

9 3.51 w a 6~ 1.32& w a 
10 3.34 s ~ 65 1.315 w a 
11 3.18 vs 66 1.304 vvw w a 

12 3.06 ~ ~ 67 1.295 w ms 
13 ~.932 ~ 68 t . 2~+  ms 
14 2.82'2 s vs 69 1.275 vw a 
17 2.563 vs s 72 1.2L~ W ms 
18 2.491 m w 74 I.~2 w ms 

2,426 m 75 1.224 vw a s 
2.365 ~ 77 1.208 a v~wB 

21 2.057 m ~ 80 1.185 w~ vw 
22 2.261 ~ a 81 1.178 ~ a 
25 2.118 w ~ 82 1.171 ~ vw 

26 2oG~  w w 84 1.157 ~ W 
27 2,037 86 1.143 w m 
32 1.87Q vs ~8 88 1.13o 
33 i ,SA~ vw a 89 1.12~ wB 
~ 1,81~ w wB 90 1~117 w a 

36 1.76~ m m 93 1,099 a ~B 
37 1 *?39 ~ a 96 1 .~1 m ms 

1.715 m S 99 I.~5 m m 
40 1.675 w a 100 I,C~O a r 
~1 1,653 m w 1(~ 1,029 W alB 

4~ 1.63~+ m w 10~ 1.c~ w a 
43 1.614 w a 110 1,o10 w s 
A~5 1.578 w ~ 113 0.997 w m~  

%528 ~ a 116 0~ m ms 3 
50 1.497 w ~ 122 0,959 ~ 

52 1.4~ W ~ 123 0.9% W a 
57 1.404 vw 125 0.~ W vwB 
58 1 .~91 w a 128 O,9~7 VW wB 
59 1.379 s m 131 0.926 W mwB 

P l u s  2?  ~ re  l i nes  N (= h2+k2§ d. and Ip taken from 
to d 0.?73 R Gronvold and Rost (19563 IG ~aKen from 

a Q~dolfi pattern of Grain i, 

c~ 

2 2 
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F i g .  3 .  S k e t c h  o f  a p o s s i b l e  p h a s e  d i a g r a m  f o r  p a r t  o f  t h e  
Pd-Se system, 

Pd33.?se30,O or 2[Pe17Se15] , confi~e4 By Gell~ 11962) from the crystal 

st~cture. Matthias and Geller (1958) , working with chilled melts of 

composition Pdx_Se found that only the cubic patte~ Ms obtained for x = 1.O, 

1.1, or 1.2 ; llke Gronvold and Rost they found that for _x = 1.3 or more, 

the powder pattern showed traces of Pd2,8 ~. Schubert et el. (19973 gave 

cell dimensions for PriSe with the NiAs-type structure, finding it in 

equilibri~ with Pd1~e13 on one side and With P~Se 2 on the other. These 

obser~tio~ c~ be reconciled by a phase dish,ram ~ u that sketched in 

fig 3. 

The ~it~ell dime~Ions listed in Table IV show that for Pd1~e15 

three determinations in two different laboratori~ agree to within 

0.002~, well within the experimental errors. However the fsmrtn result 

(by Schubert et 81., 1937) is significantly l~ger than the other three 

and agrees well with our re~l~s. We have ind~ed and ~trapolated 

Gronvold and Host's data independently ~d ha~ checked the factor used 

to convert kX to ~; all fi&n1~es in Table IV are accurate am claimed and 

the discrepancy ~st he e~plalned By ass~ing PdlTSe15 is a non- 

stochi~etric compound exhibiting a small range of c~positione. 
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M 14. I A.Biasi" 
CALCULATION OF T-SITE OCCUP~/~CIES IN ALKALI FELDSPAR FROM RF/~NED LATTICE 
CONSTANTS. 

Achille Bias/ 
Istituto di Mineralogia, PetrogrgTia e Oeochimica 
Universit~ degli Studi 
Via Botticelli, 23 20133-Milano 

g~a~]{. In order to estimate the T-cite oecup~ei~s ia alkali feldsp~ 
from refined lattice constants, the involved method developed by Luth 
(197~) for calculating the struct~al indicators A(bc) (Stewart ~d Ribbe, 
1969; Stew~t and Wright, 1974; $tew~t~ 1975), A(b*d*) (Smith, 1968; 
197hi, and A(a*y*) (Smith, 1968; 1974; Stewart and Ribbe, 1969; Stew~-t ~d 
Wright, 1974 ; Stew~t, 1975) from b and o, b* and o*, a* and y*, respee 
tively, is reviewed. It is shown that this method furnishes approximate 
values, which become less accurate the closer %he values of the indicators 
concerned ~e to the central region of their range. The inaccuracies intro 
dueed by using this method can be several tens of times higher th~ the ap 
proximations with which the results are co,only written in the literature. 

