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ABSTRACT

Three-dimensional crystal structure analysis of an alluaudite from the Buranga pegma-
tite, Central Africa, elucidated the crystal chemistry of the alluaudites (hagendorfite,
hithnerkobelite, varulite, mangan-alluaudite, alluaudite, and the arsenate mineral caryi-
nite). R(#kl) =0.09 for 1250 symmetry independent reflections. The crystal parameters are
@ 12.004(2), b 12.533(4), ¢ 6.404(1) A, 8=114.4(1)°, space group C2/c, cell contents approxi-
mately Na-z_sLioJCao 5M112+4_5 Mgo,zFe3+7.9(P04)1z 0.

The alluaudite structure type involves four distinct larger cation coordination poly-
hedra, with mean /-0 distances X (1)-O 2.537, X(2)-O 2.431 (four inner), 3.291 (six outer),
M(1)-0 2.206, and M(2)-O 2.042 A. The X(1)-O polyhedron is a cube which shares faces
with symmetry equivalent cubes forming chains which run parallel to [001 ]. In the Buranga
sample, X (2) is empty, but the inner coordination shell approximates a rhombus. The six-
coordinated cation-oxygen polyhedra include M (1)-O, a bifurcated tetragonal pyramid,
and M (2)-0, an octahedron. The proposed site occupancies in the cell are X (1) 2.5 Nal*
+0.7 Mn?*40.5 Ca?+0.3 [, X(2) [J, M(1) 3.8 Mn**+0.1 Mg?*+0.1 Li*+, and M(2)
7.9 Fe3*4-0.1 Mg?". The M(1)- and M(2)-O polyhedra share edges to form staggered
chains which are stacked parallel to the {101} plane. Equivalent chains are linked by
P(1)- and P(2)-O tetrahedra to form pleated sheets oriented parallel to {010}. Symmetry
equivalent sheets are held together by oxygen atoms associated with the P(2)-O tetrahedra.

The present nomenclatures and paragenetic settings proposed for alluaudite are un-
fortunate and should be abandoned. Ideal end-member compositions for alluaudites are
NaCaMn?*"Fe**y(PO,)s (unoxidized) and Mn3+Fe3+,(POy); (oxidized). Most natural samples
involve mixed Fe valences and are derivative of the composition NaNaMn2+(Fe? Fe3+)
(POy)s. Crystallochemical and field evidence suggest that alluaudites are derivative of
triphylite, lithiophilite, ferri-sicklerite, and heterosite by Na-Li metasomatic exchange.

INTRODUCTION

The general study of transition metal phosphate crystal chemistry is
an enormous problem. Only recently have detailed crystal structure
analyses been directed toward some of the members of this richly popu-
lated but relatively rare family of minerals. Among the transition metal
basic phosphate hydrates, no less than 40 species are known. Moore
(1970a) has briefly outlined the chemistry of these “mineralogical step-
children” as they are called by Fisher (1958) who lists 70 pegmatite
phosphate species. Recently, Moore (1970b) has attempted to relate
secondary Fe and Mn phosphate and arsenate hydrate crystal structures
to their paragenetic settings on the basis of progressive condensation of
the octahedral clusters with increasing temperature.
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Nor does the knowledge of the primary phosphate crystal chemistry
promise any easier road for the investigator. Fisher (1958) lists eight
principal structure types of primary Fe-Mn phosphates. All occur as
giant crystals from at least one locality. The triphylites—triphylite-
lithiophilite, Li(Fe, Mn)?>*(PO,) and the rare natrophilite, NaMn(POy)
—are based on the olivine structure type. Crystals of triphylite-lithio-
philite are known to continuously pass into heterosite-purpurite, (Fe,
Mn)3+(PO,) through transition metal oxidation and concomitant alkali-
leaching. Giant crystals up to 10 feet across are known from the Palermo
No. 1 pegmatite, North Groton, New Hampshire; several pegmatites in
the Black Hills, South Dakota; Hagendorf Siid, Bavaria; and Varu-
trisk, Sweden. Refinement of the triphylite crystal structure has recently
been published by Finger and Rapp (1970) who report ordered Li and Fe
in the structure. Griphile, a problematical hydroxylated Ca, Na, Mn, Al
phosphate, possibly a garnetoid (McConnell, 1942), occurs in abundance
as ellipsoids of varying crystallinity at the Sitting Bull pegmatite, near
Keystone, South Dakota (Roberts and Rapp, 1965). Grafionite,
Ca(Fe, Mn, Ca)?H(PO,),, occurs at many pegmatites as ellipsoidal mas-
ses, often showing laminated exsolution textures with sarcopside, (Fe,
Mn, Mg)**(POy),. and their crystal cell interrelationships have been
described by Hurlbut (1965). The graftonite crystal structure was shown
by Calvo (1968) to be isotypic to the CdZn,(PO,), structure type, pos-
sessing three distinct larger cation coordination polyhedra: a trigonal
bipyramid, a square pyramid and an irregular pentagonal bipyramid.
The details of the sarcopside atomic arrangement are as yet unknown.
The triplite-zwieselite pair, (Mn, Fe)*H,F(PO,), are relatively rare pri-
mary phosphates with a structure based on chains of distorted Me-O
octahedra, recently determined and described by Waldrop (1969).
Triploidite-wolfeite, (Mn, Fe)*t,(OH)(PO,), are structurally related to
triplite-zwieselite, but contain ordered (OH)~ anions instead of the dis-
ordered F~ anions, according to Waldrop.

