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Abstract

Wyllieite, ideally 4Na,Fea"AllPO.le, a 11.868(15), b 12.382(12), c 6.354(9), p 114.52'(0.08"),
space group P2r/n, is a primary crystallized phase in pegmatites and is structurally related to
the alluaudite mineral group. R(ftkl) - 0.092 for 3200 reflections.

The ordered couple, Fe'*Al8*, occurs in the crystal and results in a degradation of the
alluaudite symmetry. The structure formula can be written X(h)A(b),X(2)M(D'IuI(2a)"
M(zb)*lP0ll- with the following approximate site occupancies: X(la) - 1.82 Na* f 0.18
Hole, x( lb) - 1.0 ca2* { 1.0 Mna, x(2) - 2.78 Na* + 1.22 Hole, M(1) - 3.0 Fea* a
1.0 Md., M(2a) - 4.OFe"', M(zb) = 3.0 Als* f 1.0 Fe2*. The average polyhedral distances
are x(la)t8LO 2.53 A, X(lb)r0:-9 2.21, X(2)t61-O 2.72, M(l)rut-6 2.23, M(Za)r"t-O 2.10,
M(2b1tt-6 1.97, P(1)-O 1.54,P(za)-O 1.53, P(2b)-O 1.53. The X(1) polyhedra are distorted
cubes, X(2) a distorted square antiprism, M(1) a bifurcated square pyramid, and M(2) are
octahedra.

Several crystal-chemical and paragenetic conclusions are drawn: that primary pegmatite
phosphates crystallize with the Fe'* valence state, that the wyllieite (alluaudite) structure type
is the high temperature dimorph of certain phosphate analogues of the garnet structure type,
and that griphite is a metasomatic product. A speculation regarding corrosion of primary
alkali ferrous phosphates in pegmatites is based on the hypothetical oxidation reaction Me'* *
( H O ) + M e " * - ( O H ) - + H t .

fntroduction

Complex granite pegmatites often contain sig-
nificant quantities of accessory minerals such as
lithium- and beryllium-bearing silicates, alkali and
alkaline-earth transition metal phosphates, and
transition metal niobates and tantalates. Such ac-
cessory minerals as the transition metal phosphates
do not appear to be evenly distributed over a ran-
dom selection of granite pegmatites but occur within
pegmatites derived from a local mutually common
source. Thus, variable amounts of primary lithium-
bearing phosphates occur throughout the Black
Hills and New England pegmatites but are prac-
tically absent throughout the pegmatites of the
Pikes Peak district in Colorado. Within the broader
problem of phosphate and transition metal distribu-
tions in a suite of genetically related pegmatites is
the problem of the crystal chemistry of these phases.
At present, it is incompletely understood, and only
through detailed analysis of their atomic arrange-
ments can we hope to evolve a concrete under-

standing of their crystal chemistry and then proceed
to answer questions regarding their occurrence and
relationship in and to the pegmatite body:

Wyllieite was recently reported as a new species
by Moore and Ito (1973). It was encountered as
large, up to L0 cm, interlocking or euhedral crystals
embedded in bull qtJartz, muscovite, perthite, and
albitized perthite from the Victory Mine pegmatite,
near Custer, South Dakota. On account of the
bluish-green color and similar optical properties,
it was misidentified as triphylite by Pecora and
Fahey (1949). The pegmatite was once accessible
by two shafts, but the abandoned excavation is
presently flooded; specimens culled on the dump
indicate that the mineral was abundant and that
it was, at least locally, an important primary phase.

The most significant aspect of wyllieite is its
structural relationship to the alluaudite group of
minerals. Details of the crystal chemistrv of alluau-
dites, rather common giant phases in certain peg-
matites, were recently published by Moore (l97la).
Wyllieite, however, differs in six important ways:
( 1) Wyllieite is a primary phase which grew as
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well-developed euhedral , crystals. Alluaudites, on
the other hand. are anhedral and nodular in outline
with textures suggesting partial to complete meta-
somatic replacement of triphylite-lithiophilite, hete-
rosite-purpurite, and sicklerite-ferrisicklerite. (2)
Wyllieite exhibits only one perfect cleavage, all
other cleavage directions poorly developed. Alluau-
dites show at least two good cleavage directions.
(3) Wyllieite crystallizes in space gtoup P21/n and,
is a highly ordered compound whereas alluaudites
yield, C2/c space group and are extensively dis-
ordered. (4) Aluminum is an essential constituent
of wyllieite but generally absent in alluaudites. (5)
In wyllieite, all alkali and alkaline-earth atomic
positions are predominantly occupied, whereas these
positions are partially to completely empty in al-
luaudites. (6) In wyllieite, FeS* is practically absent
while extensive to complete oxidation of Fe2* to
Fe3* occurs in alluaudites.

Wyllieite is the first reported alluauditeJike struc-
ture which is unambiguously a primary crystallized
phase. This observation shall be later advanced
as a general argument that iron in the phosphate-
rich units of such pegmatites occurred in the di-
valent state and that all phosphates containing ferric
iron are late stage, metasomatically exchanged
andf or hydrothermally reworked products of earlier
primary phases. To clarify the general crystal chem-
istry of wyllieite and the alluaudites, we present a
detailed crystal chemical analysis of this species.

Experimental

Table 1 compares the unit cell data for wyllieite
with those for the Buranga alluaudite, whose crystal
structure was analyzed by Moore (l97la). Cur-

iously, the unit cell volume is s,maller for the un-
oxidized alkali-rich wyllieite than for the highly
oxidized and extensively leached alluaudite.

For the structure analysis, a transparent nearly
equant fragment of wyllieite, measuring about 0. 15
mm on an edge, was removed from the type ma-
terial. Three-dimensional 'data were collected in a
pIcKER automated diffractometer with a graphite
monochromator. Intensities were measured with
MoKa radiation by scanning 3" (20) across each
peak with a speed of 2" f minute and a take-off
angle of 1.5'. The backgrounds on each side of
the scan were each counted for 2O seconds.

Of the 5160 points in reciprocal space (including
3 standard reflections collected for at least every
100 reflections) sampled out to 20 : 75", 32OO
were eventually used in the refinement. Those with
I < 2o (I) were not included in the refinement.
In addition, 18 other reflections ( 14 of which
showed anomalous background) were removed be-
fore the last two cycles of refinement. The measured
intensities were corrected for Lorentz and polariza-
tion effects. An instrument stability constant of
0.02 was included in the calculation of the standard
deviation of the derived structure factor. No ab-
sorption correction was applied since scans about
selected reflections showed that the intensity dis-
tribution was uniform within 5 percent of the mean
value.

