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Alluaudites, wyllieites, arrojadites" 
crystal chemistry and nomenclature 
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S Y N O P S I S  

A N O M ENCLATU R E is proposed for the alluaudite 
and wyllieite complex series which is based on 
sequentially distributing the cations in the cell 
according to increasing polyhedral size, matching 
that size with increasing ionic radii of  the cations. 
For  oxidized members, the largest site may be 
partly occupied to empty after all the cations have 
been distributed. This is supported by structural 
study. 

For  alluaudites, the cell formula is X(2)4X(I)4 
M(1)4M(E)s(POg)t2 and is written according to 
decreasing size of  the discrete sites. The X(1) and 
X(2) sites are appended as suffixes in the trivial 
nomenclature, that is specific name--X(r)X(2). 

For  wyllieites, the cell formula is X(2)4X 
(Ia)zX(Ib)EM(I)4M(Ea)4AI,(PO4)t2. The X(Ia), 
X0b), and X(2) sites are appended as suffixes in the 
trivial nomenclature, that is specific name--X(la)  
X(Ib)X(2). 

The nomenclature proposed is: 

Generic name M(2) M(1) 

alluaudites wyllieites 
Fe z + Fe 2 ' 

hagendorfites wyllieites Fe 2 , Mn 2 . 

varulite unnamed Mn 2+ Mn 2§ 
Fe 3 + Fe 2 * 

alluaudites rosemaryites Fe 3 + Mn 2 

Specific name 

alluaudites wyllieites 
ferrohagendorfite ferrowyllieite (I) 
hagendorfite 14) wyllieite (I) 
varulite (I) unnamed 
ferroalluaudite (2) unnamed 
alluaudite (9) rosemaryite (0 

Seventeen analyses are discussed (of which five are 
new) for alluaudite and four analyses (of which 
three are new) for wyllieites. Their distribution is 
given parenthetically above. One analysis revealed 
predominant  Mg 2 § in M(2). It is named maghagen- 
dortite. 

Six new analyses are presented for the arrojadite 
family of  minerals including re-examination of  
dickinsonite from Branchville, Connecticut. A13 + is 

y l  + V  1 +'k.,,12 + A 1  always present. We propose , ,  - s  ,-.~,,~. 
(OH,FXPO,)t2,  Z = 4, where X = large cations 
(K § Ba 2+, Pb 2§ etc.), Y = N a  1§ Ca 2+, and 
M = Fe 2§ Mn 2~ , Mg 2§ A range of  cations X, Y, 
M, and A1 between 76.8 and 85.9 in the cell (84 for 
proposed formula) suggests the likelihood of  some 
vacancies in the structure. 

i Died 6 June 1978. 
[Manuscript received 25 June t978; 
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The anhydrous phosphate minerals encountered in complex granitic 

~ a t i t e s  c o n s t i t u t e  an ex t remely  complex and d i v e r s e  group o f  s p e c i e s  

whose d e t a i l e d  c r y s t a l  chemis t ry  have been on ly  r e c e n t l y  unders tood  as  t he  

result of crystal structure analysis on key phases. Next to t h e  acces~l-/ 

anhydrous silicate phases such as beryl, petalite, spodamene and the garnets, 

the phosphates are the most widely dispersed, and scarcely a pegmatite of 

the complex type is wan#ing in at LEast one of the phases�9 Although our 

knowledgn og their st~ctures is falrly complete (excepting the arrojadites), 

but little is kno~ of their stability fields and most info~tio~ of this 

type  has been i n f e r r e d  from f i e l d  s tudy .  Syntheses  o f  t he  s t r u c t u r e  types  

from ox ide  components have b e ~  achieved only  f o r  t he  t r i p h y l i t e ,  Li(BO,Mn) 

(PO~). This is hardly surprising s i n c e  the other phases involve f~r or 

more components and t he  compos i t ions  o f  t he  n a t u r a l  phases  invo lve  t he  

system Li~O-Ns2C-g20-44~o-CaO-FeO-44nO~ezOr-Alz0s--PzOs. Minor bu t  p e r s i s t e n t  

components i n c l u d e  gnO, BOO, SrO, PbO, H~O and ~ as  e l l .  

The p r e s e n t  s tudy  spanned one decade o f  f i e l d  and l a b o r a t o r y  i n v e s t i -  

gution. The entire p r o j e c t  was fraught with obstacles, the ~st Worthy of 

menzlon including incorrectly identified phases, incorrectby labelled 

sources, and p e r s i s t e n t  diffi~ity s fleld identification z f  the spacies 

owing to ~cguny similaritles in gross physical appeamnce. 

In this study, the mode of attack involves three important Units: the 

ch~Ical ~alynes, correct referral to a structure type, and n~enclature. 

Bosily most im~rtant are the analyses. ~Ing to mixed valence states, 

thorough wet chemical analyses were absolutely necessary, supplemented by 

electron microprobe analysis. Care ~s taken in separating ~t pore grains 

and more o f t e n  than  not  t h i s  r e q u i r e d  e x t e n s i v e  c o l l e c t i o n  i n  t he  f i e l d  

s i n c e  ~ n y  pr imary  phosphate  phases  have s u f f e r e d  e x t e n s i v e  c o r r o s i o n  d ~ i n g  

t he  e v o l u t i o n  o f  t h e  p e ~ a t t t e ,  e s p e c i a l l y  i n  t he  f i n a l  s t a g e s .  Whenever 

a doubt a r o s e ,  the correct s t ~ c t u r e  t ype  was established by single c13"stal 

photography. This probl~m arises because the discrete st~cture types 

embrace compositions quite similar to each other. Homenclature, of course, 

is ~sua]ly the weakest Lalit, and this preset study is hardly without issue. 

He adopt a n~enclature based on two premises: struct~e type and selective 

p a r t i t i o n i n g  o f  t h e  c a t i o n s  over their non-equivalent sites acco rd ing  to 

increasing ionic radii�9 Short of detailed three-dimenslonal structure 

analysis ~ each crystal For which a ch~ical analysis exists, a compromise 

must be made and this compromise ass~es that selective partitioning depends 

on relative polyhedral size, established earlier in two st~cture analyses, 

on an alluandite and a ~11ieite. 

Agl.~ud~teo. C r y s t a l  chemis t ry  o f  t h e  a l l ~ u d i t e s  is compl ica ted  by 

the fact that several non-equivalent cation positions occur s the ~ni~ 

cell and that the ecaapositions cannot be assigned t o  di~rete spor nmmes 

s o l e l y  on t he  b a s i s  o f  t r a n s i t i o n  meta l  r a t i o s  a s .  f o r  e ~ m p l e ,  i n  t he  

t r i p h y l i t e - l i t h i o p h i l i t e  s e r i e s .  I t  was once a s s e r t e d  t h a t  the alluaudite 

f a m i l y  fol lowed a s e r i e s  ~ a l o g o u s  t o  t he  t r i p h y l i t e - l i t h i o p h i l i t r  s e r i e s  

and the h e t e r o s i t e - p a r p u r i t e  series and was adopted by Palache, Be~ and 

proude l  {1951~ fo~  ~he baSiS ~f a pa~ l l e l  nomencla ture .  The d ig~erence  was 

t h a t  t he  t r i p h y l l t e  f a m i l y  embraced t h e  s e r i e s  Li(Fe,~n)z+(PO~)--(Fe,M~) s§ 

(PO~) and t he  a l l u a e d i t e  f a m i l y  Na(Fe,~)2+(PO~)--(Fe,F~)~'(POw). Thus, the  

pr imary  ~oxidized m a t e r i a l  followed the series (Ca,Na)(Fe.Ym)zZ+(POw)~ 

(, ,hi~hnerkobelite").(Na,Ca)(Mn,Fe)~+(PO~)2 ( ' v a r u l i t e ' )  and the a l k a l i -  

leached products (Na,Pe~+,Mn ~§ (POw) ( " a l l uaUd i t e " ]  - (Na ,b~2+ , fe  s+) {PO~) 

( , ~mmg~a l l uaud i t e " ) .  Presumably,  these f i na l  p roduc ts  were (Fe,Vm)s+(POw) 

( h e t e r o s i t e )  and (F~,Fe)~§ (pur!~Jr i te)  f o r  bo th  s e r i e s .  

Severa l  f e a t u r e s  a r e  u n d e s i r a b l e  about  t h i s  proposed double  s e r i e s .  

F i r s t ,  F i s h e r  (1955) e s t a b l i s h e d  t h a t  t he  two s e r i e s  a r e  no t  i s o t y p i c  and 

t h e r e f o r e  d i f f e r  i n  a fundamental  way i n  t h e i r  c r y s t a l  c h ~ i s t r y .  Moore 

(1971),  on s t r u c t u r a l  grounds,  a s s e r t e d  t h a t  no c o n t i n u ~ s  pa th  l ed  to  t he  

h e t e r o s i t e - p u r p u r i t e  s e r i e s  from p a r e n t  a l l U a u d i t e s .  Second, ha th  Na and 

Ca occur  i n  v a r i a b l e  a ~ t s  i n  t he  a l l u a u d i t e s .  S t ~ z  (1954),  For example, 

i r ~sed  ' ~ a g e n d o r f i t e "  f o r  t he  composition (Na,Ca)(Pe�9 NO 

such ana logy  can be found fo r  t h e  t r i p h y l i t e  f ami ly .  ~ i r d ,  t he  mixed 

va lence  s t a t e s  over  two i n d e p e n d ~ t  o c t a h e d r a l  s i t e ~  and two l a r g e  c a t i o n  

s i t e s  n e c e s s i t a t e d  an  i n t e r p r e t a t i o n  d i f f e r i n g  from t h a t  o f  t he  t r i p h y l i t e  

f ami ly ,  F i s h e r  (1957 and 1965), i n  d e t a i l e d  i n v e s t i g a t i o n s  on the  s u b j e c t ,  

a rgued t h a t  t he  c e l l  c o n t ~ t s  he expressed  W0-1~ (X+Y) 12 (PO~) i t ,  where W = 

Ns and Ca; g = ~n~,FeZ§ and Y = Fe ~§ with t he  u n i t  c e l l  da t a  a t  hand, 

i t  was p o s s i b l e  to  i n q u i r e  f u r t h e r  about  t he  p a r t i t i o n i n g  o f  c a t i o n s  i n  the  

s t r u c t u r e .  F i s h e r  (1957) proposed t h a t  t he  s e r i e s  could be de f ined  on the  

b a s i s  o f  t h r e e  end-members: ' ~ a a n g a n - a l l u a u d i t e , "  " f e ~ o - a l l u a u d i t e "  and 

, , f e r r i - a l l ~ u d i t e " .  L ~ f o r t u n a t e l y ,  t he  d e t a i l e d  c r y s t a l  s t r u c t u r e  was not  

k n ~  a t  that time. 