This study concerns the Na-(Fe, Mn) phosphates of the alluaudile
group of minerals. The other outstanding structure type involving Na
and transition metal cations embraces the dickinsonife-arrojadite pair,
Nay(Mn,Fe)*H(PO,)4(?) which possess a very complex crystal cell of
unknown atomic arrangement. Recently alluaudite has received much
attention and its presently documented localities are too numerous to
list. Most noteworthy are several pegmatites in the Black Hills where the
mineral occurs as large ellipsoidal masses of greenish-black color many
pounds in weight. Its history has been fraught with controversy. Orig-
inally described by Damour (1848) from a locality in Chanteloube,
France, the name was relegated to varietal status (under triphylite-
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lithiophilite) by Dana (1920) until the investigation of Quensel (1937)
on specimens from the Varutrisk pegmatite and further investigation on
Chanteloube material by Mason (1940) suggested specific status for the
mineral.

Fisher (1955) presented the first detailed crystal-chemical study on
the alluaudite group of minerals and subsequently (Fisher, 1957) pro-
posed the formula Wo_15(X 4 ¥)12(PO4)12, where W= Na, Ca; X = Mn?t,
Fe*t; V'=Fe*". The naming of the end-member formulae is still a con-
troversy. Fisher (1957) uses ferroan-alluaudite for Lindberg’s (1950)
hithnerkobelite from Norré, Sweden; manganoan-alluaudite for the
hagendorfite of Strunz (1954), the varulite and mangan-alluaudite of
Quensel (1937); and ferrian-alluaudite for the hiithnerkobelite described
by Lindberg (1950) from Hiihnerkobel, Bavaria. Palache, Berman, and
Frondel (1951) define the series on the basis of FeXt-Mn2*+-Fe’* end-
members with general composition Na(4, B, C)(PO,) with 4 =TFet,
B=Mn?*, C=Fe** as 4> B>C hithnerkobelite; B> A >C varulite;
C>B> A alluaudite, and B>C> 4 mangan-alluaudite. Strunz (1970)
adopts a similar nomenclature but differentiates among large cation
substitution for the general formula of TFisher with Z=4, W_(X+7Y);
(POy4)s. He distinguishes hagendorfite from hithnerkobelite where W= Na
> Ca for the former and Ca>Na for the latter. Finally, I remark that
caryinite, an arsenate containing Mn2+, Mg?t, Ca, Pb, and Na also be-
longs to the alluaudite structure type.

It is clear that alluaudite nomenclature has been confounded since no
analysis of its atomic arrangement has appeared prior to the naming of the
“end-members”. On the basis of a detailed atomic arrangement study,
I wish to demonstrate that all of the present nomenclatures are unfor-
tunate and that the paragenetic history of the alluaudites needs re-in-
terpretation.