Solution and Refinement of lhe Structure

The crystal cell parameters of wyllieite suggested
that the structure is closely related to the alluaudite
group of minerals. The space group P21f n is a sub-
group of C2/c and is obtained from the latter by

Tasln l. Wyllieite. Structure Cell Data
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suppressing the inversion center at /+, V+, O, etc,
and the 2-fold rotor at O, y, Vz, etc, with no change
in cell orientation. Solution of the structure began
with the atomic coordinates of Moore (1971a) for
alluaudite. The general M(2) octaheclral position
was split into two general non-equivalent positions,
M(2a) and M(2b), for space group P21/n Like-
wise X(1) was split into two special positions at
inversion centers. The M(l ) and P(1) atoms, for-
merly on the 2-fold rotor, now became general
positions with no symmetry. All remaining atoms
in general positions were split into pairs of non-
equivalent positions as was done for M(2).

To initiate refinement, it was proposed that the
Al3* cations were ordered and that the split M(2a)
= Fe2* and M(2b) = Al3*, The large alkali positions
X(la) and X(lb) were filled with Na. Position
X(2), which is empty in alluaudite, was split into
X(2a) and X(2b) and the remaining large alkali
atoms were evenly distributed between X(2a) and.
X (2b). Least squares refinement of the scale factor
led  to  R(hk t )  =  {> l lF (obs) l  -  lF (ca lc ) l l l
flF(obs)l) = 0.33, based on alluaudite coordinates.
Site multiplicity refinement for X(la), X(lb),
X(2a), X(zb), M(2a), and, M(2b) indicated that
X(lb) required electron density heavier than Na-
and that X(2a) and X(2b) were empty.

At this stage, a difference synthesis revealed that
the empty X(2) position proposed by Moore
(197la) to account for excess alkalies in some al-
luaudite analyses does not accommodate cations.2
The co{rect X(2) position proved to be located at
ca 0, O, V+ on the pseudo 2-fold rotor.

After readjustment of site occupancies as sug-
gested by the difference synthesis, convergence was
rapid. It was necessary to split X(lb) away from
its inversion center on account of the observed
density maximum on the difference synthesis. Such a
"half-atom" model is not unusual for large alkalies
and is similar to problems encountered in structure
refinement of the feldspars. Site multiplicity refine-
ment, combined with careful selection of mixed
scattering curves and three cycles of atomic coordi-
nate parameter refinement resulted in smooth con-
vergence to R(hkI) = 0.12. At this stage, adjust-
ments were made in the choice of mixed scattering
curves, and the isotropic thermal vibration param-

'Since no extra Na* was present in the highly oxidized
Buranga alluaudite, the final difference synthesis of Moore
(1971a) failed to reveal any density and the possible site
had to be inferred.

TrsLn 2. Wyllieite. Site Occupancies, Atomic Coordinates
and Isotropic Thermal Vibration Parameters

x y z B(tr2)

X r l a )  1 . 8 2  N a I +  +  0 . 1 8  H o l e  0 . 5 0 0 0  0 . 0 0 0 0  0 ' 0 0 0 0  ( 1 . 2 0 )
x i r u i  r . 0  c a Z l  +  1 . 0  h 2 +  . 4 9 0 3 ( 2 )  . 0 0 1 3 ( 2 )  . s 0 4 s ( 5 )  . 1 6 ( 2 )
x i z )  2 . 7 8  N a r +  +  r . 2 2  H o l e  - . 0 0 0 c ( q )  - . 0 2 1 8 ( q )  . 2 q 8 s ( 8 )  ( 1 . 2 0 )

M ( r )  1 . 0  r e z +  +  l . o  M s z +  - . 0 0 0 s ( 1 )  . 2 6 3 8 ( 1 )  . 2 3 6 6 ( 2 )  . 7 8 ( 2 )
u i z u l  s . 0  F e z +  . 2 7 2 6 ( 1 )  - . 3 s 1 6 ( l )  . 3 6 2 6 ( 2 )  r . o e ( 2 )
u i z l l  3 . 0  A r 3 +  +  t . 0  F e z +  . 2 1 8 7 ( 1 )  - . 1 6 6 q ( 1 )  . 6 q 3 q ( 3 )  . 6 0 ( 2 )

P ( r )  4 . 0
P ( Z a )  q . o
P ( Z b )  4 . 0

0  ( l a )  q . 0
o  ( r b )  q . 0
o ( 2 a )  q . 0
o  ( 2 b )  q . 0

o ( 3 a )  q , o
o ( 3 b )  q . o
o ( c a )  q . 0
o ( q b )  q . 0

- . 0 0 7 2 ( r )  - . 2 8 s q ( l )  . 2 5 9 2 ( 3 )  . b s ( 2 )
. 2 3 8 r ( r )  - . l l c 3 ( r ) , 1 c s 7 ( J )  . 1 3 ( 2 )
. 2 3 7 6 ( r )  . 0 e 7 r ( r )  . 6 L 7 s ( 3 )  . 8 r ( 2 )

. q s r r ( q )  - . 2 8 8 e ( q )  . s l o q ( 8 )  1 . 0 7 ( 7 )

. c q c 8 ( c )  - . 7 r 7 0 ( c )  . 0 1 b 7 ( 8 )  . e 8 ( 6 )

. 0 8 2 0 ( c )  - . r 7 3 7 ( q )  . 2 c 2 9 ( e )  r . 2 7 ( 7 ' )

. u 0 q ( s )  - . 6 q e o ( q ) , 7 I 9 e ( e )  r . q 3 ( 8 )

. 3 C 3 2 ( S )  - . 3 q 7 0 ( q ) , r u t r ( 9 )  1 , 3 0 ( 7 )

. r r 8 e ( s )  - . 6 7 3 3 ( q )  . 5 8 6 6 ( e )  I . j I ( 8 )

. r 2 r 9 ( q )  . 4 0 2 0 ( q )  . 2 8 0 7 ( 8 )  1 . 1 0 ( 7 )

. 1 2 8 8 ( s )  - . q I q 8 ( q )  . 8 s 3 6 ( 9 )  r . 3 6 ( 7 )

o(sa)  q .0  .2216(q)  - .1840(q)  .3288(8)  r .2o( ! )
o is r j  q .0  .2380(s)  - .8336(q)  'q+ZZ(9)  1 .31(7)
ore . i  q .0  .33r0(s )  - .s083(q)  .?911(9)  1 .sq(8)
o io l j  q .0  .3226(s)  - .5127(4)  .883e(e)  l .6q(8)

eters of X(la) and X(2) were fixed at 1.2 A' (a
typical value for Na* in an oxygen environment).
After two cycles of full-matrix isotropic thermal
vibration and atomic coordinate parameter refine-
ment, R(hkl) converged to 0.092 for all 3200 re-
flections and to 0.056 for the 1300 reflections with
intensities above three times the estimated back-
ground errors. Refinement ut'ilized a local modifica-
tion of the onrrs program for rsM 7094 compu-
ters of Busing, Martin, and Levy (1962) and the
scattering curves for Na*, Ca., Mg*, Fe2*, Al2*, P3*,
and O'- were obtained from tables in MacGillavry
and Rieck (1962). Final atomic coordinates, oc-
cupancies, and isotropic thermal vibration param-
eters appear in Table 2, and the structure factor data
are offered in Table 3.3

Discussion of the Structure (P.B.M.)