As ~ alternative a new method of calculation is proposed which corre- 
sponds to a rigorous treatment. It can also be ~pplied for calculating 
Smith's (197h) indicator Or(b*o*)~ involved in cell dimensions os perthltes 
~d ~*omalous specimens, from refined l~ttiee constants b* and r The c~l- 
eulation procedure for estimating the ~pproprlate error te~s of ~Ii these 
indicators is also given. AS all these calculations are tedious and as 
%hose qu~tities are increasingly being used in co--on mineralogical ~d 
petrological practice a computer progr~ available in Fortran IV has been 
prepared. 

In alkali feldspar the indicators of structural state 8(bc) ($tew~t 
and ~ibbe~ 1969; Stewart and Wright, 1974~ 5te~art, 1975) and A(~*y*) 
(Smith, 1968; 1974; Stewart ~d Ribbe, 1969; Stewart ~d l~right, 1974; 
S~ew~t, 1975) permit ~] estimate to be made of Si,AI distribution ~ong 
the T-sites ~s well as a distinction between one- ~d two-step ordering se- 
quences. In all clrc~st~ces in which it is convenient, indicator &(be) 
c~ be  substituted by indicator ~(b*~*) (Smith, 1968~ 1974). 

The value of ~(hc) (or 6(b*~**i) can be derived gr~phicall~ for ~ given 
~ikali felds~r f~-om its position on the dlagr~ b vs. r (or b* vs. ~*) 
with respect to the representative points of the end members high-s~idine 
(Ha), low-microcline (LM), lo%,-albite (LA), high-albite (HA), which form &n 
irregular quadrilateral (%). ~n a similar manner the value of A(G*y*) c~ 

(T) For alkali feldspar end-member nomenclature see Smith (197~) and Ribbe 
(1975). 

be obtained graphically from %he diagr~ ~* vs. y* with reference to the 
irregular quadrilateral having as vertices the s~e end-members used for 
the bc plot, except HS, which is substituted by the end-me~nhe~ R[F (mona 
clinic feldspar). 

Luth (197b) has pointed out the disadvantages of this procedure and 
consequently has proposed ~ ~alytleal method of eale~letion. 

Since this method appeared approximate when first ex~ined, the present 
study ~as undertaken in order to determine more precisely the limitations 
of Luth's (197~) method and to devise a ne~ calculation procedure corre- 
sponding to & rigorous treatment~ which can also be applied for calculating 
smith's (1974) indicator Or(5*c*) from refined lattice constants b* and c*. 
In addition, it was thought appropriate to provide a calculation procedure 
for estimating the error terms of all these indicators. 

Basic Teethes. According to the well-known ass~ptions that fo~ the basis 
~he ~Stewart-Wright interpretation of variation in unit cell pa 

r~eters of alkali feldspar with Si~AI ordering, there is a continuous ~d 
uniform variation of A(ho) values in the range between 0.5 and 1 (@) along 

(~) Smith (197~) normalizes the indicator &(b*~*# between 0 ~d I. 

the sides HS-LM and HA-I~ of the q~adrilateral HS-LM I~-HA on the h~ plot, 
while there is a continuous end nnlform variation of ~(u*7*) values in- 
eluded between 0 ~d 1 on the ~,7, plot along the sides MF-LM and HA-LA of 
the quadrilateral MF-I~-LA-HA. In both eases, the quadrilaterals can be 
contoured line~ly by iso-~(bo) and iso-A(e*y*) straight lines respective- 
ly. 

The indicators of struct~l state &(h~) (or A(b*o*)) and A(~*y*) esti- 
mate s~ and difference, respectively, for A1 content of T-sites TIO and 
Tlm. Consequently, as tl0+tlm+t~O+tTm=l , it is possible $o obtain the val- 
ues of tlO, tlm , t20 and tT~n which, according to Kroll's (1971) notation, 
represent the probability of finding A1 in the TIO , flm, 220 , 2~ sites re- 
spectively. 

Some caveats have been made ~egarding use  of this procedure~ p~'tleu- 
larly hy Luth (197h), Smith (1974). and Stewart and Wright (1974); but 
Stew~t (1975) points out that, for practical purposes~ this interpreta- 
tion of the available data is adequate for every geological problem and 
natural specimen ~d also for almost all known sophlstlcs%ed mineralogical 
proble~. 

Smith (197~) has pointed out that one can also derive indicator 
OF(b'c*) from the quadrilateral HS-LM-~A-HA plotted on the b'e* plot. Smith 
(197~) fixes a continuous ~d ~ifo~ conventional variation of Or{h*o*) 
values ranging from 0 to 1 along the sides HA-HS and LA-LM, and further 
contours the quadrilateral linearly by iso-Or(b*c*) straight lines. The in- 
dicator Or(b*~*) c~ be used in a dlagr~ versus ~*, which is involved in 
cell dimensions of perthites and anomalous specimens. 

YPs(xs'YS)~ 2 ~  A54 P4(x'4,y'4) P4(xa,Y4) 

~ ~ ~  p~(x2'y2) 
12 wstx3, Y31 

Pi(Xl  , Yl  ) x 
Fig. i. Plot of my of the reference quadrilateral in reco~ended orlen- 
~ation used to obtain equations to calculate A(bc), A(b*c*), n(~*y*) ~d 
Or{~*d*) in alkali feldspar. 