EXPERIMENTAL

A superior single crystal of the Buranga pegmatite, Ruanda, Central Africa specimen
described by Fisher (1955) was used in this study. Crystal cell computations based on the
present structure analysis utilizing the accurate cell parameters of Fisher appear in Table
1. The crystal was a nearly perfect cube in outline, measuring 0.08 mm on an edge. It
afforded 1800 symmetry independent reflections of the =0 to 14 levels to 2 §=70° with b
as the rotation axis for PATLRED geometry and graphite monochromatized MoK, radia-
tion. The w-rotations about the polar reflections indicated that absorption correction was
not necessary, on account of favorable crystal shape, size, and composition. 1250 reflections
were above background error and were the only ones used in subsequent study. With 2.0°
half-angle scans, 20 second background counting times were taken on either side of the
reflections. Coincidence of the peak maxima with the cell geometry of Fisher (1955) indi-
cated that no re-examination of his crystal parameters was necessary. The data were pro-
cessed to obtain IF(obs)] through conventional computational procedures.
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TABLE 1. ALLUAUDITE. CRYSTAL CELL CONTENTSl

a 12.004(2) R
b 12.533(W)
e 6,404 (1)
B 114.4(1)
space group c2/c

specific gravity 3.u5

density(calc.) an/cm3 3.62

cell contents Na2 5LiD lcaO.SMHE-'-SMgO 2Fe3+9 (Pou)]_z

L Cell parameters and contents from Fisher (1955, 1965). The observed

density is evidently low.

SOLUTION OF THE STRUCTURE

Single euhedral crystals of ‘hiihnerkobelite” (Fet>Fet, Mn?t)
from the Palermo No. 1 pegmatite were goniometrically investigated by
Moore (1965) and shown to be monoclinic holosymmetric, 2/m. It was
decided to attempt solution of the structure by direct methods using the
IBM 7094 program MAGIC described by Dewar (1968). This program
is based on the familiar symbolic addition procedure applied to nor-
malized structure factors. A Wilson plot optionally built into the pro-
gram revealed averages indicative of a non-centrosymmetric structure,
i.e., Cc, in contradiction with the morphological study of Moore (1965).
Fortunately, it was decided to ignore the test for centrosymmetry on the
basis of the normalized structure factors and the space group C2/c was
assumed.

Despite the relatively small unit cell for alluaudite, solution of its
structure proved most frustrating. One combination of five starting
symbols resulted in sign determination of 400 of the strongest £’s with no
apparent contradictions and revealed the four prominent densities whose
coordinates are noted in Table 2. Parameter refinement converged to

R(hkl) = ZH_F@?_I — IF_(C_(IZC_)U = 0.34

| Fobs)|
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for 1250 reflections. Despite such encouraging results, no sensible oxygen
positions could be located on the subsequent Fourier map. After a suf-
ficient amount of time was wasted on the problem, it was decided to pre-
pare a three-dimensional Patterson function, P(xyz). Sixteen prominent
vectors appeared in the asymmetric unit, and all but two could be defined
by the heavy atom model obtained from the E-map. It was noted that
all sixteen prominent vectors could be located by a vector set analysis
which shifted the initial atom parameters (y+1/4) for the M (1) and P(1)
atoms situated on the two-fold rotor. This model converged to R(kkl)
=0.26 and is summarized in Table 2. Subsequent Fourier synthesis of
the signs thus produced by the heavy atoms only revealed all six oxygen
atoms in general positions in the asymmetric unit and additional density

TABLE 2. HEAVY ATOM COORDINATES FOR ALLUAUDITE,

1

MAGTC 3-D_PATTERSON TINAL TEAST SQUARES
M(L) 0 0 0
0.011 0.260 0.260
/4 /4 iyn
P(1) 0 0 0
471 -.280 -.286
/4 /4 /4
M(2) .222 .229 .219
.115 .155 .153
.131 .130 .129
B(2) .25 .229 .22
-.153 -.120 -.109
.13y .130 .132
R(hkl) 0.34 0.26 0.09