Generql Architecture

Excepting the X(2') site, the wyllieite atomic ar-
rangement is topologically identical to that of al-
luaudite as reported by Moore (l97la). Conse-
quently, it is not necessary to redescribe the general
wyllieite structure. The geometrical distinctions,
however, are important and shall be explored in
detail. In fact, since wyllieite is an extensively or-
dered phase and has all sites extensively occupied,
we are now in a position to propose some general

*To obtain a copy of Table 3, order NAPS Document
02343 by remitting $1.50 for microfiche (or $5.00 for photo-
copies up to 30 pages) payable to Microfiche Publications,
305 East 46th Street, New York, N.Y. 10017. Please check
the most recent issue of this iournal for the current address
and prices.



crystal-chemical trends for
group of minerals.

Ordering Scheme

The M(2) alluaudite position is split into M(2a)
and M(2b) in wyllieite, with M(2b) receiving most
of the Al3* cations reported in the analysis. M(2a)
is primarily occupied by Fe'z.. This results in an
ordered edge-sharing chain of octahedra (Fig. la)
in contrast to the disordered chain in alluaudites
(Fig. 1b). Since Mg'z- and Al3* cannot be distin-
guished by scattering curves alone, we combined
electron density distributions with average inter-
atomic distances to assess site populations.

Extensive order also appears in the alkali-alkaline
earth X(la), X(1b), and X(2) positions. Figure 2
is a sketch of one level of the . . . X(2)-X(2) . . .
and . . X(la)-X(lb) . . . polyhedral chains. As
in alluaud,ite, X(la) and X(1b) are centered in dis-
torted cubes which share faces to form a chain
running parallel to the [001] direction. The X(2)
cations, incorrectly located in the alluaudite struc-
ture, are surrounded by six "inner" and two "outer"
oxygen atoms, defining a highly distorted square
antiprism. Such antiprisms share edges to form a
chain, also running parallel to the [001] direction.
Figure 2 also facilitates interpretation of the inter-
atomic distance tables since the non-equivalent
atom positions are labelled. The X(1a) site is es-
sentially occupied with Na.. However, X(1b) must
contain cations of 'higher electron density; the best

CRYSTAL CHEMISTRY OF WYLLIEITE
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Frc. 1. Ordering of cations in the octahedral chains in
(A) wyllieite and (B) alluaudite. M3* sites are stippled, M"
sites are unshaded.

fit, based on electron density and interatomic dis-
tances, suggested that X(lb) contains 0.5 Mn'z. ,*
0.5 Ca'z.. The X(2) position is not fully occupied,
the refinement suggesting an occupancy of 2.7 Na* *
1.3 Hole.

Interatomic Distqnces

Perhaps the most convincing evidence for exten-
sive ordering of cations in wyllieite are the Me-O
interatomic distances which are given in Table 4.
The average M(2b)-O distance of 1.97 A indicates
a site p,rimarily occupied by A1s" with some Fe2'pres-

FIc. 2. Spoke diagram of the X(1) and X(2) polyhedra in wyllieite. Heights are as fractional
coordinates in y. Atoms are labelled to conform with Table 4.

O( lo)'+0.2
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Tasls 4. Wyllieite. Polyhedral Interatomic Distances*

^  ^ ^ -  I
a v e r a g e  z . z z 5  A

a v e r a g e  3 .  1 5 7

M ( 2 a )

^ . , . . /  ^  - - ^  9- u ( r D _ )  t . t / J  h
- O ( r + a ) .  2 . 1 8 5
- o ( 3 a ) ' 2 . 1 9 2
- o ( I a ) ' . 2 . 2 2 L
- o (3b ) "  2 .2s0
-o (qb ) i "  2 . 328

M ( 2 b )  - o ( 2 b ) '
-o (1b) '

-0 (3b) '

-o  (6b)  '

-o  (sa)  .- o  ( s b ) '

average

o ( 3 b )  '  - o ( 6 b ) '
o ( 2 b ) '  - o ( s a )
o  (5a)  -o  (sb)  '

o 12bi  
'  -o a6bi  

'

o (3b) ' -o (sb) '
o (Ib) ' -o (6b) 1
o ( 2 b ) '  - o ( 3 b ) '
o (sa) -o (6b) '

P f l \  - n f l r \ "  I  q l 7

- o ( 2 b ) " ' L - 5 2 O
- o ( r b ) ' r . s s r
- O ( 2 a )  L . 5 5 ' r

average 1 .536

x( Ib )  -o (2a) ' .
- o ( 2 a ) "

-o  (4a)  /

-o (r+a) "

-0 (r+b) '

-o aqb) "

average

-o (2b) ..-o  (2b) '

z u \ z a )  . - u l z o ) . .
20  (qa)  '  -0  fqb l  "

20 a2ai 
'  -o i+bi 

'
20 (4a)  '  -0  (2a)  '

20 (2b) ' -O (r+b) '

20  (aa)  '  -0  (2b)  '

o ( rb ) '  - o (3b )  '
o ( rb)  '  -o (sa)
o (2b) ' -o (sb) '
o (1b) ' -0 (sb) '

1 . 8 5 8
1 . 9 3 3
1 . 9 4 5
r . 9 5 5
2 . 0 2 6
2 . L 2 3

I . 9 7  3

2 . 5 7 g b
2 . 6 3 1
2 . 6 6 8
2 .7 Lt1

2 . 7 3 0
2 . 7 6 t + ,
2  . 7 g 5 D
2 . 8 4 6

2  . 8 6 1
2  . 8 6 1
2.9r+r+
2 . 9 8 3

average

2  . l t g
2  . 1 q 8

2 . 1 1 6
2 . L 6 2

2 . 2 2 \
2 . 4 6 5

2 . 2 0 9

3 .11r+
3 . 2 8 5

2 , r.r0 9;, ;
2  - 7 3 7 ' '  "
2 . 7 9 7 .
2  . 8 1 3 :
3  - 0 0 5 0
3  . 5 6 6