T-site occupancies in aJkati feldspars 
For the sake of conciseness ~d in order to e~ry out a general treat- 

ment~ let us consider, instead of the rect~gular systems bc (or b'c*) ~d 
a'y* a single rectanguk~ system afros my along which the coordinate 
values increase from the origin toward the right ~d upward (fig. 1). 

The end members HA, HS (or MF), LA, I~ are labeled with the notations 
PI" P2, P3 J P~, respectively; a generic value of the indicators AChe) (or 
A(b*o*)) ~id A(~*y*) is indicated by the notation A; the extreme values of 
these indicators are labeled with the notations 812 ~d ~8 h- In a simil~' 
~ner, a generic value of OrIb*e*) is indicated by the symbol Or, while 
its extreme values are labeled with Srl3 ~d 0r24. 

In the quadrilateral PIP2P P~ the locus of points of equ~l A (or Or) is 
represented, for each given v~ue of A (or 0r), by a straight line which 
intersects sides PIP3 ~dpTP h (or PIP2 and PsPd) at the tvo points eh~ae- 
serized by that given value of A (or Or). 

If the values of Al~ ~d ~3h (or Orl3 and ~'2~) ~d those of the quad- 
rilateral vertex coordinates are kno~, it is possible to c~iculate the 
corresponding value of A (or OT) for each point P(x,y) of the quadril~ter- 
el, ass~ing eoordlnate~ r ~d y ~e kno~. 

The reference value~ of the vertex coordinates of the quadrilaterals, 
involved in the ealeulatioas~ have been chosen ts/~ing accost of the ~it 
cell dimensions of the extreme end members of synthetic s nd natural alkali 
feldsp~s end ~lso of their experimental ~certainties. Gubser and Laves 
(1967), Stewart ~d Ribbe (1969), and Luth (197h) h~ve proposed refere~e(~ 
values for these vertices bur only with respect to some unit cell patte- 
rers& Smith (1974), and Stewart and Wright (1974) h~ve proposed more up-to- 
date reference values for ~ll ~it cell dimensions both direct and reslpro- 
cal. 

Previous approach. W.C.Luth (1974) has presemted fol~ulze TO1 ~ e~iculatin S 
~{be) and A(~*y*) respectively by me~s of the values of the unit cell di- 
mensions in alkali feldsp~ ,nd-members proposed by Stewart ~d Bibbe 
(1969). This author has moreover given a formula for calculating A(b*o*) bY 
me~s of values of b* and c* for alkali feldspar end~embers that he has 
proposed himself. 

Luth subsequently r~caloulated the equations ~f A(bc) and A(a*7*) using 
the new lattice-constant values for alk~ll feldsp~ cad-members proposed by 
gtew~t and Wright (197h). These fo~ulae were publish,d in the paper of 
Stewart and Wright (197h). 

AS Luth (1974) has not explained the method he used to obtain his for- 
mu~ae, it may be ass~ed that in the plane ~ there is a f~ily of straight 
lines of the type: 

(X'-AX"JX+(~'-A~"J~+(~'-AV") = O. 

Each straight llne is char&cterlzed by one value of ~. The correspond 
ins value of A at each point P(m,y) c~ be determined if ~he coefficients 
l'~ ~", U', U", ~', v" are kmown. However one can determine only fo~ of 
these coefficients in view of the number of vertices of quadrilateral 
PlPTPsPh; two coefficients ~e thus &rbltr~y. If one lets one of these be 
equal to zero ~d the other equal to i, one ~-rives at s form that enables 
the expressions given by Luth to be obtained. I n particular they are ae- 
ri~ed by letting ~':O and ,'=I. In this hypothesis one obtains the rela- 
tlonship: 

a = (v'+~'~-~)/(~'+x"x) (~) 

~hich reproduces the form of Luth's equations. It should be borne in mind 
%hat in (2) one must replace 2 by b, b*, or y* ~nd p by o, e*, or ~*. The 
coefficients of (2) are obtained by solving the following four simultane- 
ous equations: 

ASh~"+AshX"z3-v'-X'xS-~3=S ; &3hv"+A3hX"m~-~'-l'z h yh=0 

For this purpose a Fortb~n IV progr~has been prepared, which also permits 
structural indicators 6 to be computed. So, by placing in (P~ the values of 
the direct or reelproc~l l~ttlce constants for alkzli feldspar end-members 
used by Luth, it has been possible to obtain values of the eoefflelents A z, 
A", ~', 9", identical t o those appearing in the v~ious formulae calculated 
by Uuth. 

By using the vertex coordinates proposed by Smith (197hi for the quad- 
rilaterals PIPTPsP h the writer has also calculated the following other re- 
latlonships: 

A(bc)=(O.66h37-O.heaSh7b+o)/(l.94220-O.138549b) (3)  

A(b*e*):(O.OO8738-2.160h9b*+c*)/(O.OOS~66-o.o9739h*) (4) 

A(~*7*)=(88.683~!.98587y*+~*)/(-22.553+O.19952~* ) (5~ 

Limits of A(b*~*) ranging between 0. 5 ~d 1 have been ~sed to calculate 
equation (~). 