Moore (1971) announced t he  c r y s t a l  s t ~ c t u r e  o f  a l l ~ u d i t e  and 

s p e c i f i e d  t he  c e l l  c o n t ~ t s  a c c o r d i n g  t o  t he  gnneraI  formula  X(2)~X(1)~M(I)~ 

M(2)e(PO~}zZ, the  d i s c r e t e  c a t i o n  s i t e s  ~ i t t e n  acco rd ing  t o  d e c r e a s i n g  

s i z e .  For a composi t ion  Na~.sLi0.]Ca0.sYm~*.sHg0.2Pe~*-sCPO~}i~.0 of  a 

c r y s t a l  f ~ m  the  Boranga p o g m a t i t e ,  t he  proposed s i t e  d i s t r i b u t i ~ s  based 

on re f i ned  s i t e  ~cupa~c ies  were es tab l i shed  as X ( I )~  = 2.5 ~s § 0.7 ~z  + 

0.5 Ca + 0.3o;  x (2 ) ,  = 4 .0o ;  M( I )~  = 3.8 Mn ~+ § O.1 Hg * 0.1 L i ;  and H(2 ) ,  = 

7.g ge s§ * o.1 ~g. The p o l y h e d r a l  i n t e r a t o ~ i c  d i s t a n c e  averages  were M(2)-- 

0 2.04,  H(1}-o 2 .21,  X(l ) -O 2.54~. Owing to  the  o x i d i z e d  aspec t  o f  the  

crystal, it was not possible t o  locate any atoms on the X(2) sites and the 

assignment of large cations in other alluaudites was tentative. There the 

matter steed until ~oore and Holin-Case (1974). i n v e s t i g a t e d  the  ordered 

structure of wyllieite. For this crystal, the space group is reduced to 

P21/n ~ich is one of the "s~e cell" maxi~al subgroups of C2/c and results 

from oedering over equivalent positions in the alluaudite st~cture type. 

Symmetry and the general fomla require split X(1) and M(2) positions and 

TABLE I. AZZwr, d~te f~ 'd.~.  Pr~peed n~noZat~ t 

H(2) H(1) X(i) X(2 ) H(2) H(1) X(I) X(2) 

FERRCHAGENDORFITES VARULITES 

Fe ~§ Pe 2§ Na Na (3) ~t 2+ Hn 2+ Na Na 
�9 * Fe 2+ Fe 2§ Na Ca ; ~ 2 +  ~ 2+ Na Ca 

/ Fe z§ Fe 2§ Ca Na / ~a 2+ F~ 2+ Ca Na 
�9 ** Fe 2§ Fe z~ Ca Ca ***Mn2~ Mm z+ Ca Ca 

Pe 2+ Fe ~+ Na Q ~ 2  ~ z *  Na D 
Fe 2+' ge ~§ Ca [] Mn 2+ Mn 2~ Ca o 

HAGENDORFITES FERROALLUAUDITES 

(1 2 4 12) pe 2+ M~ 2+ H~ Na (5) Pe~  Pe 2+ Na ~a 
�9 " ' * FB 2§ Mn ~+ Na Ca * Fe~+ Fe z+ Na Ca 

/ Fe 2+ ~1 z+ Ca Na Fe ~ Fe z+ Ca Na 
�9 * *  Fe z+ ~ 2§ Ca Ca * * *  Fe ~+ Fe ~+ Ca Ca 

ge2 § ~2§  Na D /(16 Fe 3"  ~ Fe ~+ Na Q 
Fe2§ ~2+ Ca o, Fe 3 § Fe 2+ Ca D 

tl~qNAb~D (U~STASLE?) ALLUAUDITES 

** ~ 2 +  pe2§ Na Ha ( 7  15  P e  a+ Mn ~§ Na Na 

** M~ 2+ Fe 2+ Ca Na Fe ~+ Mm 2+ Ca, Na 
***, ** Fm 2§ Fe 2§ Ca Ca *** Fe ~§ Fm 2§ Ca Ca 

* *  ym 2+ Fe 2+ Na [] / ( 6 , g , 10 ,11 ,13 ,17 )  Fe ~+ b~ 2+ Na o 
** Fm ~+ Fe 2+ Ca D (0) Fe ~+ Mn 2§ Ca o 

~Number$ i n  pa r en the se s  r e f e r  t o  end-member c o s p o s i t i o n s  sugges ted  by 
Table 2, *Bond d i s t~ces  uns tab l e ,  s i nce  X(2) < X (1 ) ,  **Bond d is tances  
u n s t a b l e ,  s i n c e  M(1)<M(2). ***Bond d i s t ~ c e s  u n s t a b l e ,  s i n c e  Ca i s  i n  
X(2). ~ P o s s l b l e p u ~ e e n d - m e m b e r e o m p o s i t i o n s .  
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t h e  approximate site occupancies w e r e  established as X ( l a )  = 1 . 8 2  Ha + 

0.18~; X(lh)  = 1.0 Ca § 1.0 MnZ+; X(2) ~ 2.78 Na + 1.220; MIll = 3.0 Pe ~+ + 

1 . 0  Mg; M ( l a )  = 4 . 0  Feg§ and M(2b)  = 3 . 0  A1 § 1 . 0  Fe z+.  S ince  a l l  s i t e s  

were  a t  l e a s t  p a r t l y  o c c u p i e d ,  i t  ~as P o s s i b l e  by  a n a l o g y  t o  ~ i t e  an  

~ambiguous formula for the alluaudites as well as the wyllieites. MOre 

detailed discussion on the Polyhedra in ~yllieite is found ~er that heading. 

In alluaudltes, the X(1) polyhedron is a distorted cube. g(1) a dis- 

torted sq~re antiprlsm, M(1) a curiously distorted octahedron ( d e s c r i b e d  

as a square pyramid with a bifurcated apex) and M(2) a slightly distorted 

re~lar octahedron. The two structure studies established the following 

order in ionic size: M(2) <H(l)<< X(1) << X(2). For cations recorded in 

alluandite analyses, the order o f  increasing radius is AId*< FEZ§ Mg~+< 

Li I+ < Fe 2+ < Fro2 + < Ca t+ < Nal+ < gl+ Moore (1871) and Moore and Holin-Case 

(1974) then proposed to systecatically partiti~ the cell contents o f  

alluaudites by progressively ~lllin 8 the n o ~ - e q u i v a l e n t  sites starting with 

the smallest sites and cations f i r s t .  T h e  structure studies established 

the ~ollowlng po~ssLEle substitutions: M(2) • AI,Fe~+,Mg,Li,ge~+,~Q*; 

M(I} = Hg,Li,Fe~§247 X(1) = F~Z',Ca,Na,K,o; and X(2} = Na,K.O. 

Prefer~tial leaching of alkalies proceeds from the X(2) position untll it 

is emptied and then to X(1). There is no evidence that emptying of sites 

proceeds beyond X(1} and X(1). 

The following catlons are proposed as the major constitu~ts in 

alluaudites: M(2) = F e ~ + , F e ~ + , ~ + ;  M(1) - PeZ*.Mm~+; X ( 2 )  = Ca ,Na;  and 

X ( 1 )  = Ca .Na .O.  T h e r e  a r e  6x2 + 6x2 § 0x2 . 36 p o s s i b l e  o r d e r e d  c o m p o s i -  

t i ~ s  and t h e s e  a r e  l i s t e d  i n  T a b l e  1.  o f  t h e s e ,  s ~ e  a re  p r e d i c t e d  

u n s t a b l e ,  such as  t h e  c o e x i s t i n g  p a i r s  X ( 1 )  �9 Na ~ d  _X(2) = Ca; M ( I )  - Fe z+ 

and M(2) = ~ §  since these echoes c o n t r a d i c t  t h e  relative site sizes 

found i n  t h e  s t ~ c t u r e  s t u d i e s .  E l i m i n a t i n g  t h e s e ,  28 c o m p o s i t i o n s  r e ~ m i n .  

X(2) = Ca is probably a t s o  unstable since the distance a v e r a g e  [6lx[29-0 = 

2.84~ in wy]lieite is ~eh too large for Ca ~+ in eight-fold coordination. 

Eliminating these compositions, 20 discrete co~positlons remain which are 

predicted stable as those representing the greatest Fractional occul~ney 

at each site. The elev~ analyses in Moore [1971), cited from Fisher 

(1905); five new analyses on material from the Palera~ mine, Dyke Lode, 

To,site, Pleasant Valley, and Tsaobiseaxad pegmatites; and the analysis of 

"s f~ Sidi-Bou-Ot~ane (Huvelin, Ovllac and Pe~ingeat, 

1972) are arranged (based on O = 48) according to the procedure of site 

distribution assi~Teents above in Table I f .  Table I I l  lists the new 

c h ~ i c a l  a n a l y s e s  based  on w e i g h t  p e r c e n t a g e s  o f  t h e  o x i d e  c ~ p o n e n t s .  

The s i t e  a s s i g n m e n t s  l e a d  to a p a t t e r n  c o n s i s t e n t  w i t h  t h e  f a c t s  a t  

hand f o r  the available analyses on alluaudites, T a b l e  II r~eals t h a t  all 

analyses lead to either predomi~nt Na l* or o ~§ over X(2). ~or the X(1) 

position, sixteen samples contaia ~redom~nant Na ~§ wltk saaple 9 containing 

pred~in~t ~2+. This is the nominate "h~hnerkobelite" os Li~dber8 (1050). 

Furthermore, fifteen s~les contain predomln~t ~z+ in the M(1) position, 

The exceptlons, samples 8 and 10, are the '~kobelite" of Liedberg 

(1980) from Norr~ ~ d  the Pleasant Valley material, b e t h  of which contain 

predominant Fe 2+. Over the H(1) positions, four samples possess pred~inant 

ge 2+ and elev~ pred~inant Pen+. S~ple 8 from Le~m~s contains predominant 

~2§ ~d is the ~ngan-alluaudite of Quensel (1987)(= "lemu~site" of Pehrman, 

1938). Sample 14 contains predominant MRe+ in the M(2} position but its 

~o~t is not ~ch larger than Pe 2. and Pe 3§ Nevertheless we ate forced 

to conclude that predominant Mg z+ in the M(1) positi~ is possible for the 

a11uaudite structure type and to be consistent with our proposed nomenclature, 

a new trivial n~e for this material will be introduced further on. of the 

twenty possible alluaudlte predominant cation compositions in Table l, sev~ 

of them are represented in Table II. 

8~018 12 from the P~ler~o mlne is T~arhable in possessing the least 

oxidized character with a11 sites occupied save 0.090 at X(2). Crystals of 

this ~terial were ex~ined in detail and single crystal study established 

beyond doubt the space group C g/c_. 

Table 11 also suggests that there is a limit to r degree of 

tr~sition metal oxidation and alkali deficit which the alluaudite st~c- 

t u r e  t y p e  can t o l e r a t e .  No M 3+ c a t i o n s  a p p e a r  t o  e n t e r  i n t o  t h e  M(1)  

p o s i t i o n  and v a c a n c i e s  o v e r  t h e  X(1)  P o s i t i o n  a l s o  a p p e a r  t o  be q u i t e  

l i m i t e d  i n  e x t e n t .  From t h e s e  o b s e r v a t i o n s ,  i s  i t  p o s s i b l e  t o  p r o p o s e  a 

c l a s s i f i c a t i ~  os  a l l u a e d i t e s  w h i c h  c o n s e ~ e s  b e t h  c h r o n o l o g i c a l  w i o r i t y  

and w h i c h  f o l l o w s  t h e  c r y s t a l - c h e m i c a l  ar~%ments f r o m  t h e  s t r u c t u r e  s t u d i e s ?  

Table IV clearly shows that this is impossible. The proposed nomenclature 

of Fisher (1957) can hardly apply since it is based on the sum of beth M(I} 

and M(2). the results of which are quite different th~ obtained when M(1) 

and M(1) are se1~tively partitioned. 