2  . 8 8 8

1 . 5 1 6
l ; 5 2 5
1 . 5 3 0
t  .5 r+2

r . 5 2 8

o ( 2 a )  - o ( 2 b ) " ' 2 . t r 0 9 4
o(Ib) ' -o(2b)" '  2. t rs2
u ( r a ,  - u ( r D J  z . ) u r
o ( ra ) "  - o (2a ) . . .  2 . s l s
0 ( I a ) "  - o (2b ) " '  2 . s68
0 (rb)  '  -0 (2a) 2 .592

-o (6a) '

-0  (sa)  .
- o ( 3 b ) '
-o ar+a) '

a v e r a g e  2 . 5 0 6

P ( 2 a )

average

average

o(3a)  -o ( ra )
0 ( 3 a )  - o ( 6 a ) .
o  (2a)  -o  (s r )  '

o  (sb)  ' -o  ( Ia )

M ( 2 a )  - o ( 6 a )
-o  (2a)
-o  (3a)  .
-o  (sb)  '

-o (ra)
-o  (sa)

o ( 2 a )  - 0 ( s a )
o (sa) -o (sb) '

o ( r a )  - 0 ( s a )
o ( I a )  - o ( 6 a )

o(3a)  -o (sa)
o ( 2 a ) : 6 1 6 . 1
u  (5DJ -u  [oaJ
0 ( 2 a )  - o ( 3 a )

average

a v e r a g e  2 . 7 8 3

X ( l a )
x ( 2 )  - o ( 6 a ) '

-o  ( Ia )  "
-o (6b) "
-o  (3a)  '

-0 (1b) '

-o (3b) "

average

-o (rb) "
-o  (1a)  '

o  (3a)  '  -o  (6a)  '

o ( 3 b ) "  - o ( 6 b ) "
o ( 6 a ) '  - o ( I a ) "
o ( l b ) '  - o ( 6 a ) '

o ( r a ) "  - o ( 6 b ) '
o r 6 b ) "  - o ( 1 b l '
o ( r b i ' - o ( 3 a i '
0 ( ra ) "  -o (3b) "

o ( 6 a ) ' - o ( 3 b ) ' 2 . r + s 1
u f  9 a t  - u t  5 a t  z  - + / 9

oiru i ' -o isa i  2.4s2
0 (6a)  '  -O (5a)  2  .  r i98
o  ( r+a)  ' -o  (3bY 2 .  s19
o ( 6 a ) ' - o ( t + a ) '  2 . 5 4 5

average 2 . t+96

P (2b)

P ( 2 b )  - 0 ( t + b ) '  1 . s 2 4
-o  (sb)  r .  s3q
- 0 ( 6 b ) '  r . s 3 q
- o ( 3 a ) ' 1 . s 3 6

average I .532

2 . 0 r + 6
2 . 0 8 2
2  . 0 8 9
2 . 0 9 I
2 . L z t
2  . 1 4 8

2 . 0 9 8

2  . 6 8 6
2  . 1 6 6
2 . 7 7 8

2 . 7 9 2 h

2 . 8 3 0
3  . 0 5 6

3 . L L 7
3 . 1 8 2
3  . 2 0 1
3 .54r+

2 .9t19

2 . 3 5 7
2 - 3 7 6
2 . 6 7 9
2 . 7 L 9

2 . 5 3 3

2 . 7 3 7 ; '  -

2  . 8 1 3  -

2 . 9 L 9  d
3  . 0 0 5  -

3 . 7 2 0

2 .9  3 r+

2 . r+85
2  . 6 0 8
2  . 6 1 4
2 . 7 5 3
2 . 7 7 I
3  . 1 0 8

2  . 7 2 3

3  . 5 8 1
3 . 6 2 r 1

2 . 6 8 6
2 . 7 3 L
3 . r+86
4 . I O I

r + . 1 5 6
r + . 2 4 0
4 . 8 5 5
5 . 0 5 4

2  x ( I a )  - o (2b ) '
2 -O(r+b) '
2  - o ( ' +a ) '
2  - o ( za ) '

average

2 o(2a) ' . -o (2b) " .
2 o (r+a) ' -0 f4b) "
2 o aqai '  -o a2ai '
2 o  ( t+a)  ' -o  (2b)  '

2 O (2b) ' -o (t lb) '

2  0 ( 2 a ) ' - o ( q b ) '

average
o ( 6 b ) ' - o ( r a ) ' 2 . 4 6 3
o ( l + b ) ' - o ( s b )  2 . 4 7 1 +
o (3a)  '  -0  (sb)  2  .492
0 (6b)  ' -o  (sb)  2  .5 I2
O f 4 b l ' - o ( 3 a ) '  2 . 5 3 0
o i o u y ' - o i + u j ' z . s r o

* a  =  P ( 1 )  - x ( r ) ,  x ( 2 )  e d g e ;
"  = . V 2  + x ,  V 2  - y ,  U 2  + z ;
o - 0 "  x ( 2 ) - 0  I  0 . 0 0 9  A .

!  =  u  -u '  shared edge;  c  =  M( I )  -X(1)  edge;  d  =  x (1)
"  =  -x  -v  -z  rc fe r r in r  to  coord ina tes  in  Tab le  2 .

a v e r a g e  2 . 5 0 1

- x ( 1 ) '  f a c e .  '  =  U 2  - x ,  V 2  + y , . V 2  - z ; .
Es t imated s tandard  er ro rs :  Me-O f  0 .006 A l

ent. Using the ionic radii in the tables of Shannon
and Prewitt (1.969), about 20 percent of the Al3-
would have to be replaced by Fe'?* to raise the dis-
tance to the observed average. This is reasonable on
the basis of the chemical analysis and the structure
refinement. The 2.10 A average for M(2a)-O,
combined with the site refinement, suggests pre-
dominant occupation by Fe2*. Some A13* (ca lO per-
cent) may also substitute at this site, accounting for
a slightly higher thermal vibration parameter and
average distance shorter than Fe'z.-O 2.17 A from
Shannon and Prewitt 's (1969) tables.

The M(1)06 polyhedron is a curiously distorted
octahedron which, like alluaudite, is similar to a
square pyramid with a bifurcated apex. Four of its

twelve edges are shared with other polyhedra:
O(1b) -O(3b)  and O(1a) -O(3a)  w i th  lhe  M(2)
octahedra and O(4a)-O(4b) with the X(1)06 dis-
torted cubes. In addition, edge O(3a)-O(3b) is
shared with the X(2)-O6-B polyhedron which has an
X(2)-M(l) metal-metal distance of 3.54 A.