Refinement includes oxygen atoms.
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TABLE 3. ALLUAUDITE. CATIONIC CELL DISTRIBUTIONS, ATOMIC COORDINATES,
AND ISOTROPIC TEMPERATURE FACTORS.
(Estimated standard errors in parentheses.)

x ¥ z BR%)
X(L) 2.5Na*+0. 7% ¥ 405022t 40,3 [] 1/2 0 0 1.59(14)
X(2) [¥n} 0 0 0 _—
M) 3.84n° "0 1Mg? +0. 1047 0 0.2599(2) /Yy .60(3)
M(2) 7.0re3 40 1Mg?" 0.2812(1) .6525(1)  0.3713(2)  .50(2)
P(D) u.0p>* 0 -.2855(3) /4 .59 (5)
P(2) g.op°* .2u24(2) -.1089(2) L1325 (W) .69 (4)
0(1) .U533(6) .7152(7) .53u2(12)  .75(10)
0(2) .0988(7) .6375(7) L2401 (1Y) 1.22(11)
0(3) L3272(7) .6633(7) .1020(13) 1.02(10)
oW L1213(7) L3974 (7) L3119 (14)  1.41(12)
0(5) .2251.(7) L8220 (7) L3172(13)  .92(10)
0(6) .3102(7) .5021(7) .3735(1W)  1.3u(1l2)

at 1/2, 0, 0. It is clear that the symbolic addition procedure worked in
principle—the (x, 3) coordinates of the incorrect and correct models are
identical—but an apparent substructure is present resulting from the
nearly identical (x, z) coordinates of the Fe, P pairs leading to ambi-
guities in the solution of the y-coordinates.

REFINEMENT

The free atomic parameters for the eleven independent atoms in the
asymmetric unit were allowed to vary according to full-matrix least-
squares refinement utilizing a local version of the ORFLS program for
IBM 7094 computers by Busing, Martin, and Levy (1962). The scatter-
ing curve for the X(1) atom was obtained by averaging the values of
(2.5 Na+4-0.7 Mn+40.5 Cat)/4.0. Scattering curves for Fet, Mn*, Na+,
Cat, P3*, and O~ were obtained from the tabulations in MacGillavry
and Rieck (1962). Final full-matrix atomic parameter and isotropic
thermal vibration parameter refinements converged to R(kkl) =0.085 for
957 reflections which were three times the mean background error and
0.098 for all 1250 reflections. The final atomic coordinates and isotropic
thermal vibration parameters are listed in Table 3 and the |F(obs)]-
F(calc) data appear in Table 4.1

! To obtain a copy of Table 4, order NAPS Document #01608 from National Auxiliary
Publications Service of the A.S.I.S., ¢/o CCM Information Corporation, 866 Third Ave-
nue, New York, New York 10022; remitting $3.00 for microfiche or $5.00 for photocopies
payable, in advance, to CCMIC-NAPS.



ALLUAUDITE STRUCTURE 1961

DiIsCcUSSION OF THE STRUCTURE

General Archilecture. The alluaudite atomic arrangement is rather com-
plex and is best examined in parts. The underlying motif is a chain of
kinked and distorted octahedra which are stacked parallel to the {101}
plane. The M (2)-O octahedral pairs join at an edge whose midpoint is the
inversion center of 1/4, 1/4, 0 etc. and these edge-sharing pairs link by
sharing one edge apiece to a highly distorted six-coordinated M (1) poly-
hedron at 0, y, 1/4, etc. Members of the chain are linked by two oxygen
atoms of the P(1)-O tetrahedron with the remaining two oxygens linking
to identical chains translated (142) away. This results in a pleated sheet
of tetrahedra and octahedra as shown in Figure ta. Equivalent pleated
sheets are generated by the 2;-screw operation. The P(2)-O tetrahedron
links two oxygen atoms to members of the chain, one to the equivalent
chain translated (1+z), and the remaining oxygen to the sheet related by
the 2;-screw operation. Projected down the ¢*-axis, it is seen that the in-
dividual chains form a corkscrew with relatively open spaces in between,
at y=0, 1/2 (Fig. 1b).