A n a l o g u e  t o  t h e  t r i p h y l i t e - l L E h i o p h i l i t e  s e r i e s ,  L i ( P e . M n ) 2 ~ [ P O ~ ) ,  

~ d  t h e  a l k a l i - l e a c h e d  o x i d i z e d  p r o d u c t s  h e r  (Fe,Mm) s§ 

[ P O , ) ,  I t  i s  d e s i r a b l e  t o  p r o p o s e  a t  m a t  f o u r  t r i v i a l  names ~ b r a c i n g  each 

0s  t h e  e ~ d - m ~ b e r s  Pe 2+, Mn 2+, Pe 3+, Ym 3+ i n  t h e  M(2)  P o s i t i o n .  Howeve r .  

n o t  one b a t  two  i n d e p e n d e n t  p o s i t i o n s  m u s t  be  e p ~ i f i e d .  Is s p e c i f i c  s t a t u s  

i n c l u d e s  t h e  X ( l )  and x ( 2 )  p o s i t i o n s  as  w e l l .  t h e n  t h e r e  e x i s t s  t h e  

Possibility of  twenty trivial n~es (Table I). To minimize t h e  pxofusion 

o f  trivial names, a ~ic nine based on S(2)  is p r o p o s e d .  A specific 

name applies ~o the predominant cation in H(1) and is given as a prefix 

to t h e  g~erlc n~e. Further splitting into subsp~ific te~s is facilitated 

by suffixes, that is s for the c~position X(2)X(1) 

ge~*Feg+(PO~) ~ and so ~. 

The  following n o m e n c l a t u r e  is p r o p o s e d :  

TABLE IX, d Z Z u m ~  f~Zg. Fme~C~oning of C ~  eaton.* 

S ~ p l e  M { l )  M(1)  X(1)  X(2)  g c h a r g e - 3 6  

M 8 L i  Pe 2+ ~ +  Mg FeZ+ ~ 2 +  Ca Ms 2"  Ca Na K o Me g o 

0 . 0 6  1 .18  2 . 8 0  1.11 . . . . . . . .  4 . 0 0  . . . .  0 . 9 8  0 . 9 0  2 . 1 2  . . . . . . . .  3 . 2 9  . . . .  0 .68  
0.04 -- - 3.3? 2.96 ........ 8.08 0.97 .... 0.32 3.08 ........ 2.46 0.08 1.35 
0.33 .... 4.80 0.04 ........ d. o0 .... " 1.18 0.00 g.22 ........ 3.26 0.07 0.68 
1.89 .... 6,04 ........ 0.61 3,88 .... 1,09 0.79 2,18 ........ 8,91 .... 0.00 
0 .17  0 .O3 0 . 8 8  3 . 8 8  . . . . . . . .  4 . 0 0  . . . .  0 . 1 6  1 .67  2 . 1 7  . . . . . . . .  3 . 7 0  0 . 1 8  0 . 0 6  
2.39t"  0 . 0 7  2 .27  0 . 9 6  . . . . . . . .  4 . 0 0  . . . .  0 .41  0 . 2 9  2. d0 . . . . . . . .  0 .39  . . . .  3 . 6 1  

1 . 2 7  0 . 3 4  2 . 7 6  . . . . . . . .  8..51 1 . 0 9  . . . .  1 . 0 8  0 . 4 8  2 . 4 4  . . . . . . . .  8 . 8 8  0 . 0 8  0 . 1 8  
. . . .  0 .38  f f .86 2 . 0 0  . . . . . . . .  4 . 0 0  . . . .  0 . 8 8  O.78 g. 74 . . . . . . . .  1 .78  0 . 0 8  ,9 .18 
0 . 1 9  . . . .  1 .88  1 .36  . . . . . . . .  4 . 0 0  . . . .  0 .01  0 . 3 9  3.  d0  . . . . . . . .  8.8.5 . . . .  1 .75  
0 .05  0 . 0 8  O.88 1 . 8 3  . . . . . . . .  3 . 9 8  0 . 0 2  . . . .  0 .94  3 . 0 6  . . . . . . . .  8 . 8 0  . . . .  1 .78  
0 . 9 0  . . . .  1 .56  . . . . . . . .  0 .94  3 . 0 6  . . . .  0 . 3 9  0 . 7 6  2 . 8 6  . . . . . . . .  0 . 9 9  . . . .  6 . 0 1  

0 .01  . . . .  1 .12  0 , 3 6  . . . . . . . .  3 . 3 8  0 . 6 5  . . . .  1 .93  2 . 0 7  . . . . . . . .  0 .37  . . . .  8 . 6 8  

1 . 8 9  0 . 5 8  2 , 0 8  . . . . . . . .  0 . 5 1  . . . .  8 . 4 9  
0 . 1 4  0 . 5 4  3,.59 . . . . . . . .  0 . 9 5  . . . .  6 . 0 8  
.... 3.09 0.91 ........ ~,49 0.02 I.$0 
.... 1.17 2.78 0.01 0.04 ........ 4.00 
0.7~ 0.80 2.di .... 0.24 ........ 4.00 

Fe 3§ 
o 

2 1 .86  - 1 , t 8  
1 1 . 6 3  - 3 . 3 7  
4 3 . 3 3  §  

11 0 .77  - 3 . 0 2  
3 3 ,27  + l , O 1  

14 2 ,81 - 4 . 6 7  
8 8 . 0 8  * 0 . 7 0  
6 4.16 - 0 . 9 2  

18 4, S? - 0 . 7 8  
7 6 . 1 4  * 0 . 2 1  

17 8 . 8 4  -0 ,32  
18 e. 31 . 0 . 4 1  

8 0 . 0 1  . . . . . . . . . . .  1 . 4 9  . . . . . . . .  4 . 0 0  . . . .  + 0 . 9 9  
16 0 . 7 0  0 .94  0 . 0 8  0 , 2 8  . . . . . . . .  2 . 1 8  1 . 8 2  . . . . .  0 .o8  

9 6 . 8 1  0 . 3 5  0 . 4 9  0 . 3 5  . . . . . . . .  1 . 6 8  1 . 8 8  0 . 4 0  + 3 . 8 5  
iO 7..5? 0 .19  - -  - O.14  . . . . . . . .  0 .20 3..50 0 .24 *0 .70  
l l  7 . 0 ~  0 . 1 4  . . . . . . . . . . .  0 . 2 1 J  . . . .  3 . 7 9  . . . .  + 0 . 8 7  

* C a t i o n s  l i s t e d  a c c o r d i n g  t o  i n c r e a s i n g  i o n i c  r a d i u s .  The p r e d ~ i n a n t  c a t i o n  eL each s i t e  i s  i t a l i c i z e d .  # I n c l u d e s  0 . 0 8  Zn edd rd  t o  
Mg. / C o n t a i n s  0 . 1 1  L i  added t o  Mg. 
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Generic N~e M(2) M(1) Sp~ific Name 

I Fe =§ Fe =+ fe~rohagendorfite 

hagendorfites Fe ~+ Ma~+ hagendorfite 

va~ l i t e  Mn z+ Mn z+ p e n l i t e  

Fe s+ Fe z+ ferroalluaudite 
al luaudites 

FeS+ Maz+ a l l ~ u d i t e  

AlthOugh Moore (1971) tabulated existing compositions for alluaudites, 

he did not propose a trivial nomenclature. Fisher (1957 and 1965) divided 

alluaudites into a triangular set based on (X§ these are the "ferro- 

alluaudites (FEZ+), the '~mnganoalluaudites" (Mn~+), and the "fe~i- 

alluaedites,, (Fee+]. Other n~es in the literature include "hagendorfite." 

"W/hnerkobelite," '~a~lite," "alluaudite" and '~angan-alluaudite". On the 

basis of the nomenclature proposed herein, there are five contradictions. 

TABLE l l I .  C~anaZ~ses o f  aZZuaud~%8aco~d~dZZCe~te8 ~ 

ALLUAUDITs FAMILY WYLLIEITE FAMILY 

12 14 15 16 17 1 2 3 4 

A120$ nil 0.01 O.01 0.01 0.07 7.9 7.1 6.48 6.90 

FesO~ I.i 9.89 18.55 28.15 22.51 0,55  4.8 10.62 14.58 

PeO 24.3 8.75 6.86 9.12 9.11 29.2 20.2 14.75 11.64 

~O 15.8 20.42 19.32 7.25 12.42 4.5 9.6 11.22 13.62 

MgO S.2 5.06 0.39 1.98 1.84 1.97 4.8 1.71 O.47 

ZnO nil 0.23 0.03 O.O6 0.05 0.04 0.08 0.41 0.02 

CaO 2.2 0.86 i . I i  1.59 2.17 2.5 0.95 3.12 1.81 

LizO . . . .  0.06 O.OO 0.04 0.01 9 .0 I  0.91 0.004 0.04 

Nat0 9.3 6,12 9 .20  6 .90  6 .03  8.0 7.1 3.93 5.40 

g=O ni l  O,OO 0.03 O.O0 O.OS o,og ni l  0.05 O.OO 

P~Os 45,4 44.32 (45.~) (45.1) 45.18 45.8 44.6 45.41 45.84 

SiO~ nil .......... L ......... 0.8 0.I .......... 

H~O + .... 3.06 0.gO 0.64 0.62 0.70 0.60 0.92 1.75 

Insol. nil 1.05 0.93 1.19 1.54 nil nil 1.22 1.78 

99.5 99.85 (1OO.O) (1O0.0) 99.45 99.g6 99.94 99.82 99.85 

*Samples 1 to  ii for alluaudltes are discussed in Fisher (1965). Sample 15 
is discussed by Huvelin ~g ~Z. (1972). 

12palermo No. I mine. North Groton, New Hampshire. A. J. Irving, analyst. 
Fe~O~ dete~ined by J. Ire. 

l~Dyke Lode, Custer, South Dakota. J .  I t o ,  analyst .  

ISTo~site pegmatite, Pringle, South Dakota. PzOs datelined by difference. 
J .  I re ,  analyst .  

16Pleasant Valley pe~atite, Custer, South Dakota. PaOs determined by 
difference.  J .  I t o ,  analyst .  

17Tsaobismund, S. W. Africa. J. Ire, ~alyst. Includes 0.05% Cue. 

IWyll iei te  (type). Victory mine, Custer, S ~ t h  Dakota. Moore and I to  (1975). 
Trace elements include St,  Ba, Pb, Be. 

2Smith mine, Newport, New Hampshire. j. I re ,  analyst. H~O (700~C) = 0.40, 
RzO (II00"C) = 0.2. T~ce el~ents include CU, CO, Ni, Ti, Ag, Pb, SC. 

3Old Mike mine, Custer, South Dakota. J. Ire, analyst. Insol. = ~scovite. 
Trace elements Include Pb, Be, St, Sn, Ti, SC. 

~Rock Ridge pegmatite, Custer, South Dakotal J .  I t o ,  analyst .  

"h~hnerkobelite" was n~ed by Lindberg (1950) to apply to partly 

oxidized material with formula (Ca,Na)(Pe,Mn)~*(PO~)2. It is clear, ho~er, 

that beth h~xnerkobelites, f~m ~hnerkobel (sample 9) and No~r~ (5) are 

in fact alluaudites. According to the proposed nomenclature, they are 

a11uaudite and ferroalluaudite respectively. Wa~lite" (Q~ensel, 1937) 

has been retained for the (Na,Ca)(b~,Pe)22+(PO~]z portion of the series 

(Palache et al., 1951) but the partitioning of cations into M(1) and M(2) 

positions shows that in fact the Skrm~petorp (1) and Varutr~sk (2) materials 

are Fe2+-pred~inant in the M(2) position. These are hag~dorfite according. 

to the proposed nomenclature. The Le~s (3] material, referred to as 

"~ngan-alhaaudite" is~ according to the proposed nomenclature, va~lite. 

The begendorfite of Strunz (1954), Ragendorf [4), has predominant Fe ~+ in 

R(2) and ~§ in M(I] and, on the basis of chronological priority, is retained. 

Distinction between Fe ~+ and ~+ in M(1) is desirable, however; the Pc ~+- 

pred~inant material is accordingly defined as ferrohagendorfite. 