To appreciate the distortions of the M(1)Oe PolY-
hedron, Table 5 affords the O-M(l)-O' interatomic
angles. For the ideal octahedron, these angles would
be 90.0o, but in alluaudite and wyllieite they range
from 72.8o to 119.7", In addition, pairs of angles
which in alluaudite are symmetry equivalent reveal
differences up to 9o. Since wyllieite has large, ex-
tensively occupied, alkali positions plus Fe2*-Al3*
ordering on opposite sides of the M(l)Oo poly-
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hedron, its distortion from 2-fold symmetry is pro-
nounced.

The X(l)Ou-r polyhedra are highly distorted
cubes. In fact, X(lb\, which is preferentially oc-
cupied by M1z- and Ca2' on the basis of the refine-
ment, contains an inner coordination shell of six
oxygens ranging ftom 2.12 to 2.46 A and two more
with limits between 3.11 and 3.28 A. X(la) more
closely approximates a cube with eight oxygen
neighbors between 2.36 and 2.72 A.It is occupied
by the large Na. cation. The split X(lb) site prob-
ably represents an averaged structure due to the
mixed (Mn, Ca) occupancy. Faces between these
polyhedra are shared to form an infinite chain
parallel to the c-axis, if the two outer oxygens of
X(lb) are included. The edge distances associated
with shared faces are short so that the model is es-
sentially an ionic one.

The X(2) polyhedron is even more complicated.
It is a highly distorted square antiprism, but like
X(1b), two distances are very long, ranging between
3.58 and 3.62 A. The remaining six distances range
between 2.48 and, 3.ll A, yielding an average
X(2)-O6 2.72 A. According to the refinement, this
polyhedron is only partly occupied by Na-.

To assess the electrostatic valence balances, the
following coordination numbers were assigned: Ptnl,
M(2) re t ,  M( l ) ra t ,  X( Ia ) t8 r ,  X( lb ) l t t ,  X(z ) ts r .
Partial occupancies were included in the calculation
in Table 6. The sum deviation based on twelve
oxygen atoms is AI = -0.15, which is in good

TesI-B 5. O-M(l)-O'Angles in Alluaudite and Wyllieite

Alfuaudite Wyfl ie i te

o (1a) -M(I) -o(3a)
o( rb ) -  "  -o (3b)

o ( 4 a ) - ' ,  - o ( t r b )

o(3a) -  "  -0 (qa)
0(3b) - '  -0(4b)

0 ( I a ) - ' i  - 0 ( t + a )
o(1b) - " -0(r+b)

o( ra ) -  "  -0 (3b)
o ( l b ) - 1 i  - 0 ( 3 a )

0(3a) -  "  -0 (3b I

o(1a) - " -0(r+b)
o( Ib ) -  "  -o (aa)

7 2 . 8 o
7 2 . 8

7  5 . 8

8 5 . 3
8 5 . 3

8 8 . 4
8 8 . 4

q i  I

1 ] 4 . 7

.1.t5.6
r 1 5 . 6

7 3 . 6 o
7 I . 3

7 t + . 6

8 3 . r +

8 7 . 4

a6 .7

I11 .2

f 1 9 . 7

accord with the chosen cation distribution and co-
ordination numbers. Exact neutrality would probably
require a weak contribution of the long X(lb)-O
and X(2)-O distances which were excluded from
the calculation.

Table 1 reveals a curious feature concerning the
cell volume of wyllieite and alluaudite. Despite the
fact that alluaudite has fewer cations and a smaller
average cation radius, it possesses the larger cell.
The explanation appears to involve the degree of
leaching of the alkalies. In the highly leached alluau-
dite, the sheet- and chain-like aspect of the alkali-
oxygen polyhedra is missing and the potential
alkalioxygen bonds are weak. Alluaudite behaves
like sheet silicates in this manner. On the other hand,
heterosite-purpurite has a smaller volume than the
more reduced triphylite-lithiophilite. In this instance,

Taslr 6. Electrostatic Valence Balances (>) for Wyllieite and a Hypothetical Silicate

WyJ-lieitel Hypothet ical  s i l icatez

o (1a) P (r) +M(1) +M(2a) +X (2) 5/4+2//6+2//6+V 6 (2 .7 8/4)
o Gb) 

p (1) +M (1) +M(Zb) +x (2) 5/4+2/6+3/6 (.7 5) +2/6 (.25)
o (2a) P (1) +M (2a) +x (ra) +x (tb) s/4+2/6+Vs (I "sz/z) +2/6
o (2b) P (I) +M(zb) +x (1a) 5,/4+3/6 (.7 s) +2/6 (.zs) +V I (L.sz/z)

5/t++2/ 6+2/ 6+V6 (z .7 B/+)
5/4+2/6+3/6 (.7s) +2/6 (.25) +V6 (2.7 8/4)
5,/ 4+?/ 6 +2/ 6+V I (L. 82/ 2)
5/ 4+2/ 6 +2,/ 6 +V 8 (L. 82/ 2)

5/q+2/6+3/6 (.75) +2/6 (.25)
s/4+2/6+3/6 (.7s) +2/6 (.zs)
5/4+2//6+V6 (2.7 8/4)
5/L++3/6 (.7 5) +2/6 (.25) +V6 (2 "7 8/4)

E
4/t++2/6+3/6+2/6 2.L6
t+/4+2/6+3/6+2/6 2.L6
4/4+3/6+U8+2/6 2 .08
q/q+3/6+2/8 I .75

4/r t+2/6+3/6+2/6 2. f6
4/4+2/6+3,/6+2/6 2.LE
4/++2/6+2/6+2/8 l - .91-
4/q+2/6+2/6+2/8 I "9I

t
2 . O 3
?  t q

2 . 0 2
l - .85

2 . 0 3

2 . 0 2
2 . 0 2

2 . 0 3
) n ?
L . 7 0
' I  e 2

2 . O O
2  " 0 0
I  R ?