Rigorous t~eatment. 

C=ZeuZation of A. In order to calculate the values of the indleators A 
it is neeessary to know and solve with respect to G th~ equation of the 
iso-h straight line on Which the point P(m,~) lies in the irregul~ quadri- 
lateral PIP2P3P ~ (fig. 1). The straight line (~ml)/(z~-ml)=(y-~i)/(y~-yl) 
intersects sides PIP3 ~d P2 Ph respectively at the points Pi(x~,Yi) and 
P~(x~,y~), and if the coordinates of the points P~ and P~ are expressed as 
f~etions of A, 612, A3~ and of the quadrilateral vertex coordinates we c~ 
deduce the quadratic form: 

A6  2 + SA + C = 0 (P )  

~here: A=(xh-mT)(Y3-~l)-(XB-Zl)(~-y2) , 
B (A A ){ [(~ ~ ) (~ g )] p[{ ) ( )]} (4 ~ }( Y : 34- 12 m h- 3 - 2- I - at-mS - m2-ml + 39 + 12 Z~l-m3 2 + 

+zT~3-ml~h)-TA]h(X2~l-~l~R)-SAl2(mh~3-~'~h} 

C:A~k[~(y2-Yl)-Y(~2-Zl)+(m2~l-ml~2)]+A~2[z(yh-~3)-~fmh-x3)e(mhNS-~3~k)]- 

-AI2A3h{m[ (y h-y 3 ) +(y2-Yl ) ]-~ [ (mh-z 3) +(x2-m I) ]+(m~l-~3~2+m2Y3-Zl~ h) }. 
From an ex~ination of the coefficients of equation (62 it will be seen 

that, in partlsular, th~ condition Am0 expresses the parallelism of the 
straight lines passing through the points PIP3 and PTp h respectively. If 
this condition were satisfied equation (@) would reduce %o the first de- 
gree. As, in fact, A~O, Ac(-SZ/(BT-hAC))/~4, which in practice gives two 
real and ~equal solutions one of which is included in the range between 
~l~ ~d A3h, ~d of course is th, solution to accept. With the orientation 
of the reet~gular system ~ as previously defined, it has been verified 
that, of the real ~d ur,equal solutions Ib/rnlshed by (8) the s~lutlons of 
a(be) and A(s*y*} to accept~e those obtained from the positive square 
root, whereas to ~rlve8ta(b*o*) the negative of the square root has to 
be used. 
CGZeuZ~tion of 0~. In a~dition to a straight llne iso-d, a straight line 
iso-Or also p~ses through each point P(X,y) of the quedrilgter~l PIPTP3P h 
(fig. i). The equation of the straight llne leo-Or that pzsses through 
P(=,y) ~d intersects sides PIP~ ~d P Ph at the points P~{=3,~3) ~d 

By expressing the coordinates of the points P' ~d P~ as functions of 
0~, 0rl3 , OP2~ ~d of the coordinates of the quadrilateral vertices, we 
arrive at a quadratic fo~ with respect to Or: 
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Table l. A(bc) v~lue8 of hypothetic~Z alkali feldspars. 

Field I Field II (b) Field III(?) 
b(~) c(~) (?)ACb~) b(~) c(~J AChe) b(~) AChe) (1) (w (~) (w c(~) (~) (w 

12,7861 7,1584 !.000 1.OOO 12.8749 7,1900 1.000 1.0oo 12.9631 7.2214 1.000 1.0o0 
12.7960 7.1540 0.950 0.953 12.8830 7.1855 0.950 0.953 12.9667 7.2158 0.950 0.953 
12.8042 7.1490 0.900 0.906 12.8944 7.1822 0.900 0.905 12.9742 7.2116 0.900 0.905 
12.8165 7.1455 0.850 0.858 12.8992 7.1765 0.850 0.857 12.9830 7.2079 0.850 0.856 
12.8223 7.1396 0.800 0.809 12.9033 7.1705 0.800 0.8O8 12.9870 7.2O24 0.800 0.807 
12.8308 7.1347 0.750 0.759 12.~ll0 7.1658 0.750 O.758 12.9921 7.1973 O.750 Q.758 
12.8~11 7.1305 0.700 0.709 12.9231 7.1629 0.700 O.708 23.0026 7.1943 O.700 0.707 

12.8481 7,1250 0.650 0.658 12.9259 7.1563 0.650 0.657 13,0062 7.1886 0,650 0.657 
12.8610 7.1219 0.600 O.606 12.9357 7.1525 0.600 O.6O6 13.01h3 7.1847 0.600 0.605 
12.86~9 7.1151 0.550 0.554 12.9464 7.149l 0.550 0.553 13.0173 7.1787 0.550 0.553 
12.8765 7.1115 0.500 0.500 12.9520 7.1436 0.500 0.500 13.0263 7.1752 0.500 015 O0 

(b) With reference to the quadrilateral HS-LM-LA-HA {see text). 
(#) Calaulated from equatio~ (6). 
(~) Calculated from equation (3). 