From the partitioning of cations on the basis of ionic radii and 

non-eduival~t positions in the st~cture, sample 14 ~st contain predominant 

Mg 2§ in the M(2] position. Alth~gh Mg ~+ occupies only ~O mole % of the 

sit~, consistency nev~theless dictates that a MS ~+ end-me~ber be n~ed.  

The ~d-m~her composition of s~ple 14 would be M(2) = Mg, M(1) = Mn, 

X(1) = Na and X(2) = o. We propose the generic te~ maghagendorfite since 

(Mg,Pe) 2+ solution is expected to be extensive, if not complete, over the 

M(2) position in such a series.* The specific n~e. including the suffix 

qUalifiers, is maghagendorfite-Na~. Twelve additional end~ber compositions 

are possible but four of these are predicted to  be unstable. 

Thus, six trivial names are proposed for the kno~ compositions of 

the a l luaudi te  group of minerals. Va~lite does not require a pref ix  since 

the distribution M(2) = ~z§ and M(1) = Fe ~+ is predicted unstable. The 

fu l l  t e ~ s  are therefore  hagendorfite-NaNa (samples i, 2, 4, 129 ; v a ~ l i t e -  

NaNa (S); ferroallu~dite-NaNa (5); ferroalluaudite-Nao (16); a11uaudite-NaNa 

(7,15); alluaudite-Na~ (6, 8, I0, Ii, i~, 17); alluaudite-Ca~ (9); 

maghagendorfite-Na~ (14). Of the six proposed trivial n~es, one has not 

yet been charac t~ ized  and th i s  is  ferrohagendorf i te .  I t  is noted tha t  

sample s, howwer, is sufficiently close to this member that its existence 

is very likely. In addition, it is the unoxidized equivalent of both 5 and 

16 and parallels the prog~ssive oxidation and alkali-leaching found for 

the triphylite-heterosite series. 

*This new generic te~ intentionally exploits '~ag", distinct from 

'~nagnesio" (cf. "ferro") which would imply pred~in~% Mg ~+ at the M~I) 

site. 

TABLE IV. dlZua~ds ~ ~Z~{~t~. S~a ds 

ALLDAUDITE FA~I LY 

Sample 

i. Skrmapetorp, Sweden (= '~a~llte") Pisher (1965)~ Mason (1940) 
2. Varutr~ak, Sweden (= "va~lite") 

Pehrman (19SS) 
4. Hagendorf, Bavaria (ffi '~agendorfite") do. S t ~ n z  (1954) 
S. NOZ~, Sweden (= '~u~nerkobelite") do, i Eriksson (1946); Lindberg (1950) 
6. Varutr~sk, Sweden (= ' ~ g a n - a l h a a u d i t e " ]  do. ; Quensel (1940) 
7. Sukula, Finland (= "al luaudite-)  do. Mason (1940) 
8. Chanteloube, P r i c e  (= "al luaudlte-)  do. ;; Damour (1848) 
9. H~hnerkobel, Bavaria (= "h~hnerkobelite") do. Mason C1942); Lindberg (1950) 

I0. Pringle,  South Dakota (= "al luaudite")  do. ;; Fisher (1955) 
11. Bura~ga, Rwanda (= "al luaudite-)  do. ; Thoreau and Bastien (1954) 
12. North G~ton,  New Hampshire (= "h~hnerkobelite") This study; Moore (1965) 
IS. Sidi-B~-Othmane, Morocco (= " fe r r i -a l luaudi te" )  P~velin, Orllac ~ d  Pe~ingea t  (1972) 
14. Dyke Lode, Custer, South Dakota This study 
15. Townsite pegmatite, 9ringle,  South Dakota do. 
16. Pleas~t Valley pegmatite, Custer, South Dakota do. 
17. Tsaobism~d, South~st Africa do. 

WYLLIEITE FA~Ly 

Victory mine, Custer, S ~ t h  Dakota (= %r Moore and Ire (1975) 
Smith mine, near Newport, New Hampshire This study 
Old Mike mine, Custer, S~th Dakota do. 
Rock Ridge pegmatite, Custer. South Dakota do. 



ALLUAUDITES,  WYLLIEITES, ARROJADITES 

There  i s  no doubt  t h a t  t h e  p r o p e r  c h a r a c t e r i z a t i o n  o f  t h e  a l l u ~ d i t e  

group requires special precautions. First, single crystal study is desirable 

t o  d i s c r i m i n a t e  b e t w e ~  t h e  C2/c s t l n J c t u r e s  { a l l u a u d i t e s )  and t h e  P21/n  

st~ctures (wyllieites). Second, a complete wet chemical analysis is n~es- 

sary to establish the ~d-member composition of Table I. Arranging the 

cations through progressive filling of the sites, from smedlest size to 

largest, establishes the specific trivial n~e. The advantage of the 

proposed classification is that sufficient flexibility is available to miti- 

gate yet new trivial names which do not in fact convey t o  the investigator 

any  s t ~ c t u r a l  i n f o m a t i o n  abou t  t h e  a l l u ~ d i t e  c ~ p l e x  s e r i e s .  I n  t h e  e v e n t  

that a sample has not been chemically characterized, it is advised to use the 

f ~ i l y  name: alluaudite. 

A cond~sed nomenclature can be i~ediately proposed but chronological 

p r i o r i t i e s  c h a l l e n g e  i t .  T h i s  n o m e n c l a t u r e  a d o p t s  a l l  n o n - e q u i v a l e n t  s i t e s  

as suffixes and all specific end-m~bers would be referred to alluaudite- 

MC2)M(1)X(1)X(2) .  

Owing to  mixed  c h a r g e s  d i s t r i b u t e d  o v e r  e q u i v a l e n t  s i t e s ,  some p u r e  

end-m~ber c~positions are impossible and exist ~ly For nomenclatural 

reasons. The p o s s i b l e  pure compositions are X(2)I+X(1)2+M(1)2~M(2)~*(PO~)3 

and X(1)I+M(1)2+M(2)~+(PO,)3 .  In T a b l e  I ,  five p o s s i b l e  c o ~ p o s i t i o n s  fulfill 

this criterion with samples i 0  and n coming as close as any ,  We note that 

t h e  r e l a t i v e l y  u n o x i d i z e d  s ~ p l e s ,  t h e  h a g e n d o r f i t e s  and v a ~ l i t e s ,  e x t e n s i v e l y  

exploit mixed valences over equivalent sites, further emphasizing the versa- 

tility of t h e  a l l u a u d i t e  st~cture t y p e .  

Coac~usi~s. The alluaudite c~pl~ series has, in the limit, the 

range X(2)I+X(1)Z+M(1)2§ In this 

respect, t h e  series res~bles t h e  triphylite-heterosite series, LiMZ*(PO~) - 

Ms§ It does not proceed, however, to completely oxidized end-members 

owing to the M(1) position which for fifteen analyses is predominantly t~ 2§ 

and the remaining two Fe z+ . The peculiar nature of the polyhedron, described 

as a square pyr~id with bifurcated apex, probably inhibits stable composi- 

tions with higher oxidation states. 

~ i n g  to  two k i n d s  o f  s i x - c o o r d i n a t e d  s i t e s ,  two h i n d s  o f  c a t i o n s ,  and 

two v a l e n c e  s t a t e s ,  t h e  n o m e n c l a t u r e  r e q u i r e s  n o t  f o u r  bu t  e i g h t  s p e c i f i c  

te~s. As yet no~ 3§ members have been f~nd ~d one, with M(2) = ~2+ and 

M{I) = Fe 2+, is predicted to be unstable. Thus, five specific te~s are required, 

The a l l u a u d i t e  complex s e r i e s  i s  f u r t h e r  c ~ m p l i c a t e d  by t h e  f a c t  t h a t  

two n o n - e q u i v a l e n t  l a r g e  c a t i o n  s i t e s  a r e  a v a i l a b l e  and t h e s e  can  a c c o ~ d a t e  

b o t h  Ca 2§ and Na 1§ Twenty p o s s i b l e  s t a b l e  e n d - m ~ b e r  c ~ p o s i t i o n s  a r e  

predicted on this basis. Owing to distinctly diff~ent shapes and sizes of 

the M(2), M(1), X(l) and X[2) polyhedra, it appears possible to ~fer any 

a l l u a u d i t e  sample  t o  one o f  t h e s e  t w e n t y  c o m p s  based  on p r o g r e s s i v e  

p a r t i t i o n i n g  o f  t h e  c a t i o n s  over  t h e s e  s i t e s  a c c o r d i n g  t o  t h e i r  r e l a t i v e  

ionic radii. For alluaudites with Na >> Ca, the progressive emptying of the 

X(2) p o s i t i o n  r o u g h l y  f o l l o w s  t h e  d e g r e e  o f  o x i d a t i o n  o f  M(2) 2+ to  M(2) 3§ 

~ 6 e g * e e .  The wyllieite f ~ i l y  ~braces coarsely crystalline 

primary phases which possess ordered crystal structures allied to the dis- 

o r d e r e d  a l l u a u d i t e s .  Four a n a l y s e s  a r e  F r e e . t e d ,  one  previously r e p o r t e d  

on m a t e r i a l  from t h e  t y p e  l o c a l i t y  a t  t h e  V i c t o r y  m i n e  p e g m a t i t e ,  C u s t e r ,  

S ~ t h  Dakota  (Moore and I r e ,  1973) and t h r e e  p r e v i o u s l y  u n r e p o r t e d  r e s u l t s  

from t h e  Smi th  m i n e  p e g m a t i t e ,  C h a n d l e r ' s  M i l l s ,  n e a r  Newport ,  New H ~ p s b i r e ;  

t h e  Old Mike p e ~ m a t i t e  and t h e  R ~ k  Ridge  p e g n a t i t e ,  b o t h  n e a r  C u s t e r ,  S ~ t h  

Dakota .  T a b l e  IV s u ~ a r i z e s  t h e  o c c u r r e n c e s  and specimen n ~ b e r s .  

As with the alluaudltes, the crystal chemistry of the wyllieites 

must proceed from structural knowiedge. In a detailed crystal st~cture 

analysis, Moore and Molin-Case (1974) have sho~ that wyllieite crystallizes 

i n  space  group P21/n  which  i s  a n e a r e s t  "same c e l l "  subgroup o f ~ 2 / ~ ,  t h e  

space group f o r  alluaudites. Single crystal precession photographs of  a 
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~v/llieite (Old Mike mine) and  an a l l u a u d i t e  (Pale~o mine)  a r e  sho~ in 

F i g u r e  I t o  i l l u s t r a t e  t h i s .  The a d d i t i o n a l  x e f l ~ t t 0 n s ,  i n c t ~ a t i b l e  w i t h  

C2 /~ ,  a r e  no t  i n s u b s t a n t i a l  and c a n  be  i m e d i a t e l y  r e c o g n i z e d .  S t r u c t u r e  

a n a l y s i s  r e v e a l e d  t h a t  X(1) in a l l u a a d i t e  s p l i t s  i n t o  two i n d e p e n d e n t  

positions, X(la) and X(lb); and M(2) splits likewise into M(2a) and M(2b]. 