Intercalated between the pleated sheets at y=0 and 1/2 are the large
cation polyhedra. The X(1) polyhedron, partly occupied in Buranga
alluaudite, is a distorted cube which shares faces with identical cubes to
form chains running parallel to the ¢-axis. The cube is a sink for large
cations such as Ca?+ and Na+, has point symmetry 1, and is situated at
1/2, 0, 0 etc. Two pairs of the cubes’ edges are shared by the P(1)-O
tetrahedron and the M(1)-O polyhedron respectively. A remaining large
cation site must be present in the alluaudite structure type to account
for excess large cations revealed in the chemical analysis for most al-
luaudites discussed further on. Steric restrictions and known crystal-
chemical stoichiometry require that the site be the remaining free in-
version center at 0, 0, 0 etc. It is highly irregular and consists of an inner
coordination shell of four oxygen atoms defining a rhomb. This site,
which is empty in Buranga alluaudite, is designated X(2). A layer of
X (1)- and X(2)-O polyhedra is shown in Figure 2. The alluaudite gen-
eral crystallochemical formula is 4X (1) X(2) M (1) M(2), (TO4)s, where
X are large cation polyhedral, M are distorted octahedral, and T the
tetrahedral centers.

‘The atomic arrangement suggests that alluaudite has good {010} and
{101} cleavages, which is entirely consistent with general observations
on the Palermo crystals of Moore (1965) and the crystal cell study of
Fisher (1955).

Despite the similarity in cell parameters, there does not appear to be
any structural similarity with the garnet group. There is, however, a
remote structural relationship with triplite, (Mn, Fe).F(PO,), another
phosphate occurring in a similar paragenesis. The alluaudite octahedral
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chains can be topologically idealized as the staggered linear octahedral
edge-sharing M (1)-4-2M(2)-O triplets featured in Figure 3 which is con-
trasted with the staggered edge-sharing 2M(1)-O doublets found in the
triplite structure as determined by Waldrop (1969).

The Modular Units: Interatomic Distances. The individual M-O and
X-0 polyhedra differ considerably from each other; as a result, strong
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Fie. 2

ordering of cations with differing crystal radii over the available sites is
expected. The M(1)-O polyhedron, although topologically equivalent to
an octahedron, structurally behaves more like a tetragonal pyramid with
a split apex, that is, a bifurcated tetragonal pyramid. In fact, the poly-
hedron is so highly distorted that unusual polyhedral edge distances
occur which cannot be reconciled with those of an octahedron whose
distortions are explicable on the grounds of electrostatic arguments.

It is necessary to outline the crystal chemistry of the Buranga al-
luaudite. Based on 48 oxygen atoms the call calculation by Fisher
reveals NaZ.51C3~0.50Mn2+4.54Mg0.23Li0.12F63+7.86P11.85048.00- The Buranga
alluaudite represents a highly oxidized variety and possesses a favorable
composition for assessing site preferences based on interatomic distances.

Polyhedral interatomic distances are listed in Table 5. The Me-O
averages are X(1)-O 2.54; X(2)-O 2.43 (inner), 3.29 (outer); M(1)-O
2.21; M(2)-0 2.04; P(1)-O 1.54; P(2)-0 1.54 A. Since the difference syn-

F16. 3
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TABLE 5. ALLUAUDITE. POLYHEDRAL INTERATOMIC DISTANCESl.
(Estimated standard ervors: M-0,P-0,X-010.008 £; §-0'+0.011 R).