1 . 8 3

2 ?  O q

o (3a) P (2b) +M (I) +M (2a) +x (2)
0 (3b) P(2a) +M(I)+M(2b)+x(2)
o(4a) P(2a)+M(l-)+x(rb)+x(1a)
o(4b) P(2b)+M(1)+x(rb)+x(ra)

o (sa) P (2a) +M (2a) +M (2b)
o(sb)  P(2b)+M(2a)+M(2b)
o (6a) P (2a) +M (2a) +x (2)
o(6b) P(2b) +M(2b) +x (2)

4/++3/6+3/6
4/4+3/6+3//6
4/4+3/6+2/6
4/I++3/6+2/6

sum

f.  Based on s i te d ist r ibut ions in Table I "

2 .  F o r a h y p o t h e t i c a l  s i l i c a t e ,  X ( I a )  = X ( f b )  =  X ( 2 )  =  M ( r _ )  = c h a r g e o f 2 + ;  M ( 2 a )  = M ( z b )  = c h a r E e o f
3+,  T = charge of  4+.
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these olivine-type structures show a diminution in
cell volume which roughly parallels the degree of
oxidation of the metals.

The appearance of only one good cleavage in
wyllieite, {010}, contrasted with the well-developed
{l0l }, {l l0} and {010} cleavages in alluaudite,
corroborates the above arguments. With the presence
of many Na-O bonds in wyllieite, the { l0l } and { 110}
planes would cut the chains of Na-O bonds, and only
the {010} direction is parallel to these chains and the
MOo chains as well.

A Proposed Leaching Sequence and
Ordering Scheme

Moore (197la) has established that alluaudite
nodules are sodium-addition metasomatio products
of formerly existing triphylites, sicklerites, and het-
erosites. For the triphylite-lithiophilite series, the
progressive leaching of Li. and oxidation of the
transition metals to produce heterosite is effectively a
removal of the Li. cation from the M(1) octahedral
site in the triphylite (olivine) structure type. This is
evident since Eventoff, Martin, and Peacor (1972)
established that M(1) is vacant in the refined het-
erosite structure. Thus, the transition metal atoms
in the series are essentially immobile cations.

What is the leaching sequence in the highly com-
plex alluaudite structure? We propose that the ca-
tions in the largest sites of alluaudite would be
leached first and, as evidence, note that the large
X(la) and X(2\ sites are not completely occupied
in wyllieite. Thus, the sequence in the direction of
decreasing ease of leaching would be X(2) > X(Ia)
>  x (1b)  >  M(r )  >  M(2a)  >  M(2b) .  But  M(1) ,
M(2a), and M(2b), which accommodate the iron
atoms in wyllieite, would probably oxidize and re-
main immobile before their leaching takes place. We
suggest that the oxidation sequence would be M(2a)
> M(2b) > M(l) by analogy with the refined al-
luaudite structure of Moore (l97la).

It is also necessary to propose an ideal wyllieite
end-member composition. Based on the com-
position of the crystal in this study, it would
be M(l) = Fe'*, M(2a) = Fe"*, M(2b) - Al'-,
X(lb) = Ca", X(la) = Na*, and X(2) : t/2
Na" + V2 Hole. This leads to Ca2NaaFe'*g
Al3*+[PO+]rz = CaNaBFe'*eAl3.2[Po4]6. If Ca is
absent, then X(2) must be fully occupied, and
the formula reduces to Na2Fe2*2Al[PO4]s. Of course,
the number of possible end compositions is
large since M(l) : Fe2*, Mn'*, Mg"; M(2b) =

41s', Fet*l M(2a) = Fe'*, Mn2", Fe3* (by analogy
with alluaudites); X(1b) : Ca"*, Mn2*, Na*; X(la)
= Na*, Hole; and X(2) = Na-, Hole. Other cations
such as Sc3*, Sr'*, Zrf', etc, may also be included. So
we conclude that the wyllieite (and alluaudite) struc-
ture type may be a basis for a large variety of com-
pounds akin in composition to the alkali phosphate
equivalents of the garnet structure type.

The distinction between wyllieites and alluaudites
may vanish for certain compositions of primary
phases. For example, the primary phase composition
NaCaM2.2M'.[POn], (such as NaCaFe'ts[PO+].s,
wherc M(l) : M(2a) = M(2b) - Fe'*; X(lb)
- Ca'*; X(la) = Ca"*, and X(2) - Na-) would
allow the presence of an additional inversion center
at /+, /+, O, etc, and the super group C2/c. There
appears to be no obvious structural reason why dis-
tortion to lower symmetry would occur for such a
composition. Rather, it would appear that the reduc-
tion of alluaudite symmetry to P21f n is a result of
the M(2a) M(zb) - M2+M3+ ordered couple and
the consequent distortion of the other polyhedra.

Possibility of Silicate Analogues and
Relations with Garnets

Can a silicate analogue exist'which is dimorphous
to the garnet structure type? We note that the
charge balance greatly restricts the admissible com-
positions. Possibilities include X(2) : X(la'| =
X(lb) = M(l)  -  Me'. ;  M(2a) = M(2b) :  Me'* i
T = Sin*, with appropriate selection of cations to
fill crystal radii criteria. Computation of electrostatic
valence balances for such formulas, using the co-
ordination numbers proposed in this study, reveals
no severe deviations and shows that the valence sum
is essentially a balanced system. We would propose
acomposit ionl ikeX(2) :Ba'*,X( la) = X(lb) :

Ca2', M(l) : Mg'., M(2a) : M(2b) : Fe3*
resulting in BaCaMg'z*Fe3.2[SiO4]s. Naturally, a

large number of possibilities can be suggested,
tempered by charge balance and crystal radii con-
ditions; this possible composition seems to possess
those desired advantages.

Nature, in fact, has provided an example of a
garnet-alluaudite structure type relation in berzeliite-
caryinite. In Table 7, we draw attention to two
analyses of a manganberzeliite and of caryinite, as
found in Landergren (1930) and Bostnim (1957)
respectively. The formula for manganberzeliite is
written (Ca,Na)e(Mn,Mg,Fe)2[AsOa]3 analogous
to the garnet structure, and caryinite is written (Na,
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Ca,Pb)2Ca(Mn,Mg)2[AsOa]3, analogous to the al-
luaudites. The similarity in composition between the
two is striking, the only great difference being the
presence of major PbF* in the caryinite with cor-
respondingfy less Ca2*. Caryinite, according to Bos-
trcim, has space group P21f c, which is the subgroup
of the /-cell orientation of alluaudites to which
Strunz (1960) proposed caryinite as isostructural.
Transformation of the caryinite cell leads to the
P21/n orientation of wyllieite. In fact, caryinite is
more properly isostructural with wyllieite and prob-
ably exhibits a high degree of order. To compare
caryinite, berzeliite, griphite, and wyllieite, the fol-
lowing ordering scheme was selected: in the order of
ionic radi i  M(2b) < M(2a) < M(l)  < X(lb) <
X(la) < X(2), cations were placed, first those with
smallest ionic radius and so on until a deficiency or
excess occurred in X(2). Atomic population com-
putations of the chemical analyses of these minerals
(Table 7) were based on oxygen = 48. Table 8 pro-
vides the ordering scheme based on cation distribu-
tions according to their increasing ionic radii for
these four species. The X(1a) and X(lb) sites in
caryinite are spatially similar to the distorted cube
in the garnet-structure berzeliite. But X(2) is even
larger than the distorted cube of the garnet structure
and apparently accommodates the large pbr. and K*
cations which are absent in berzeliite.