The ideal cell fo~la is X(2)~X(la)zX(ib)iM(1),M(2a)~M(2b),(PO~)*z. The 

relative s i zes  of the ions at these sites is M(2b) < M(2a) < M(1) < X(ib) < 

X(la) < X(2) and is exemplified by the average M-O and X~ distances: 1.97, 

2 . 1 0 ,  2 . 2 3 ,  2 . 4 6 ( 2 . 2 1 ) ,  2 . 5 3  and 2 . 8 4 ( 2 , 7 2 ) ~  r e s p ~ t i v e l y .  The s t r u c t u r e  

analysis also showed that all AI is concentrated on the M(2b) site. The 

X(1) polyhedra are distorted cubes, with X(ib) evincing site disox~ or 

splitting leading to a collapsed inner coordinati~ shell of six ani~s 

whose average dist~ce is given in par~theses. In the type crystal examined, 

g(2) was sho~ to be substantially ~cupied (see under a11uaudites for the 

refined site distributions). The remaining polyhedra are similar to those 

found in alluaudite. Thus, the st~ctural ~ld~ce at hand appears to 

strongly favor the distribution of cations of increasing size in the same 

order as the increase in size of the polyhedra and it follows that the s~e 

kind of scheme will be adopted for arranging wyllieite site distributions 

as For those in alluaudites. The four cb~iced analyses are presented in 

Table IIl and the site distributions in Table V. 

TABLE V. ~dZZ{eige f~r~Zy. PaP~C.tgondrql Of t~ evCr 

M(gb) M(2a) M{I) 

AI Pe s§ Mg Fe a+ Mg Li Zn Fe 2* Fe2§ ~z+ 

S. g7 1,65 .... 0.85 0.79 .... o~09 2.27 1.46 g,54 
2 . 6 3  1.47 .... 1.84 0.22 0.05 .... 1.79 1.23 g.7? 
2.60 1.12 0.28 .... 1.84 0.13 0,02 1.91 3.~4 0.66 
3 .01  O.O8 0 .01  . . . .  0 . 04  0 ,13  0 .01  g ,82  4 .00  . . . .  

X(ib) X(la) X(2) 

ge 2r b~ 2+ Ca Na Ca Na g o Na g o 

3 .... 0.42 1.04 0.g4 .... 1.83 0.02 o,lg ........ a.oo 
4 .... 0.81 0.60 0.59 .... 1,4g .... 0.s4 ........ 4.00 
2 .... 1.73 0,27 .... 0.05 1.86 ........ g.gg .... 1.67 
I 0.06 1.18 0.76 .... 0.i0 1.90 ........ 3,10 .... 0.90 

g i g .  l . - - P r ~ e s s i o n  p h o t o g r a p h s  of t h e  (hkO) l e v e l s  for h a g e u d o r f i t e  

(Paler~ No. 1 Mine, sample 12), upper photograph; and wyllieite (Old Mike 

Mine ,  s ~ p l e  3 ) ,  lower  pho tog raph .  E x t i n c t i o n  c r i t e r i a :  h a g e n d o r f i t e ,  

hkO, h+k # 2n; wllieite, hkO, no extinctions. Minor cont~ination by small 

randomly oriented grains oc~r for the hageedorfite specimen. Mo/Zr, Ka 

radiation. 
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A l l  r o a r  y y I l i n i t e s  ~*ere e X a ~ n e d  b 7  5 . r k y  ~ e c e s ~ i o n . p h o t o ~ a p h y  

and t h e i r  (hkO) p r o ~ e c t i o n s  r e v e a l  t h e  a d d f t i n n a l  r e f l e c t i ~ s  c o m p a t i b l e  

o n l y  with a p r i m i t i v e  c e l l .  T a b l e  V s u g g e s t s  t h a t  A1 i s  t h e  p r e d o m i n a n t  

c a t i o n  i n  M(2h) .  M(2a) and M(I~ r  r e s e m b l e  t h e  a l l u a u ~ i t e s  w i t h  

N(2a )  c a p a b l e  o f  o x l d a n i o n  o f  Fe z§ and M(1) w l t h  p r e d o m i n a n t  Pe *§ and NOg§ 

The X( lb )  s l t e  appea r s  t o  be  p o p n i a t e d  p r i m a r i l y  by d i v a l e n t  c a t i o n s  o f  

i n t e r m e d i a t e  s i z e  (b~2+,Ca) and  5 ( l a }  i s  p r e d ~ i n a n t l y  OCcupied by Na +. The 

X(2) site, as in the alluaudite family, Is only partly occupied by Na* and 

i s  v a c a n t  iu ~ r e  oxidized members. 

The nomencinture for the wllieites follows directly from the 

alluaudites: since N(2b) is pred~inantly hi s*, M(2a) establishes the 

generic te~ and M(1} the specific te~. The qualifying suffixes include 

X ( l b ) X ( l a ) X ( 2 )  i n  t h a t  o r d e r .  As w i t h  a l l u a u d i t e s ,  t h e r e  a r e  Pe*+-predon  - 

lnant me~bers (samples 1 and 3), a Mg-pred~inant member (sample 2) and an 

FeS+-pred~inant member (sample 4) with respect to the M(2a} position. The 

type W11inite (sample 1} is analogous to ferrohageedorfite. We propose 

the name ferrowyllielte by analogy. Thu~, sample 3, which is anaing~s t o  

bugendorfite, is ~yllieite. Sample 2 is analogous to ~agbes~dorflte but 

with p r e d o m i n a u t  Fe 2+ in M(1). Discussion at the end oP this study forces 

us  n o t  t o  p ropose  ~ new t r i v i a l  name,  however .  S a b l e  4 i s  a n a l o g o u s  t o  

a l l u a u d i t e ;  ~ p ropose  t h e  n a ~ e  r o s e ~ a r y i t e  f o r  t h o s e  w y l l i e i t e s  i n  which  

Pe s§ is  the end-member composition over the M(2a) posit ion. The name is 

f o r  Mrs. P, 8 o s e a ~ y  ~ y l l i e ,  t h e  w i f e  o f  P r o f e s s o r  P e t e r  J .  N y i l i e .  

The f o l l o w i n g  n o m e n e l a ~ r e  i s  recommended: 

Gene r i c  N~e ~ ~ Specific Name 

wyl l ie t tes  
pe z§ ymz* 

unnamed ym2 + ~ z §  

Fe ;§ Fe =* 
rosemaryit es I 

pe  I§ Nn~ ~ 

f e ~ r o w y l  l i e i t � 9  

~ l l i e i t e  

u n n ~ u d  

~ n m e d  

r o s m ~ T i t e  

1 2 5 4 S 5a 6 

AlzOs 2 , 6 6  2 , 4 1  1 , 9 6  2.85 2 . 2 3  2 .2  2 . 3 0  

PUzO~ . . . . .  n i l  1 .34  n . d .  1 . 7  . . . .  0 . 2  

peO 28.22 28.05 19.56 37.01 17.6 17.9 28.7 

MOO 16.78 14.12 19.49 3.62 14.6 14.9 7.43 

M~O 1,04 1.53 2.80 1.38 6.78 6.0 4.55 

ZnO . . . . .  0 . 2 5  . . . . .  n i l  0.20 n i l  0.17 

CaO 2 . 4 6  0 . 8 2  2~28 5 . 3 9  2 . 5 7  2 . 5  2 . 2 8  

8aO . . . . .  4 . 3 2  5 , 3 6  n i l  1 . 6  1 . 9  2 . 3 2  

SrO . . . . .  O.31 . . . . .  n i l  0 . 5 4  0 , 3  0 . 1 3  

PbO . . . . .  O.76 . . . . .  n i l  4 . 4 2  n . d .  0 . 8 8  

LleO 0.O9 0.53 0.20 n . d .  0 . 7 0  n . d .  0 . 2 5  

~a~0 6.40 5.47 4.97 7.55 4.$3 4,6 5,50 

[20 1.74 0.56 0.65 1.09 0,58 0,7 0.95 

PgOs 40.C~ 39.07 30.34 42.26 40.6 41.2 42.3 

SiO= . . . . . . . . . . . . . . .  n i l  n k l  nil 1 . 0 3  

P. B. M O O R E  A N D  J U N  I TO 

Thus ,  t h e  known ~ T l l i e i t e g  i n c l u d e  f e ~ t o ~ l l i e i t e ~  v~z MaMa ( s t a p l e  

1 and 2 ) ,  ~ l l i e d t e - C a N a ~  ( s t a p l e  3 ] ,  and r o s m a r y i t e - M n Z §  (sample  4 ) .  

A l t h o u g h  t h e  a n a l o g u e  o f  f e ~ r o a l l u a u d i t e  i s  n o t  as  y e t  known, we r e c o ~ a n d  

f e r r o r o s e m a r y i t e  by a n a l o g y  w i t h  t h e  a l i n a u d i t e s .  The a n a l o g u e  o f  v a r u l i t e  

i s  n o t  y e t  known; when Pound, i t  w i l l  r e q u i r e  a n o v e l  t r i v i a l  name.  

6 condensed n ~ e c c l a t u r e  c a n  be  proposed bu t  p r i o r i t y  and a n a l o g y  

w i t h  t h e  a l l U a u d i t e s  c h a l l e n g e  i t .  T h i s  n o m e n c l a t u r e  a d o p t s  a l l  n o n -  

e q u i v a l e n t  s i t e s  a s  s u f f i x e s  and a l l  s p e c i f i c  e n d ~ b e r s  would be  r e f e r r e d  

t o  wyl  l i e i t e - 4 4 ( 2 a ) M ( l )  X ( l a )  X( lb )  g ( 2 ) .  

AS w i t h  t h e  a l l u a u d i t e s ,  mixed  c h a r g e s  o v e r  e q u i v a l e n t  s i t e s  l i m i t  

t h e  p o s s i b l e  p o r e  e n d - m ~ b e r  c o m p o s i t i o n s .  The s e r i e s  can  be  ~ i t t e n  

X ( 2 ) ~ X  ( l a )  l * X ( l b )  z*M(])  ~§ I+A1 z (PO~) 6 - ~ O X ( I h }  Z*N(1) | * N ( 2 a )  ~+A12 (PO~). �9 

A l l  known w y l l t e t t e s  appea r  t o  pos s e s s  o n l y  f r a c t i o n a l  o e c u p ~ c i n s  o v e r  t h e  

X(2) p o s i t i o n s  w h i c h ,  l i k e  a l i n a u d i t e s ,  a l l o w  c o n s i d e r a b l e  f l e x i b i l i t y  i n  

a ~ i s s i b l e  c o g p o s i t  i n n s .  

Ag~o~odl t~ ~o~rL~. T h i r t e e n  a n a l y s e s  a r e  p r e s e n t e d  f o r  t h e  a r r o # a d i t e  

f a m i l y ,  s i x  r e p u t e d  f o r  t h e  f i r s t  t i ~ .  P u b l i s h e d  a n a l y s e s  i n c l u d e  m a t e r i a l  

f rom t h e  N i c k e l  P l a t e  m i n e ,  Keys tone ,  Sou th  Dakota  ( L i n d b e r g ,  1 9 5 0 ) ;  S i d i -  

B o u ~ t h ~ a u e ,  Morocco ~Huvelin, Orlinc ~d Pemingeat, 1972); and Buranga 

mine, Rwanda (yon gnorring, 1969); the Victory mine, Custer, South Dakota 

(Moore and liD, 1971); two early analyses on dickinsonite fr~ Branchvllle, 

Couuecticu~ ( h ~ s h  a~d ~ a ,  1 8 9 o ) ;  and  one e a r l y  analysis ~ dickinsonite 

f r ~  t h e  B e r r y  q u a r r y ,  Po land ,  H a i n e  (Berman and Gonyer ,  1930) .  The 

supposed a r r o j u d i t e  f rom 8 r  B ra nc a ,  P a r a f h a  d i s t r i c t ,  B r a z i l  ( G n i ~ r ~ e s ,  

1942) a p p e a r s  t o  be  so h i g h l y  a l t e r e d  as  t o  c o n s t i t u t e  a p r o b a b l e  m i x t u r e  

or possibly some other species. The new analyses incinde four wet chemical 

a n a l y s e s  ( S a p u c a i a  p e ~ u a t i t e ,  Minas  G e r a i s ,  B r a z i l ;  Smi th  Nine, NeWport, 

New Hampsh i r e ;  P a l e ~  No. 1 m i n e ,  N o r t h  G r o t e ,  New H a a p s h i ~ ;  Nancy Mine .  