Tabl~ II. A(s*X*) u~lues of hypothetical ~IkaZi feldspars. 

Field I (~) Field IJ (%) Field III (t) 
~(~*~*J ald*~*) ~(~*~*) 

~*(~) u176 (*) (w ~*(~ ~*(~ t'• (w ~*(~ u176 (• (w 

86.443 90,480 1.000 1.000 88.364 91.359 1.000 l,O00 90.339 92.263 1.000 1,000 
86.485 90.247 O.9OO 0.890 88.438 91.173 O.9OO 0.890 90.296 92,032 0.900 0.890 
86.353 89.980 0.800 0.783 88,240 90,861 O,800 0.783 90.250 91,800 0.800 0.783 
86.38O 89.736 0,700 0.678 88.356 90.696 O,700 0,678 90.23O 93.580 0.700 0.678 

86.260 89.479 0,600 0.575 88,159 90.383 0,600 0.575 90.220 91.365 0.600 0,575 
86.25h 89.248 0,500 O.474 88,23h 90.200 0.500 0.474 90.145 91.119 0.500 0.474 
86.213 89.000 O.hOO 0,375 88.079 89.906 0,400 0.375 90,096 90,886 0,400 0,375 

86.161 88.747 0.300 0~278 88.159 89.726 0.300 0,278 90.079 90,667 0.300 0.279 
86.081 88.~80 0.200 0,184 87.981 89.420 0.200 0,184 90.003 90+420 0.200 0.184 
86.081 88,253 0.i00 0.091 88,059 89,240 0.i00 0.091 89.982 90,200 0.i00 0.091 
86.0~9 88.000 0,000 0,000 87.900 88,942 0.000 0.000 89.921 89.960 0.O0O 0.000 

(b) With reference to the quadriZateral M~-LM-LA-HA (see text). 
(~) Calculdtedf~om equation (6). 
(~) Calculdted from equation (5). 

DO~ 2 + EO~ + F : 0 (~) 

where : D=(x4-x 3) (y2-Yl)-(m2-Xl) (yh-y3), 

Er( O~h-Orl3) {m [ (~4-Y2) - (YS-Yl) ]-Y [ (xd-x2)- (x3-xl) ] ]+ (Or2h+Orl 3) (m4~l+X3V2- 

-m2Y3-XlYh)-20rBh(~3Yl-mlY3)-20r13(x492-x2y 4) , 

FzO~2k[z(yd-Nl]-~(Zd~l)+{Z3~l-Xl~8}]+Or23[m(yh-Y2)-Y(xh-m2)+(xhY2-m2Y4)]- 

-Or130r24(m[(yd-y2)+(y3-~l)]-y[(mk-m2)+(Xd-Xl)]+(m4~l+X3Y2-x2~3-mlY4) }. 
As in practice D/0 (i.e., the quadrilateral sides PIP2 and P3P4 ~e not 

parallel), OP=(-E+-/(EI-hDF)}/2D, which gives t~o real ~d ~equal solutions, 
one of which falls in the interval between Orl8 and O~*2h , and of course is 
the solution to accept. 

With the orientation of the quadrilateral PIPIPSP h as previously de- 
fined~ it has been noted in particular that, of the two real ~d ~equal 
solutions, the value of Or(b.c*) to accept is that obtained with the posi- 
tive square root of the discrimin~it. 

Conclueiohs. 

Using the reference values proposed by Smith (197 h) for alkali feldspar 
end members, the differences between the results obtained by me~s of 
Luth~s (1974) equations and those derived from the rigorous treatment pro- 
vided in the present paper are su~rized in Tables I and II. Table I gives 
a set of values of A(bc) calculated by me~s of equations (3) ~d (6) for 
three different fields of the quadrilateral HS-L~ LA-HA. Fie~d [ is located 
~bout the quadrilateral side HA-LA~ fisld II about the straight line inter- 
secting the middle of the aides HA-HS and LA-LM, fleld Ill about the side 
HS-LM. Table II sho~s a set of values of A(e*y*) calculated by me~s o f 
equations (5) ~d (6) for the three ~alogous fields of quadrilateral 
MF- LM~LA-HA. 

Comparison of the results furnished by the two procedures shows that: 
the values obtained with (~) ~d {5) ~d those obtained with (6) only coin- 
cide at each extreme of A(~e) ~d A(a*y*); the greatest differences fo~d 
~ong the values obtained are, in A(bo)=O.75 and in A(~*~*):O.50; these 
differences gradually diminish as the extremes of d are approached; they 
~e in all cases greater in the v~lues of A(~*7*) th~ in the values of 
A(bc) ; and for a given A(bc) the differences between the values obtained 
from (3) and (6) decrease ~lightly in a systematic way from fiend I to 
field III. 