X M(1) () ]
2xm-o@ Y 2.288 2M(2) ~0 (1) 2.184
2 —omy?t 2.315 2 ot 2.187 M(2)-0(6) 1,916 P(2)-0(6) L 1.522
2 -opptt 2,583 2 ot 2.2u8 -0(2) 2.004 —oqytt 1.526
2 o't 2.962 2.206 -0(3) 2.021 ot 1.503
average 2.537 R -0(1) 2.0u8 -0(5) 1.547
200wt 2.630° —ot 2.052 1.535
202 Moo TV 2.427%:4 20 -0V 2.684° ~0(5) 2.212
20wt oy 2esyeed 200w -0 3.002 2.0u2
0@ Vot 2.808 20m-o@tt 3.048 oy oacs) 2.497
wo Mooyt 3.0399 woMow™ 3.6 o) -0(3) 2.630° ORI 2,497
200t 3.585 20wy -0V 3.698 0(2)-0(5) 2.697 o@ o) 2.499
2.0u5 3.038 o@y-0)?t 2.719 oy Looytt 2.505
0(6)-0(3) 2.727 0(5)-0(6) "t 2.518
X(2) B(1) o2y -0yt 2.796 o l-omit 2,520
inner: o(sy-0(5)T 2.818° 2.506
2x(2)-0(6) L 2.080 -0t 1537 0(1)-0(5) 2.843
2 -0t 2.782 2P(1)-0(2) 1,550 0(2)-0(6) 2.874
2.431 1,504 0(3)-0(5) 2.958
osyL-0(6) 3.107
outer: 10(2)-0(2)" 2.427% 0(1)-0(6) 3.112
2x(2)-0( T 3.168 200 2.500 0(2)-0(3) 3.226
2 ot 3.260 w@iom™t  2.518° 2.875
2 -0(5) 3.4u6 20(2)-o(n?t 2.578

3.291 2.519

The primed superscripts refer to the following transformations perfommed on the parameters in Table 2:
1. 1/2-x,1/2-y,~23 n. 1/2-x,1/2+y,1/2-2; oL, V2+x,1/2-y,1/2+z; . L/2#x,1/2+y,2; S =X,¥.1/2-2.

3X(1)-P(1) shaved edges
Pu(1)-M(2), M(2)-M(2)" shared edges
®M(1)-X(1) shared edges

9X(1) -X(1) shared edges

thesis showed that the X(2) site is empty, distribution of the larger
cations must be over the X(1), M(1), and M(2) sites. The M(1)-O
average distance is typical for Mn?+-O, that for M(2)-O is only slightly
larger than the Fe**-O averages found for many recently determined
crystal structures. The eight-coordinated X (1) site affords an average in
the range for larger cations such as Nat and Ca?t. The most reasonable
site distribution is M(1)=Mn?*, Li; M(2)=Fe*+, Mg; X(1)=Na, Ca.
Discussion of the alluaudite composition is extended further on.

Electrostatic Valence Balances. The alluaudite interatomic distances com-
bined with the predominant cations reported in chemical analyses sug-
gest two ideal end-member formulae which are electrically balanced and
it remains to demonstrate that the two models also conserve local charge
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neutrality. The unoxidized end-member is X (1)2+,X (2)", M (1)2H, M (2)2+
§(POy)1, where X(1) is predominantly Ca2t, X(2)=Nalt, M(1)=Mn",
and M(2)=TFe*, resulting in a composition for Z=4, CaNaMn**Fe?*
2(PO4)3. The second model is its fully oxidized and alkali-leached
equivalent, that is X(1)=X(2)=[], M(1)=Mn®*, M(2)=TFe** or
Mn*+Fedty(POs)s. Most alluaudite compositions as we shall see lie
within these two compositional boundaries, disregarding substitutions
of other cations of similar charge.

Table 6 presents electrostatic valence balance (Z) calculations for the
two end-member compositions. The unoxidized formula conserves local
electrostatic neutrality with only slight deviations. The entire system is
completely neutral if calculations are based only on the inner coordina-
tion shell about the X(2) cation, suggesting to a first approximation that
its coordination number is 4. In the fully oxidized hypothetical composi-
tion, individual anions are either electrostatically oversaturated or
undersaturated with respect to the M-cations with a deviation
100 X (2—2.00)/2.00~12 percent in each case. This suggests that the
oxidized equivalent is probably unstable as a primary crystallizing phase
and that highly oxidized compositions such as found in the Buranga
material reflect partial oxidation and alkali-leaching of the parent mate-
rial after emplacement. The alluaudite structure type appears to be
highly susceptible to partial oxidation, even more than the triphylite-
lithiophilite group, since no unoxidized end-member compositions are

TABLE 6. ALLUAUDITE. ELECTROSTATIC VALENCE BALANCES (Z)
oF CATIONS ABOUT ANIONS.