Sjtigren (1875) and Lindgren (1881) have ob-
served at L6ngban, Sweden, that berzeliites invari-
ably rim and replace caryinites. In all likelihood.

TerrB 7. Total Cations Based on Oxygen ,- 48 for
Caryinite, Manganberzeliite, Griphite, and Wyllieite

Caryini tel  Berzel i i tez Griphi te3 wyl l ie i teq

0 , 3 0

1 I . 6 8

12.2I

0 . 0 7

0 . 0 9

( t t q )  " *  o . 1 9

A " 5 +  r r . 3 7

,,rt 
l- l
I rz.zt

r 0 . 0 6 ,
si4*

r  u 3 +

A.r3*

.Fe2+

Mn2+

Na^

(1*

Ba-

pb2*

2 . O 2

0 . 2 0

1 1 . 3 9

0 . 2 1

s . 7 0

0 . 1 8

1 . 0 9

I . 1 6

0 . 3 0

G . 5 5

8 . 4 7 2 . q 6 0 . 7 9

3 . 6 9

1 . 0  r l

7  " 7 q

3 . 3 0  5 , 3 8

l.  From analysis in Bostr6m (1957).

2.  Do. ,  Iandergren  (1930)

3 .  D o . ,  M c c o n n e u  ( 1 9 4 2 ) .

q .  D o . ,  M o o r e  a n d  I t o  ( 1 s 7 3 ) .

berzeliite is a metasomatic exchange product where
highly mobile Pb2* was removed and Ca2* added,
suggesting that caryinites predate berzeliites.

Griphite is related to garnet in its structure ac-
cording to McConnell (1942). Peacor and Simmons
(1972) confirrned McConnell's cubic cell, but their
study revealed a space group of lower symmetry.
Casting the Headden analysis in McConnell (1942)
into a site preference scheme allied to wyllieite, we
obtain (based on 48 oxygens) the results in Tables

TIBLE 8. Hypothetical Site Distributions (Oxygen : 48) for Caryinite, Berzeliite, Griphite, Wyllieite, Based on Increasing Ionic Size

Caryinite Berzel i i te Griphi te WyIIieit e

x(ra)

x(rb)

x(2)

M(I)

M(2a )

M(2b)

excess

+ 7 !

" ' f . 8 7  " o o . r 3

n ^ 2 1
"'z . oo

+ 2 + * 2 +
Na^  - ^Pb :  ^ ^K^  ^ -B€. . ) 1  t . r ,  , . a t  

t o . f 8

r^2+ 
"-Z*J . > t  u . r + 5

h[ -oo

2 +  2 +  ) L
M o -  M n -  F o - '" - 2 . 0 2 ' " ' l _ . 7 8 ' - 0 . 2 0

* 2 +
' - ' o .72

) L

- *2 .00

t Lc' i .oo

+ ? r
N"i . :SCu0-. qSHoI"o .1,+.

'"3lnn*310'.

h q " o o

> +  ) !  2 LhI 
"s'*Mei . roF'6 . ro

+  2 +
" ' t .  o7"o  .9  3

) L  ) L
l ^  = -  h - '" - I . 5  3 ' - ' 0  .  47

Ntj.zrHortr.zz

h[ .oo

. . 2 +  ^  2 +t" ' t3 
.27t  

to 
.7 3

o r  3 *  , - 2+"*3 
"  69'  -0 

"  31

+

"'2 . oo

2 +  ) +  4
C a -  M n -  N r '- -0  .79 ' -^0  .70^ ' -0  .5 I

Ntj .  sz Ho1"r. ta

ro2+ v-2+

^ 2 +t " 4 . o o

q +  ) r  ) L
Al i  

"ozMgo.eaF"6.ro

* l , t12* r r"  arbi t rar i ly  chosen as the excess.
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7 and 8. Note that the distribution of cations solely
based on the chemical analysis and ionic size for
wyllieite in Table 8 is not geatly difterent from the
proposed ciistrib.rtion scheme in Table 2 based on
least-squares refinement and interatomic distances.
Distribution a4d composition are very similar to those
of wyllieite, the griphite differing only in contain-
ing predominant Mn2* over Fe2*, more Ca2* and less
Na.. Griphite always occurs as nodular masses which
are often fractured and healed by fillings of apatite.
Griphite analyses show variable amounts of Fe/
(Fe*Mn) but their Al3* contents do not vary
greatly. In addition, significant water (as hydroxyl
groups) and fluorine are present. These observations
lend well to the proposition that griphite is a metaso-
matic product of some pre-existing phase in much
the same way that alluaudites are metasomatic pro-
ducts of the triphyliteJithiophilite, ferrisicklerite-
sicklerite, and heterosite-purpurite series. By analogy
with berzeliite and caryinite we suggest that the pre-
existing phase belonged to the wyllieite structure
type.

Heaing Experim.ents

Wyllieite and griphite were powdered and each
submitted to heating at 750oC for 4O hours in open
tubes and in sealed silica tubes, the products being
then quenched in ice water. The results appear as a
composite of powder photographs in Figure 3.
Figures 3a and 3b are photographs of griphite and
wyllieite respectively. Figure 3c is of wyllieite heated
in uacuo. It is clearly the disordered equivalent of
wyllieite since the closely spaced sharp lines of
medium to weak intensity become diffuse and weak,
comparable with photographs of alluaudites. The
product is a deep greenish-black color which prob-
ably results from mixed valence electron transfer
between Fe2* and the minor Fe3* distributed over
the disordered octahedral chains. Wyllieite heated in
air breaks down into a mixture which affords a dis-
ordered alluaudite patterns (Fig. 3d) with subsidiary
hematite.