Nor th  Gro ton ,  New Hampshi re )  and two e l e c t r o n  probe  a n a l y s e s  (Sapuca in  

7 8 9 10 ] l  I 2  

2 . 5 3  2 . 3 7  2 . 0  . . . . . . . . . . . . . . .  

nil nil . . . . . . . . . . . . . . . . . . .  

3 4 . 9  ~0 .09  1 3 , 8  15 .25  12 .96  12 .33  

7 . 7 6  1 2 . 6  3 2 . 0  31 .58  51 .83  31 .83  

3 . 3 7  2 . 4 9  n i l  . . . . . . . . . .  1 . 6 7  

0 . 2 4  0.O6 n i l  . . . . . . . . . . . . . . .  

3 . 6 5  1 .31 2 . 5  2 . 1 5  2.O9 2 ,01  

0 . 0 2  0 . 2 0  n i l  . . . . . . . . . . . . . . .  

0 . 0 5  0.65 n i l  . . . . . . . . . . . . . . .  

0.37 nil n i l  ............... 

0 . 5 2  0 , 0 8  (O.17)  0 . 1 7  0 . 2 2  0 . 2 0  

$ . 3 6  6 . 5 9  7 . 8  7 . 4 6  7 , 3 7  7 .41  

1 . 4 5  1 .59  1 .1  1 . 5 2  1 . 8 0  1 . 7 3  

40.1 40.8 39.3 39.37 40.89 40.70 

nil nil nil ............... 

HzO § O.91 0 . 8 1  1 . 4 5  n.d. n.d.  n.d.  0 . 9 8  0 . 1 4  n.d.  (1.65) 1.65 1.65 1 .82  

HgO" - . . . .  0.45 0.10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

F 0 . 0 0  0 . 9 5  0 . 4 7  n . d .  n . d .  n . d . n . d ,  n . d .  n . d .  - . . . . . . . . . . . . . . . . . . .  

I n s o l .  0 . 1 1  n l l  n l l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . 5 8  0 . 8 2  1 . 0 0  

f=O -0.54 -0.41 -0.20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

99.97 99.80 99.81 101.15 90,55 92.2 99.99 100.20 99.44 99.9 00.93 99.61 100.78 

INkcke l  P l a t e  m i n e ,  Keys tone ,  Sou~h Dakota .  L i n ~ e r 8  ( 1 9 5 0 ) .  

Z $ 1 d l - ~ o u - g r i e h a ,  Morocco. H u v e l l n ,  O r l i a c  and p u r a l n g e a t  ( 1 9 7 2 ) .  

5 8 . r a n g a  m i n e ,  Gatumba, Rwanda. V ~  k n o r r l n g  ( 1 9 6 9 ) .  

~ V l c t o r y  L i n e .  C u s t e r .  Sou th  Dako ta .  MOOre and  I t o  ( 1 9 7 3 ) .  

SSapucain  p e g s s t i t e ,  ~ n a s  G e r a i s .  ~ n z i l .  J .  l i D ,  a n a l y s t  ( t h i s  s t u d y ) .  T r a c e  T i ,  Mo and Be. 

5 " S a p u c a i a  p e g m a t i t e ,  Minas  G e r a t s ,  B r a z i l .  A. J .  I r v i n g ,  a n a l y s t  ( t h i s  s t u d y ) .  Note  Pb and L i  w e r e  
n o t  d e t e m l n u d .  

6 ~ t t h  m i n e ,  Newpor t ,  New H a J p s h t r e .  J .  I t o ,  ~ u a l y s t  ( t h i s  s t u d y ) .  T r a c e  Be.  

7Nancy mine, North Broton, New Hampshire. J. l t o ,  analyst ( th is  study). Trace an, T i ,  V, 8 t ,  0, Be. 

8palermo NO. 1 mine, North Groton, New Hampshire. J. I to .  analyst ( th is  study). Trace T i ,  Pb, Si.  

9 0 t c k t n s o n i t e .  B r a n c h v i l l e ,  Comnec t i cu t .  A . J .  I r v i n g ,  a n a l y s t  ( t h i s  study). Hz0* and LigO from 
( I 0 )  w e r e  added.  

1 0 , 1 1 0 ~ m c h w i l l e ,  C m m e c t i c u t .  W e l l s  analysis i n  Brush  and  Dana ( 1 8 9 0 ) .  

12Ber ry  q u a r r y ,  Po l and ,  N a i n e .  Gcnyer  a n a l y s i s  In  Berman and Gonyer ( 1 0 3 0 ) .  
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A1 )+ 4 .41  4 ,08  

Fe ~§ .......... 

Fe z§ 33 .22  33,24 

Mo2+ 18.81 16,94 

Mg z§ 2 . 1 0  8 . 2 3  

2n z+ ..... 0.26 

Ca ~+ 3 .71  1.24 

Ba z t  ..... 2.40  

Sr  ~+ . . . . .  0 . 2 6  

p~z+ ..... 0 . 2 9  

Li § 0.$1 1.88 

Na + 17.47 15.08 

K + 8.12 1.01 

P$§ 47.68 46,87 

H § 8.55 7.66 

(P') (3 .g6~ (4.26) 

*By d i f f e ~ n c e .  
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fwr~g.  Car;ions ~ B ~  owl lgg'(O~' '+ F-) e~'[,o~e. T~LE Y l I l .  Arr-ojodiP,,e f~ / . l~ .  Par~6"[,o~i~g :of ~ i o ~  ~ ~ 29g met.one; ~" 

3 4 g 6 7 0 9 

3.21 4.66 3.54 3.68 3.80 3.91 3.25 ~34 I§ 

1.41 ..... 1.72 0.20 ............... D~ + 

22,66 42,08 19.88 02.58 40.39 86,16 15.86 ZLi 

2g,03 4 .16  16.65 8+g4 9 .10  14.93 37.45 ~CatI~t 

5 .80 2.79 13.61 9 .20  6.95 5 .19  . . . . .  ~SU+Sr+Pb§ 

. . . . . . . . . .  0 .20  0.18 O.24 0 .06  . . . . .  To ta l  

3,41 7 .84  8.71 3.31 5.41 1 .96  3,40 I : t  

2.94 . . . . .  0.79 1.23 0.01 0 . 1 1  . . . . .  

. . . . . . . . . .  0 . 2 7  0,10 0 . 0 4  0 . 5 3  . . . . .  

.......... 1 . 6 0  0 . 3 2  0 . 1 3  . . . . . . . . . .  

1.13 ..... 8.80 1 . 3 6  2.89 0 .46  0.95 

18.48 19.87 11.83 14.48 14.30 17.87 20.89 

1.13 1,88 1.00 1.65 2 . 5 3  2.48 1.94 

46.60 48.58 46.29 48.61 46.99 48.32 46.18 

15.54 . . . . .  14 .84"  8 .87 1 .30  . . . . .  10.21 

(0.07} .............................. 

I 2 8 4 $ 6 7 8 0 I0 

4.41 4.03 4.62 4.56 5.26 3.88 8.80 $,91 3.25 4.00 

54.21 58.67 51.54 48.98 50.29 so ,go  56.68 56.34 52.79 66.00 

0.51 1.88 1.13 ? 3.80 1 ,86  2 .89  0 .46  0 .95  

21,18 16.27 16.89 27.71 15.54 17.79 19.00 19,03 24.29 20.00 

3,12 3 .96  4 ,07  ] . gd  g ,66  3 .30  2.71 3,12 1.94 4 .00  

88.48 70 .81  78.25 83.13 78,00 76.83 85.80 83,66 83.22 84 .00  

8.55  7 .66  18.54 T ? 8,87 1,50 ? 15.21 4 .00  

pegmatite, Minas Gerais, Brazil; Brancbville pepatite, Brancbwille, 

Connecticut). 

Arrojadltes are the most chemically complex of primary pogmatite 

phosphates and no less than sixteen elements may play a significant role. 

All arrojadites consistently contain A1203 which ~ propose is an ess~tial 

cation in the structure. Alkalies and alkaline earths occur in variable 

amottuts: Na 1+ and Ca z+ a r e  consist~tly preset as  ~ j o r  c o n s t i t u e n t s  gut 

variable ~nts of Li It, K I*, Mg 2+, gr 2t and Ba 2* are also present. The 

Sapucaia martial is noteworthy for its high PbO (4.2~) content. The 

transition metals include Pe 2§ and ~2§ with minor ~ounts of Zn z§ Highly 

variable mounts of water (up to 1.0%) and fl~rine (up to 1.0%) have been 

r e p o r t e d  f o r  a r r o j a d i t e s .  L i k e  t h e  a l l u a u d i t e s ,  a l i m i t e d  r a n g e  o f  mixed  

v a l e n c e s  e v i d e n t l y  occu r s  o v e r  e q u i v a l e n t  p o s i t i o n s .  Unlike the a l l u a n d l t e s ,  

t h e  a r r o j e d i t e  f a m i l y  appea r s  t o  be  h i g h l y  r e s i s t a n t  t o  o x i d a t i o n  and 

a l k a l i  l e a c h i n g  and o x i d i z e d  e q u i v a l ~ t s  a r e  n o t  known: t h e  h i g h e s t  Pe20s 

c o n t e n t  i s  1,7% f o r  m a t e r i a l  f rom t h e  S a p u c a i n  p e g m a t i t e .  

T a b l e  V l  l i s t s  t h e  a n a l y t i c a l  r e s u l t s  and T a b l e  VI I  a f f o r d s  t h e  a tomic  

c o n t e n t s  based  on 106 a n i o n s .  A n a l y s i s  9 i s  a r e f i n e d  e l e c t r o n  probe  s tudy  

of a specimen of dicklnsonite from grauchville, C~nectlcut. All the 

components utilized an arrojadite standard (analysis 5), 1%e results are 

in excellent agreement with analysis I0 e x c e p t  t h a t  AIzO* was o v e r l o o k e d  

i n  t h e  e a r l i e r  s t udy  by Brush and Dana ( 1 8 9 0 ) .  The ~ a t e r i a l  f r o ~  Po land ,  

Maine  was n o t  r e - i n v e s t i g a t e d ;  t h e  t h r e e  e a r l i e r  a n a l y s e s  on d i c k i n s o n i t e s  

are not included in T a b l e  VI I  owing to the ~certainty in A120~. Fish~ 

(1968), in his study on the sodi~ iron manga~se phosphates, based his 

computations on 48 (PO~) in the unit cell which is tolerably consistent with 

specific gravity and cell volume determinations. We believe that the con- 

sistent p~sence of water and fluorine represents in part additional anionic 

positions in the cell. A better fit with the mini~ equivalent Point rank 

number of 4 in the space group _C2/c_ is obtained with 196 anions in the cell 

i n s t e a d  o f  192. 