As the values of A(bc) and A(~*~*) d~te~ined with Luth's formulae are 
greater ~d smaller respectively than those calculated by means of (6), 
subdivision of the quadrilaterals HS-LM-LA-HA and MF-LM-LA-HA by means of 
iso-A straight lines calculated from (3) ~d (6) and from (6) gives rise to 
the results displayed in figs. ~ and 3- 

In conclusion, the equations devised by Luth (1974) for calculating the 
struet~al indicators A(bc), A(b*e*). A(a*y*) of alkali feldspar f~nish 
values that become farther from the true ones the closer the values of 
thes~ indicators are to the central region of their range. 

As results are co,only ro~ded off 1~til they contain three (of. 
Crosby, 1971; Guidotti, Herd, ~d Tuttle, 1973; Martin~ 1974; Stewart ~id 
Wright, 1974; Stewart, 1975; Delbove, 1975; Basu and vitaliano, 1976) or 
four decimal places (cf. Luth, Martin, ~d Fenn, 197~), it also seems 
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Fig. 2. Plot of h~ of alkali feldspar using end-member coordinates for 
high-s~idine (HS), low-microcline (LM), low-albite (LA), ~d high-albite 
(HA) as given by ~mith (197h). The quadrilateral, contoured for tlO+tlm , 
shows the 4ifferehees between the straight lines representing the A(~C) 
values calculated fr~ equation (~7 (solid lines) ~d those obtainable 
from equation (3) (dashed lines). 

worthwhile pointing out that the inaccuracies introduced by using Luth's 
equations can be several tens of times higher th~l the approximations with 
which the results we usually written. 

The fo~ulae devised in the present investigation for calculating both 
structural indicators &(be), Afb*c*), A(~*y*) and Smith's (1974) indicator 
Or(b,c*) entail tedious computations. AS thesequantities are being in- 
creasingly used in co~on mineralogical and petrological practice, a com- 
puter progr~vailable in Fortran IV has also been prepared, which permits 
these indicators and their respective v~iances to be calculated, The cal- 
culation P rocedure for the vari~ces is given in the attached Appendix. 

Appendix. 

Esti~te of error terms. The error terms in A(bc) A(b*o*), n(~*]* and 
Or(b,c*) e~ be estimated by a graphical me,hod . Geometrically th e poin t 
P(x,y], the A (or Or) value and the error in A (or Or) of which it is de- 
sired to know, is at a center of a rectangle whose sides are 2~(X) and 
2s y) r~spectively. 9mlong the iso-A (or iso-Or) straight lines p~ssing 
through the four vertiees~ two touch the rectangle without inter~ecting it; 
they ~-e the furthest from the iso-A (or iso-Or) straight line p~ssing 
through the center ~id furnish two differences with respect to the A (or 
OP) value of this last line. The highest of these differences reDresenta 
the error term in A (or Or) determined graphically (These t~o differences 
are nearly equal in practice). 

The values of the errors determined graphicall~, in the particular 
quadril~terals eonsidered~ coincide in practice with those derived from the 
equation: 

which represents~ ap~-t from the absolute value symbol, the total differen- 
tial of A (or Or) ~d furnishes the maxim~l error in the absence of any 
correlation ~ong the errors. 

As %he quadrilaterals involved ~re irregular, estimating errer term~ by 
a graphical method is very time-donating and furthermore furnishes values 
which, ~s ~e have seen~ can be too high. 

For these reasons i Propaga~io ttn is better to calculate these error terms by me~is 
of the Law of of Errors~ according %o which, in general, the 
v~iance ~2(f) of a function f of p par~neters ~r, i.e. f~f(~)=f($1~ ~2, 
...j ~p), is given by the expression: 

where V~S is the variance-covariance ~trix of the par~leters gr, and 
~'=~, ~,..., ~" represent the trke values of ==$i ~2 ''" ~ �9 In pra~ 
ti . . . . .  timates ~f th,se qu~titi ..... ld .... lfy h~ve ~o b$ ~{ed ~d one 
should always ensure that the qu~tities (<r-l%) are small enough to ~usti- 
fy tr~cation of the Taylor exp~sion of f{~) about the point Hzl" at the 
first order in ($r-~%) (~rtin, 1971). 
Error terms in A. On applying (9), error in A c~ be evaluated from the 
following formula: 

where F~z~n ~d V~ represent the variances and V~ the covariances as ob- 

r . . . . .  o . ~ - ' t - - < . -  - 
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Fig. 3. Plot of ~*y* of alkali feldspar using the reference points for 
monoclinie feldspars (~), low~miarocline (Ud), iow-albite (LA), and high- 
albite (HA) as given by Smith (197h) . The quadrilateral, centered for 
tl0-tlm , shows the differences between the straight lines of the A{~*7*] 
values calculable from equation (g) (solid lines) and those obtainable from 
equation (5) (dashed lines). 
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trices. The subscripts m ~d n ~s~e values 2 and 3 or h ~d 6 according 
to whether A is a function of the edges or of the ~it cell ~gles. Fur- 
thermore: 

3A/~x--(I/gA)(~B/~m)• (II) 

~B/~(A34-A12) (y4-Y3-Y2+Yl) 

~C/ax=A~Jyg-~I)+A~2(~41~8)--AI2A3~(yh--y3+Y2-Yl l 
aA/gy=-(I/gA)(~B/3y)• (12) 

~B/ay=-(A34-AI2)(m4-X3-X2+X I) 

~g/~--a~(x2-xl)-a~2(x4-xg)+Al2a3~fx~-x3+x2-zl) 
Equations (22) ~d (12) must be used with the positive sign or the neg- 

ative sign according to whether the value of A accepted has been obtained 
from (6l with the positive or negative square root of the disnrimdn~t. 