L A

0(1)  P(L)+M(1)+M(2) +X(2) 5/U42/6+2/6+1/U 2.16 m
0(2) R+ +2X(1) 5/U+2/6+2/8+2/8 2.08 5/4+3/6 1.75
0(3) B+ 5/U4+2/6+2/6 1.92 5/4+3/643/6 2.25
o) B(2)+M(1)+2x(1) 5/4+2/6+2/8+2/8 2.08 5/4+3/6 1,75
0(5) R(D+2M(2) 5/U+2/642/6 1.92 5/4+3/6+3/6 2.25
0(6)  B(2)HM()+X(2) 5/4+2/6+1/4 1.84 5/u+3/6 a1.7.

sum 12.00 12.00

1 s
End-member composition NauCaan5+Fe§+(P0q)l2, where X(1) = Ca,X(2) = Na,M(1) = Mn2+
2+

and M(2) = Fe

%0xiaized equivalent: X(1) = X(2) =0 , M) = mn>*, u@) = re3*,
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known. On the other hand, the completely oxidized equivalent—
M3+(PO,)—has not yet been documented. Partial oxidation may re-
sult from the relative ease of leaching the X(2) cations and the likely
primary co-crystallization of both Fe?t and Fe’t cations in the M(2)
position. The latter point will be advanced as a key in the paragenesis of
primary alluaudites. It is believed that an important contribution to
mixed Fe valences results from the predominance of Nat over both
X-positions for most analyzed alluaudites and the necessity for some
M-cations of higher valence than 2+.

It now remains to explain the interatomic distances in Table 5 on the
basis of the electrostatic valence balances and polyhedral edge- and
face-sharing. O(6), for both hypothetical end-members, is undersaturated
with 2=1.84 and 1.75 for the unoxidized and oxidized compositions.
Accordingly, its distances, M(2)-0(6) 1.92, P(2)-0(6) 1.52, X(2)-0(6)
2.08 A are the shortest for their polyhedra. Four kinds of shared edges
are present. In order of predicted decreasing cation-cation repulsion
effects across the edges, they are X(1)=0=P(1); M(1)=0=M(2),
M2)=0=M(2);X (1)=0=M(1); and X(1)=0=X(1). Since Table 5
lists interatomic O-O’ distances in increasing value, shared edge dis-
tances approximately follow the order of cation-cation repulsions in the
tabulation. That is, they occur toward the top of the list. Adherence to
the electrostatic model adds further confidence to the crystal-chemical
interpretations of alluaudite compositions discussed further on.

Summing up, I conclude that the alluanudite structure is particularly
favorable for a proposed cation ordering scheme which can be stated
with some confidence. In particular, (1) two end-member formulae can
be written, representing the unoxidized and oxidized compositions, and
(2) the four non-equivalent larger cation sites X(2), X(1), M (1), and
M(2) differ considerably from each other in shape and size, with decreas-
ing Me-O average distances X(2)>>X(1)>M(1)> M(2).

CRryYSTAL CHEMISTRY OF THE ALLUAUDITES

Good fortune has blessed mineralogy with an abundance of alluaudite
chemical analyses. Fisher (1965), in his definitive work on dickinsonites,
fillowites, and alluaudites, compiled 11 separate alluaudite unit cell
computations based on 48 oxygen atoms. This is fortunate since the
compilation can be directly applied to the present study. In that paper,
Fisher proposes the formula Wy s(X+ Y)12(PO4)1s, where W =Na+Ca
+ XK+ Mn (in some cases) ; X = Mn+ Fe?*+ Mg+ Li+Ca (in some cases),
Y =Fe**. The upper limit of W is the limiting crystal-chemical formula
proposed earlier: X(1),X(2)sM(1).M(2)s(POy)2. Thus, (X(1)+X(2))
=W and (M(1)4+M(2))=(X+Y). The order of increasing expected
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crystal radius for cations recorded in alluaudite analyses is Fe? <Mg?*+
<Lit<Fe* <Mn**<Ca**<Nat<K+. From the preceding discussion
on the polyhedra in alluaudite, the smallest cations should occupy
M(2), followed by M (1), X(1), and X(2) in that order.