The attic c e l l  contents for arrojedites v a r y  widely and range 

be tween  7 6 . 8  and 8 5 , 9  c a t i o n s  o t h e r  t h a n  ps* and H § p e r  196 a n i o n s .  The 

s i m p l e s t  i n t e r p r e t a t i o n s  o f  t h i s  r a n g e  i n c l u d e  p a r t i a l  s i t e  o c c u p a n c i e s ,  

e s p e c i a l l y  f o r  p o s i t i ~ s  r i c h  i n  a l k a l i e s  and o t h e r  l a r g e  c a t i o n s ;  t h e  

s u b s t i t u t i o n  o f  w a t e r  as  (HnO) § o r  (H~O~) ~-  c l u s t e r s  f o r  l a r g e  c a t i o n s  and 

t e t r a h e d r s ;  and t h e  p r e s e n c e  o f  h i g h l y  a q v a t e d  i m p u r i t i e s .  On g r ~ n d s  o f  

i o n i c  r a d i i ,  i t  i s  s e n s i b l e  t o  g r i p  M )§ ffi (AI ~§ and FeS*) ;  M ~t  = (Fe ~+, 

~m z t ,  Mg ~§ ~ d  2n~*) ;  X = (x  x+, Sr  ~*,  Ba z+ and Pb~§ ; and Y - (Na *§ and 

Ca z+) t o g e t h e r  a s  i n d i c a t e d  by  t h e  p a r e n t h e s e s .  The h i g h l y  v a r i a b l e  Li  l§  

f." - *l",Pe'§ ~+ ffi Ve'+,~'§ Col~ lO i ~  the propasrd i d o l  l ~ l ~ .  

c o n t e n t  i s  t r e a t e d  s e p a r a t e l y .  These  g r o u p i n g s  a r e  c o ~ p i l e d  i n  T a b l e  V I I I .  

S u b s t i t u t i o n s  be tween  t h e s e  g r o u p i n g s  a r e  q u i t e  l i k e l y ,  e s p e c i a l l y  be twe e n  

M 2 .  and M s+, and M=* and Y. The r o l e  o f  Li  ~* i s  u n c e r t a i n :  i t  may be  

p r e s e n t  a s  an  i m p u r i t y  such  a s  t r i p b y l i t e  o r  i t  may s u b s t i t u t e  i n  t h e  M 2+ 

p o s i t i o n s .  Water  c o n t e n t  i s  h i g h l y  v a r i a b l e :  i n  a U d i t i o n  t o  i t s  p r e s e n c e  

a s  a c o n s t i t u e n t  and s u b s t i t u e n t ,  a r r o j e d i t e s  o f t e n  shaw t h i n  f i l m s  a l o n g  

j o i n t s  and c r a c k s  o f  p a l e  b l u e  v i v t a n i t e ,  F i n a l l y ,  v a c a n c i e s  p r o b a b l y  occu r  

o v e r  t h e  l a r g e  c a t i o n  p o s i t i o n s ,  a s s t m i n g  g r e a t e r  f l e x i b i l i t y  i n  a c c o m o -  

d a t i n g  c a t i o n s  o f  mixed  v a l e n c e s ,  g a m u e l s o n i t e ,  (ga ,G)(Ca,Q)z(Mn2+,Fe  2+, 

Na)~CaeAlz(OH)2(POt)10 ,  a p h a s e  wh ich  o c c u r s  i n  a s s o c i a t i o n  w i t h  a r r o j a d i t e  

a t  t h e  Pa le rmo  p e g m a t i t e ,  was S S U ~  by Moore and h r a k i  ( 1 0 7 7 ) ,  i n  a 

d e t a i l e d  c r y s t a l  s t r u c t u r e  a n a l y s i s ,  t o  pos s e s s  p a r t i a l  o c c u p a n c i e s  o v e r  

l a r g e  c a t i o n  p o s i t i o n s  and N a l + *  (Mo,Fe) ~+ s u b s t i t u t i o n  a s  w e l l ,  D e s p i t e  

t h e  d i f f i c u l t i e s  i n h ~ e n t  i n  a s t r u c t u r e  a s  complex as  a r r o j a d i t e ,  a n y  

e f f o r t  a t  ~ r a v e l l t n g  i t s  a t o m i c  p o s i t i o n s  w i l l  be  most  ~e l eome .  

We propose  t h e  i d e a l  f o r m u l a ,  g**Y~+M~+AI(OH,P)(PO~)]2, 2 �9 4 ,  f o r  

t h e  a ~ o j e d i t e s .  T h i s  s e t s  a n  u p p e r  l i m i t  o f  84 c a t i o n s  o t h e r  t h a n  p s i  and 

H l+ i n  t h e  c e l l .  An i d e a l  end-member c o m p o s i t i o n  ~ a s F e ~ h l ( O H ) ( P O , ) * ~  i s  

s u g g e s t e d  f o r  a r r o j a d i t e .  Note  t h z t  g r o u p i n g  t h e  a l k a l i e s ;  and t h e  

o c t a h n d r a l  c a t i o n s ;  and d i s r e g a r d i n g  w a t e r ,  we o b t a i n  NazFes(PO~J~, Z = 10,  

which  was s u g g e s t e d  by P a l a c h e  e t  a l .  ( 1951 ) .  To a p p r e c i a t e  i t s  c o m p l e x i t y .  

a t  l e a s t  t w e l v e  n o n - e q u i v a l e n t  c a t i o n  p o s i t i o n s  ( o t h e r  t h a n  Ps+ and H I+) 

may OCCUr i n  i t s  s t r u c t u r e .  T a b l e  V I I I  r e v e a l s  t h a t  a n a l y s e s  I ,  4 ,  7 ,  8 ,  

and 9 approach the limit of 84 cations in the cell, Analyses 2 and g 

indicate that Li t+ may substitute at the M at Positions. Analyses I, 2, $, 

5.  6 ,  and 0 ,  a r e  h i g h  i n  w a t e r  c o n t e n t  and pos s e s s  a d e f i c i t  o f  c a t i o n s  i n  

Y positions, suggesting t h a t  OH- substitutions probably occur in the anion 

frame. In addition, 2, 8, g, and 0 are low in ps§ indicating O~" substitu- 

tion at tetrabndral vertices. Several analyses (4, 5, and 0), however, did 

not seek water content owing to limited amount of reasonably pare ~terial. 

A n a l y s i s  4 r e p r e s e n t s  t h e  h i g h e s t  c o n t e n t  o f  Na 1§ and Ca 2+ r e c o r d e d  fo~ 

~ o j a d i t e s  and i n d i c a t e s  e x t e n s i v e  s u b s t i t u t i o n  a t  M 2§ p o s i t i o n s  by  Y 

c a t i o n s ,  p ~ h a b l y  Ca z t .  

Owing t o  l a c k  o f  knowledge  o f  t h e  c r y s t a l  s t r u c t u r e ,  we do n o t  a d v i s e  

f u r t h e r  s p l i t t i n g  o f  t h e  a r r o j e d i t e  n o m e n c l a t u r e  and  r e t a i n  a r r o j a d i t e  f o r  

M 2+ = (Fe,Mo) 2+ and  d i c k i n s ~ i t e  f o r  M 2+ = ( ~ , P e )  ~+. 

Mo~ p*,obY.ems: con~ i~us  aZ~i-Ze~hi~ Pers~ ~#~EEiza~. 

C o n s i d e r  now t h e  p o s s i b l e  r o u t e s  o f  o x i d a t i o n  o f  t h e  a l l u a u d i t e s  and 

w y l l i e i t e s ,  I t  was a s s e r t e d  e a r l i e r  (Moore, "1971; Moore and Mol in -Case ,  

1974) t h a t  a l l u a u d i t e s  a r e  m e t a s o m a t i c  p r o d u c t s ,  s  by a l k a l i  exchange ,  

o x i d a t i o n ,  and f i n e - g r a i n e d  r ~ r y s t a l l i z a t i o n  f rom e a r l i e r  formed p r i m a r y  

p h a s e s ,  i n  p o r t i ~ l a r  t r i p h y l i t e s  and U t h i n p h l l i t e s  w h i l e  t h e  ~ e / l l i n i t e s  

a r e  t h e m s e l v e s  p r i m a r y  p h a s e s  wh ich  c l - f s t a l l i z e d  d i r e c t l y  from t h e  p e g ~ a t i t e  

f l u i d  and a p p e a r e d  a s  l a r g e  e u b n d ~ l  c r y s t a l s .  The o r d e r  s c h w a  f o r  t h e  

c a t i o n s  proposed e a r l i e r  assumed t h a t  t h e  p r e s e t  c o m p o s i t i o n  found f o r  

t h e  m a t e r i a l  i s  p r e c i s e l y  t h a t  o f  t h e  o r i g i n a l l y  formed c r y s t a l .  The 

scheme, however, would change significantly if the present composition is 
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TABLg IX. A Z Z u a u d s  c ~  WHZZ$6~Cea. Pm,g ' 6~d .ng  o f  Cag '4one  Aj~aez �9 F~3*+Fe2**O § ~a ~+. 

ALLUAUDITES* 

Sample Mr2) M(l) g(1) X(2} Excess Na t+ Z C ~ g e  

Mg Li Fe 2§ Mn z +  Fe 2+ Mm z+  Ca" Mn z+  Ca Na Na K o 

0,05 1.18 4.66 2,11 . . . .  4 . 0 0  . . . .  0.08 0.90 8 . I g  4 . 0 0  . . . . . . . .  1.18 1.88 0000 
0 . 0 4  . . . .  6 . 0 0  2 . 9 6  . . . .  3 .03  0 . 0 7  . . . .  0 . 8 2  d .68  3 .97  0 . 0 3  . . . .  0 , 2 8  0 . 3 2  0000  

4 0 . 3 8  . . . .  ? . g g  0 . 0 4  . . . .  4 .00  . . . .  1 . 1 8  0 , 6 0  2 . 8 8  8 .93  0 . 0 7  . . . .  2 , 6 8  1 , 7 8  0000  
12 I.$9 .... 6.41 .... 0.62 3.38 .... 1.09 0.79 8.12 4.00 ........ 0.68 1,88 0000 

3 0 , 2 7  0 , 0 3  3 . 8 2  0 .80  . . . .  4 . 00  . . . .  0 , 1 6  1 . 0 7  8 .27  8 ,82  0 . 1 8  . . . .  3 . 2 1  1 , 8 3  0000  
14 2,39 f 0,07 4,58 0.96 .... 4,00 .... 0.41 0,29 3.80 2,?0 .... 1.30 0.00 0,70 I001 
5 1.27 0.34 6. Z9 .... g . 3 1  1.69 .... 1.08 0.48 2.44 g.97 0.08 .... 8,48 1,86 1000 
6 . . . .  0 . 8 8  4 .78  2 , 9 0  . . . .  4.00 . . . .  0 . 5 8  0 , 7 8  2 ,74  g .  gg  0 . 0 8  . . . .  2 , 0 0  1 . 3 6  1001 

15 0.19 .... 0.4~ 1.36 .... 4.00 .... 0,01 0.39 3.00 4.00 ........ 2,82 0,40 I000 
7 0.08 0.00 6.  og 1,88 . . . .  3 . 9 8  0.02 . . . .  0 . 9 4  3 . 0 0  4.00 . . . . . . . .  3 .36 0.94 I000 

17 0.90 .... 7.10 .... 0,94 3.06 .... 0.39 0.76 g.8g 4.00 ........ 2.53 1,15 1001 
13 0.01 .... 7.63 0.36 .... 8.35 0.68 .... 1.03 g.o? 4.00 ........ 2.68 1,93 1001 
8 ........ 0.51 1,49 .... 4.00 .... 1.39 0.S8 g.Og 4.00 ........ 8.02 1.97 i001 

16 0.94 0 . 0 8  7 .01  . . . .  8 . 10  1 . 8 2  . . . .  0 . 1 4  0 . $ 4  3 .38  4 .00  . . . . . . . .  3 . 7 1  0 . 6 8  1001 
9 0,35 0.49 7.16 .... 1.68 I.gg 0.46 .... 3.09 0.91 3.98 0.02 .... 5.25 3.09 i000 

I0 0.10 .... 7.81 .... 0.20 g.68 0.24 .... 1.17 2.83 g.99 0.01 .... 3.53 1.17 i001 
II 0,23 0.12 7+68 .... 0.21 3.79 .... 0.75 0.80 3.76 4.00 ........ 3,62 1.25 i001 

*The cations are partitioned after Pe*++Fe 2+, fl§ I+. The predominant cation at each site is italicized. The "Excess Na I+" is that' 
amotmt retaining after all available sites are filled. The "X" is the sum of Mn z+ and Ca in X(1). "Change" refers to end-member compositional 
change from distribution in Table II I meaning a change and O meaning no change. The orJer is M(2) M(1), X(1), X(2). A11 changes occur at 
M(2) and X(2) which, excepting for sample 14, involve PeS+*Fe ~+ (predominant) and n§ t (predomin~t). 