Variance and eovariance ter~ required to solve equation (20) ~e usu- 
ally available on the output of the lattice constant refinement progr~s. 
Incidentally, for correct utilization of (10) it should be borne in mind 
that, as far as unit cell ~gles are concerned, computer progr~s usually 
furnish variance and covarianee values in tad 2 and sb~d~d deviation val- 
ues, i.e. the square root of the variances, in de~ree. 

If on applying (g) one ass~es that the errors are~eorrelated, i.e. 
ooU(~r,~s)cO, then 

V -{ ~ ras ~d o~(A)=(~A/)x)2V~t+(~A/)y)2Vnn~ (13) rs o. r/a (10) reduces to 

The values of the st~dard deviation given by (10) are generally 
slightly greater th~ those furnished by (13), but in both eases are 
sm~ller than those obtained graphically. 
Error terms in 0~. The st~dard deviation o(Or) of Or(b'e*) can be calcu- 
lated in a simii~way to that of A by means of the Law of Propagation of 
~rrors: 

o2(Or)x(POr/~x)2Vnnl+(aOr/~y)BVnn+2(~Or/ax)(~Or/Py)Pmn (24) 

where V~, Ynn, Vn~ have been previously defined. Bn this ease, the sub- 
scripts m and n of course ass~e values 2 ~d 3 in the reciprocal lattice 
constant varianee-cov~-iance matrix. Moreover: 

~Or/am=-(1/2D)(aE/~)• (15) 

~E/~=(Or24-Or13) (~4-~3-~2+Yl) 

?F/~x=Or~4(Y3-Yl)+Or~3(yg-yB)-Orl3Or2~(yk+g3-YB-Yl ) 
~Or/~g=-(I/2D)(~E/~y)• (16) 

~E/~y=-(Or24§ ) 
2 ~F/3y-~Or24(z3-xi)-Or13(x4-xB)+Or130rBg(xh+x3-m2-xl ) 

When applying (14), it should be noted that double signs must be used 
in expressions (25) and (16) in a similar way to those used in calculating 
the errors in A. If one ass~es that the errors ~e uncorrelated the cross 
product of equation (24) becomes zero. 
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Es t i ~ t i on  o f  e r r o r s  in the ~ thod  o f  ca l cu l a t i on  used by g~ ies  (1977) 

The f o r~ t i on  o f  l i gn i t e  f rom t i t ano~gne t [ t e  f r equen t l y  shows 

separate generat ions o f  exso lved i l ~n l t e .  Bowles (1977) used m~croprobe 

analyses o f  host  ~gne t i t e  and t ~  genera t ions  o f  i ] ~n l t e  w i t h  an 

es t i ~ t e  o f  the volu~ o f  each phase to  de r i ve  compos i t ions  rep resen t i ng  

d i f f e ren t  stages in the coo l i ng  h i s t o r y  o f  a complex ~gne t i t e  i t ~n i t e  

g ra in ,  Use o f  the Buddington and L inds ley  (~96/4) geo the r~me te r  p rov ided  

two po in t s  in the temperature and oxygen - fugac i t y  h i s t o r y  o f  the spec i~n .  

In t h i s  appendix  a comparison o f  the e r r o r s  o f  ~asu re~n t  is  used to  

determine the l i ke l y  e r r o r s  in  the r esu l t ,  to  check the va l i d i t y  o f  t ha t  

resul  t .  

The quan t i t y  o f  TiO 2 in the t i t ano~gne t i t e  is  d i r ec t l y  r e l a t ed  to  

the c iuan t i t y  o f  u l vosp ine l  t ha t  is  ca l cu l a t ed .  One ~tandard dev i a t i on  o f  

the microprobe X-ray counts leads to  an es t i ~ t ed  e r r o r  o f  -+ 0.12~ TiOg on 

the ~asu red  value o f  8.07~ TiO 2 . This e r r o r  encompasses the X - ray  

s t a t i s t i ca l  va r i a t i on  and the m ine ra l og i ca l  va r i a t i on  between 2O measured 

local [ t i e s  on 5 ad jacen t  magnetites. 0nly minor a~un t s  of TiO 2 are 

sub t rac ted  when the minor  e l e~n t s  are expe l l ed  to  g ive 23.7 ~ 0.35~ 

u l vosp ine l .  Since the ~gne t i t e -u l vOsp ine l  contours  on the guddlngton and 

L i nds ley  (1964) diagram are the ~s t  s teep l y  i n c l i ned  they have the g rea tes t  

i n f l uence  on the ho r i zon ta l ,  temperature ax i s ,  At  the cond l t l on  o f  

equ i l i b r i um  o f  the aBgne t i t e  w i t h  the i l l . i r e  l am inae  a va r i a t i on  o f  IO~ 

u l vbsp lne l  r esu l t s  in a temperature  va r i a t i on  o f  25~ hence the ca l cu l a t ed  

e r r o r  o f  O.35~ u lvOspine l  g ives a temperature e r r o r  o f  _+ O.88~ and a va lue 

History of Fe3Q-FeTiO3 grains (App.) 
of + l~ is adopted here. 