Griphite, on the other hand, breaks down into sev-
eral products in uacuo. The silica tube was observed
to contain at least two discrete phases: a pale yel-

Frc. 3, a-f. Powder patterns of wyllieite, related phases and breakdown products. 114.6 mm camera diameter, Fe/Mn radiation.
a. Griphite from Sitting Bull pegmatite. b. Wyllieite. c. Wyllieite heated un uacuo to 750oC and quenched. d. Wyllieite heated in
air to 75OoC and quenched. e. Yellow fraction of griphite heated in oacw ^t 750oC and quenched. f. White product found with e.
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low product, and a colorless crystalline sublimate
along the walls of the tube. In addition, the walls of
the tube were frosted, and small water drops were
noted. Powder photographs of these two materials
appear in Figures 3e and 3f. Powder patterns of the
colorless product correspond well with Al[pOr]. The
yellow phase suggests relationship with the BaMg2
[PO+Jz phase of Hoffman (1963). Writing the
griphite formula on the basis of 48 oxygen atoms
in the cell, we have Nas seCa2.a6Mnz*7.75Fe2*1.1*Alr.os
Pr..oo(Hn)z.zrOns. A balanced breakdown might be
3.69 AllPOnJ + l.tSJ1Ca1.77Mns r*)Mn2.ee[pOrJzl
+ (3.30 NaOH + 2.77 HzO + 1.04 FeO + 0.65
MnO). The remainder, in parentheses, are the.in-
ferred components of the undetermined products.
Etching of the tube walls and water droplets are
taken as evidence for the appearance of reaction
volatiles and the appearance of corrosive alkali hy-
droxide. The griphite decomposition in uacuo is in-
terpreted, thus, as the products At[pO+] * BaMg2
[POr]z structure type and volatiles.

Some Conclusions on lVyllieite-Alluaudite
Parageneses

Because of the inherent complexity of the wyllieite
chemistry, we at first looked back and wondered if
the structure analysis was worth all the effort put
into it. However, our knowledge of phosphate crys-
tal chemistry has advanced to the level that definite
conclusions can now be drawn, and some of these
conclusions are of considerable importance to peg-
matite genesis. The senior author advances the fol-
lowing statements, based on this study and on his
earlier studies on primary transition metal phosphate
phases.

1. Since no detailed phase equilibria studies have
been done on any of these systems, the dif-
ficult route of crystal structure analysis was
necessary in the interpretation of the primary
phosphate parageneses. It is now seriously
doubted whether any rational statements can
be made about parageneses and pegmatite
genesis without foreknowledge of the crystal
chemistry of the phases since metasomatic
processes can be described from several routes.
many of which are not crystallochemically
sensible.

2. Wyllieite is the parent primary phase and al-
luaudites are either alkali-leached oxidation
products of this phase or (Na,Ca)-metasomatic
exchange products of the triphylite-lithiophilite

series and its series of leached products. It is
proposed that alluaudites with broad cleavage
surfaces may, in fact, have been derived from
wyllieites just as ferrisicklerite and heterosite
have been derived from triphylites. It is noted
that such alluaudites are cloudy and turbid
even in small fragments whereas primary wyl-
lieite is holocrystalline and glassy-clear in ap
pearance.

3. The wyllieite (and alluaudite) structure type is
a possible dimorph or pseudo-dimorph of the
garnet structure type, i.e., suitable composi-
tions may take on either structure under ap-
propriate conditions. Accepting this argument,
the berzeliite-caryinite and the wyllieite-griph-
ite parageneses are consistent with the crystal
chemical evidence. The qualifier 'pseudo-

dimorph' is used since additional larger ca-
tions may be necessary to stabilize the wyllieite
structure with its square antiprism site, X(2).
If not, then it is possible that some garnet com-
position silicates may exist with the wyllieite
structure.

4. The breakdown of griphite into several pro-
ducts may indicate that extensive hydroxyla-
tion may inhibit its inversion to the wyllieite
structure. It appears that more studies on
griphite compositions are needed to better
clarify this complex problem. It is also possible
that the BaMp[POrJ2 structure type may even-
tually be found as a primary phosphate phase.

The following statements have direct bearing on
pegmatite genesis.

5. All primary transition metal phosphates ap-
pear to possess Fe2* as the stable valence state.
There is no concrete evidence that any pri-
mary phosphate has crystallized from a peg-
matite with Fe3- as the major valence state.
Since transition metal phosphates are far more
reactive and susceptible to oxidation than tran-
sition metal-bearing silicates such as tourma-
line, the oxygen fugacity in pegmatites must
be very low, at least during the pegmatite's
consolidation.

6. With the availability of [POrls- and transition
metals, Li-rich pegmatites provide the triphy-
lite-lithiophilite series; Na-rich pegmatites pro.
vide the wyllieite and the dickinsonite-arrojadite
series; and Ca-rich pegmatites provide the
graftonite-beusite series and sarcopside.
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Finally, speculation, which follows, is potentially
testable. Although evidence is wanting for the ex-
istence of such a reaction, it is appealing since no
external sources for oxygen or water need be in-
volved for the oxidative and metasomatic processes
at later stages. This reaction was advanced by Moore
( 197lb) to explain thermally dependent intracrystal-
line autooxidation-reduction reactions involving
divalent transition metals and water ligands.

7. Consider the solid state reaction Me2* +
(HrO) -> Me3* + (OH)- + H t and assume
that it operates only above some temperature
7o. Crystal-chemically, Ts is the temperature
below which a water molecule will bond to a
metal as a ligand in its inner coordination
sphere and result in a stable crystal. The auto-
oxidation-reduction model would admit that
electronic exchange can only occur when metal
and potential water ligand are actually bonded
together at some temperature higher than Ts,
when the reaction spontaneously proceeds to
form hydroxyl-bonded higher valence states of
the metal.

This mechanism does not require the addition of
external oxygen or the addition of external water
because the reaction is an autometasomatic one. Its
appealing qualities explain the frequency of ferrisick-
lerite-heterosite cannibalization of triphylite and the
occurrence of alluaudites. in short the common cor-
rosions of primary divalent phosphate species. The
degree of corrosion depends on the amount of aque-
ous rest liquid above Ze. If aqueous rest liquid re-
mains in contact with the primary phosphate below
7", then the primary phosphate is replaced by hy-
drated phases such as ludlamite and vivianite. If no
aqueous medium remains, then the primary phases
appear unoxidized and fresh. The degree of corro-
sion or hydration of primary giant crystals would
provide an estimate of the amount of residual aque-
ous medium of a pegmatite. Based on the stability of
Fe2*-HzO bonds inferred from the crystal structures
of secondary phases and their stabilities, Zo (if such
a temperature does exist) would be in the region of
250-300'c.

Finally, these reactions suggest that the primary
phase cannot be inferred through closed-tube heating
experiments upon the metasomatic products. This is
because such an experiment does not imply re-
versibility since during the oxidation reactions in the

pegmatite, Hz was removed from the system. In ad-
dition, hydroxylation of the metasomatic products
may lead to decomposition into phases not encoun-
tered for anhydrous starting material.
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