%Includes 0.08 Zn added to Mg. 

Samp le  

WYLLIEITES f 

M(2b) H(2a) M(1) XClb) X(la) X(2) Change 

A1 Mg L i  Zn  Fe z +  Mg L i  Z n  Fe 2+ Fe z+  Mm 2+ Fe z§  Mn z§  Ca Na Ca Na g Na g o 

3 g. g7 0 . 7 9  . . . .  0.09 0 . 7 5  . . . . . . . . . . . .  d .  Oo 1 . 4 6  2 . 5 4  . . . .  0 . 4 2  1 .04  0 . 5 4  . . . .  8 . 00  . . . .  2 . 31  0 , 0 2  1 . 0 7  000001  
4 g . 6 g  0 . 2 2  O . o 5  . . . .  1 . 2 0  . . . . . . . . . . . .  4 .00  1 . 2 3  g .  77  . . . .  0 . 81  0 . 6 0  0 . 5 0  . . . .  2 ,00  . . . .  2 . 87  . . . .  1 . 1 3  010001 
2 8.00 1.40 ............ 0,82 O,Ig 0.02 3.08 3.34 0,66 .... 1.Y3 0,27 .... 0.0s 2.95 .... 3.46 .... 0,55 010000 
1 3.02 0.95 0.04 ............ 0,09 0,01 g.90 4.00 .... 0.06 2.18 0.76 .... 0,10 1.90 .... 3.18 .... 0.82 000000 

Sample Mf2b) M(2a) 

AI Pe a§ Mg Li Zn Fe z+ Fe ~+ Mg Li Zn Fe *+ 

3 8,~7 0.75 0,79 .... 0.09 .... 1.73 ............ 8 . 2 7  
4 8.60 1,20 0.22 0,0g ........ 8 . 2 2  ............ 1,79 
2 8.80 1.40 ................ 1.12 0.82 0.13 0.02 1.81 

1 g . 0 1  0.95 0.04 . . . . . . . . . . . .  0.08 . . . .  0.00 0.Ol 3.82 

fThe c a t i o n s  a r e  p a r t i t i o n e d  a f t e r  F e * + * F e * + , o  § The predominant  c a t i o n  a t  each s i t e  i s  i t a l i c i z e d .  "Change" r e f e r s  t o  ~ d - m ~ b e r  compos i t i ona l  
change from distribution in Table V I me~ing change and 0 meaning no change. The order is M(2h), M(2a), M(1), g(ib}, X(la), X(2). Note changes occur 
at M(2a) and g(2) and involve Fe~+*Pe 2§ (prodomin~t) ~d O§ § (prad~inant). The second set of M(2b)'s and M(2a)'s adopt the distribution above 
but the e~ct ~unt of Fe2+*Fo a§ in Table v is adjusted accordingly, with M(2b) oxidized before M(2a]. 

i n  f a c t  the  r e ~ l t  o f  a c o n t i ~ o u s  o x i d a t i o n  and a l k a l i - l e a c h i n g  o f  a more 

reduced o r i g i n a l  c r y s t a l .  In t h i s  l a t t e r  ca se ,  we a s s ~ e  a sequence ak in  

to  that established on structural gTounds (Ev~toff e t  62., 1972; Alberti, 

1976) for the triphylite-heterosite series, that is LiFe~+PO~-~ge3+PO~, 

where Q is the ordered vacancy in the M(1) positi~, previously ~cupied 

by Li l*. This sequence suggests that progressive leaching of alkali is 

c~plad with oxidation of Fe 2+ to Pe a§ with the original cations remaining 

immobile in the process. 

Thus, Table I I  and Table V a r e  r e c a s t  i n t o  a p a r t i t i o n i n g  o f  the  

cations, starting with all Fe ~+ +Fe z* and balanced by o +No l§ (Table IX). 

The most striking result is the appearance of excess Na I§ be[ond the  ~ n t  

the all~udite structure type can tolerate for 16 of t h e  17 analyses. 

Only in sample 14 is the additional Na I+ accommodated in the st~cture. 

This is contrasted by the wyllieites where, in all four analyses, a partial 

vacancy in the X(2) site still remains. Thus, we are forced to conclude 

that alluaudites are indeed metasomatic products and that t h e i r  present 

compositions evidently repres~t an approximation to origs compositions 

a t  t he  t ime  o~ t h e i r  fo rmat ion .  We remark t h a t  i n  Table I I ,  t h e  v a r i a t i o n s  

in the cell charge from zero based on g charge (cations)-36 arises from 

the fact that 611 computations were based on go = 48; clearly, the presence 

of H + (which we did not compute) would lead to negative values in "residual 

cell charge"  and the presence o f  Fe20a i m p u r i t y  would l ead  to  positive 

v a l u e s .  Twelve ana lyse s  a r e  w i t h i n  the  range -+l.Oe and a re  t h e r e f o r e  not  

s e r i o u s  d e p a r t u r e s .  N e v e r t h e l e s s ,  t he  c o n s i s t e n t  t r e n d  o f  a s o d i ~  excess  

f o r  g e ~ u s  e q u i v a l e n t s  cannot he d i s p u t e d ;  i t  r e l a t e s  t o  the  t r end  

g(~2++on2§ i n  X(1) 44 .O (Table IX). That i s  t o  say,  the  compos i t ion  

4NaCa(Fe,Mn)|+(Mm.Fe)2§ i s  t he  l i m i t  f o r  a s e r i e s  wi th  no Na excess  

whereas t he  a l l u a a d i t e s  appear  t o  r e p r e s e n t  t he  h y p o t h e t i c a l  end-m~ber  

4(Na)Na2Ca(Fe,Vm)~§ t h a t  i s  a s e r i e s  where such an excess  

e x i s t s  but  one which t he  s t ~ c t u r e  c a ~ o t  t o l e r a t e  owing the  absence o f  

e x t r a  atomic p o s i t i o n .  

Al though o r d e r i n g  o f  t he  a l l u a u d i t e s  i n  t h i s  f a sh ion  does no t  l ead  

to  n o m ~ c l a t u r a l  c o n t r a d i c t i o n s ,  c o n t r a d i c t i o n s  e x i s t  f o r  the  w y l l i e i t e s  

(Table IX). This  i s  because i n  t he  l a t t e r ,  the  rear rangement  of  Hg 

d i s t r i b u t i o n s  lead  to  sample 2 = f e r z o w y l l i e i t e  i n s t e a d  of  a p o s s i b l e  

"fe~omgwyllieite" (see Table V) since in wyllieites M(2) is split into 

M(2b) ~d M(2a). We piefer to adopt the site distributions in wyllieites 

according to Table IX since we believe the presence of Fe a+ is the result 

of partial alkali-leaching postdating the growth of the crystal, in 

precisely the same manner that the trJphylite-ferrisicklerite-heterosite 

series represents a progressive leaching and oxidation of our initially 

fe~s-rich crystal. The ferrowyllieite o f  sample 2 would be an ideal 

candidate Per further detailed study since the following outline suggests 

that digf~e~ces in scaEEeTing by X-gays and average  polyhedral sizes ~uld 
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be e a s i l y  t e s t a b l e  by a d e t a i l e d  s t r u c t u r e  a n a l y s i s ,  ~i_~z.: 

M(2b) H(2a) 

AZa,soFeI~*~MgO.~a Hg*.swLi0.~aZn0.azPe~C~, (Table V) 

C~ludin~ ~ks. Alluaudites and wyllieit~s possess complex solid 

solution series over four independent sites in the fo~mer and six in the 

latter, The series is further complicated by the presence of iron in two 

oxidation states. Nomenclature of the series is based on partitioning of 

c a t i o n s  acco rd in  8 to  iontc s i z e  and s i t e  s i z e .  

If the iron in alluaudites and Wyllieites is reduced Fea+* Fe ~+ with 

concomitant ~ N a  1§ filled, an interesting p a t t e ~  emerges: alluandites 

r~eal an excess of Na ~+ beyond the available sites but the sites in 

wyllieites are not all completely Filled, This observation supports the 

statement that all~udites are products oF Na-metasomatlsm while wyllieites 

are truly primary phases and perhaps suffer some subsequent oxidation and 

alkali-leaching at a later stage in ~ch the same manner as found in the 

triphylite-heterosite series. This statement is further supported by the 

ohse~ations in Moore (1971) that alluaudites are la te prod~cta, fomed 

by Na-metasomatism of tr~phylites and even heterosites, It is quite likely 

that the oxidation grades reported in analyses reflect the original oxidation 

grades of their crystals during g~wth. The broad paragenetic scheme for 

these complex ~eries in Moore (1975) is also substantiated by these obse~a- 

tions. 

A r r o j a d i t e s  a r e  complex early phosphates with probable i d e a l  ferule 

XI§ Z = 4, where X = K ~+, Ba ~+, Pb 2~, s; Y : Ne ~+, Ca ~, 

Cg M ~+ = Fe ~+, Mn z+, ii + , Mg %+. It is furth~ sho~ that dickinsonites 

apparently contain essential AI~O~ which is present in virtually all arrojadite 

analyses, 

Approval of n~c~ature and deposition of type material, The 

proposed nomenclature for =he alluaudites and wylllelces was brought 

before the Co~ission on New Minerals and New Mineral Names (IMA). Type 

~yllieite was renamed ferrowyllieite so that th~ alluaudite-wylllelte nomen- 

clature would be parallel and self-consistent. A t~e wyll~eite from the 

Old Mike mine was subsequently fo~d and encouraged this desirable r~ision, 

In addition, new trivial names were introduced: rosemaryite and maghagen- 

dorfite, ros~aryite logically forced by the parallel alluaudites; and 

~ghagendorfite owing to predominant Mg 2+ in one site. Although the 

objections raised were not scant, the nomenclature and species were n~er- 

theless approved. 

Fe~owyllieite (holotype: Victory mine), wyllieite (holotype: Old 

Hike mine); rosemaryite (holotype: Rock Ridge pe~matite), and maghngendorfite 

(holotype: Dyke Lode) are deposited in the collection of types, the U,S. 

National Hus~m of Natural History ($mithsonian Institution), 

d~le~t~. The problems of nomenclature of the alluaudites 

and wyllieites were many and we deeply appreciate the considerable body of 

c~unication with Dr, Max H. Hey whose valuable suggestions helped erystal~ize 

our o~thoughts. 

C o l l e c t i o n  of the  Saml~les, which spanned three corrginents, extended 

over  ~ n y  yea r s  d u r i n g  which t ime suppor t  was ob t a ined  t h r ~ g h  t he  U.S. 

National Sci~r Foumdation. Dr, A. J. Iwing contributed electron probe 

analyses on one allu~udite (s~le 12) and two arrojadite {samples 5~ 

~d 9) s specime, s for samples which were too small for wet chemical 

~alysis, P.B.M. wishes to express heartfelt thanks to Mrs. dean Polk, 

in whose hands the often cumbrous manuscript passed several times for 

typographical r~islon. 
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