The quantity of total FeO contained in the il~nite la~llae is 41.19~ 

w~ an error o _+ . es iN e rom one s an ar evia ion o e 
mite; ......... ;re~n3t~on 71~tnidte f ....... :it~indtZe f~tve adj~c:~t 80 

~gnetite grains. Only a small proportion of the ~asured Fe forms the 

3.0g~ he . t i r e  but s ince  a sub t r ac t i on  is  invo lved the whole o f  the e r r o r  

has been loaded on to  the hemat i te .  The less s teep l y  i n c l i ned  i f ~n i t e -  

hemat i te  l i nes  o f  the guddington and Linds~ey diagram ~ndicate a g rea te r  

i n f t u~nce  on oxygen f ugac i t y  and a t  the lower temperature equ i l i b ra t ; on  g~ 

he~ t s  represents  a change o f  about I log fO 2 in oxygen f ugac i t y .  Thus 

an e r r o r  o f  0.33~ he . r i t e  represents  an e r r o r  o f  0,17 log fO 2 oxygen 

f ugac i t y  and a va lue of--+ 0.2 is taken here.  

At  the cond i t i on  o f  equ i l i b r i um  o f  the g ranu la r  i l ~n i t e  the i n f l uence  

o f  e r r o r s  in the microprobe resu l t s  f o r  the g ranu la r  i l ~n~ te  ~s l ess ,  s ince  

the l i nes  the 8uddington and L inds ley  d iagram are spaced ~ re  c ] ose l y  and 

reasoning s im ; l a r  to  the above Tends to  -11 .5  ~ 0.04 log fO 2 f o r  the oxygen 

f ugae i t y  ~asu re~n t .  In the de te rm ina t i on  o f  the ea r l i e r  ~gne t i t e  

compos i t i on ,  e r r o r s  in t roduced by o the r  :echnlques must be cons idered .  

The change in ce l l  s l ze  o f  the ~gne t i t e  w i t h  compos i t ion  is  s~11 , so  the 

e f f ec t  o f  e r r o r s  In compos i t ion  on ce l l  s i ze  may be neg lec ted .  However 

the i n f l uence  o f  the less p rec ise  po i n t  coun t ing  technique must be 

cons idered here.  The sa~  f i ve  ad jacen t  ~gne t i t e  g ra ins  f o r  which 

microprobe resu l t s  were obtained~were covered by po i n t  coun t ing  on equa l l y  

spaced l i nea r  t raverses  and 1019 po in t s  were coun/ced. The f i ve  g ra ins  In 

d i f f e ren t  o r i en ta t i ons  sh~  wide va r i a t i on  in the w id th  o f  the l i gn i t e  

l a~ l l ae  a t  t he i r  i n t e r sec t i on  w i t h  the po l i shed  su r face .  However, s ince 

for each g ra i n  the r e l a t~  o r i en ta t i on  o f  the ~9ne t i t e  to  the l i gn i t e  

is  p reserved,  the ~asu red  va lue o f  the r a t i o  o f  area is  l i t t l e  a f f ec ted  

by changes in o r i en ta t i on .  The p ropo r t i on  o f  l i gn i t e  l a~11ae  determined 

In t h i s  way is  16.1 _+ 2.03~ w i t h  the e r r o r  determined a t  the 95~ conf idence  

l im i t ,  This f l gu re  is  used (Bowles, 1977) to  determine t ha t  the number o f  

atoms o f  fe and Ti w i t h i n  the i l ~n i t e  i s  (6,12 -+ 0.76) x 1021 and 

(33.60 + 0.84)  x 1021 w i t h i n  the ~gne t l t e .  A t o t a l  o f  (39.72 -+ 1.14) x 1021 

atoms, o f  which (5.61 -+ 0.16) x 1021 a re  T~, ~re ca~a ted  f o r  the magnet i te  

produc ing a T i / (T i  + Fe) r a t [ o  o f  0 .141 ~ 0.004 and lead ing to a ~ l e c u l e  

con ta l n i ng  42.3 _+ 1. f2~ u l vCsp ine l .  At  the cond i t i ons  o f  equ i l i b ra t i on  o f  

the g ranu la r  i l ~n i t e  a change o f  ~0~ u l vbsp ine l  corresponds to  a 29~ 

change In temperature and leads to  a temperature  o f  930 -+ 3 .2~  Because 

the l i nes  on the 8uddington and L lnds ley  d iagram i n t e r sec t  a t  a I ~  ang le ,an 

e r r o r  on one set  o f  l i nes  in f l uences  es t lmate~  o f  e r r o r  on the o the r  ax i s  