Accordingly, the 11 cell computations of Fisher were rewritten on the
basis of placing smallest cations first in M(2), then M(1). and so on.
The results appear in Table 7. They indicate a distinct departure from
all proposed alluaudite nomenclatures. Particularly interesting is the
predominance of Mn?* in all M (1) sites except for the Norr6 sample, but
even here the distribution is nearly equally divided between Mn?* and
Fe?t. Furthermore. it is not known for certain just how much reliability
can be placed on the analyses since contamination, especially from
triphylites and heterosites is always present in partly oxidized alluaudite
nodules. Suffice it to say that Mn2t plays an important structural role
in alluaudites and may result from the unusual shape of the M(1)-O
polyhedron.

Disregarding the distinction between the X-cations it is evident that
all alluaudites fall into the series NaCaMn2tFetty(POy)s;-MnitFedt-
»(PO4);. Distinguishing the X-cations however leads to an important
addition to the series since sodium tends to be the predominant X-cation
in most alluaudites. It may be written Na*Na't*Mn2+t(Fe2tFe?t) (PO,);.
This implies the following coupled relationships:

X(2) X() implies MQ2)y=2M (2)
1. Na* Ca?+ implies (Fe, Mn)*+ (Fe, Mn)>+
2 Nat Nat implies (Fe, Mn)?*+ Fett
3s (] Nat+ implies Fest Fett

All alluaudites (with the possible exception of the Norré sample, be-
cause of predominant Fe?* in the M (1) position) can be referred to these
ideal compositions. The combination in (2) is the most persistent in the
analyses, suggesting that most alluaudites crystallize as primary phases
with mixed (Fe2t, Fe3t) valences in the M(2) position. This conclusion is
evident, solely from charge balances, even though most alluaudites
probably have been further oxidized after primary emplacement. Since
the M(2)-O octahedra share a common edge pairwise, mixed valence
homonuclear electron transfer would result in the characteristic deep
green color generally observed for the alluaudites. The persistent mixed
(Fe?t, Fe*t) valence states in alluaudite are distinct from the primary
phosphates in the triphylite-lithiophilite, triplite and arrojadite-dickin-
sonite groups which do not appear to possess mixed Fe*t, Fe*t valence
states when crystallized as primary phases.

Re-examination of the existing nomenclatures for alluaudite reveals
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that ambiguities abound. Table 8 lists the ideal site populations in excess
of 50 atomic percent, each of which is technically capable of an end-
member name. Corresponding to these compositions are the distributions
of Table 7 which best fit the respective end-member composition. Be-
cause of the coupled relationship between X(2)+X(1) and 2M(2), no
simple and unambiguous nomenclature is possible, especially when sub-
stituting cations of different valence (such as Li+) are present in the
M-sites.

All present nomenclatures are ambiguous; it would be sheer pedantry
to name o/l corresponding end-member compositions. Besides, it is ques-
tionable whether many of the compositions can be defined without re-
course to crystal structure analysis. I propose that all specific names be

TABLE 8, ALLUAUDITE: POSSIBLE END-MEMBERS.

Xx(2) X1 ju1e8) M)
Na ca w2t Fe?*> mn* £2, V @z, P
Na ca %" Mm%t Fe?* Lemnds
Na ca Fe?* Fe?*
Na Na Mn2* re’*s> w2t re?* Sukula
Na Na re?t Fe’ > et Norro
a ca Mn?* Fe’*> Pe?t 2" Mihnerkobel
o ca Fe?* Fe3*y pe?*
o Na Mn?* ret Buranga, Pringle, Chamteloube, Varutrdek (L)
[u] Na re?* ¥t
a D Mﬂ3+ F53+
=] [n] et 3t

abandoned except the one name with priority—alluaudite. This name
shall include the structure type embracing the compositions found in
pegmatitic phosphates. Modifiers, specifying the cations and oxidation
states present, should be used in accordance with the guidelines set down
by the International Commission on New Mineral Names. In any event,
the nomenclatures as they now exist in the literature, are without logical
foundation.

Caryinite has been suggested by Strunz (1960) to belong to the
alluaudite structure type. Bostrém (1957) noted a few very weak reflec-
tions on single crystal photographs of type caryinite which violated the
space group C2/c, suggesting P2;/c instead. However, the similarity in
cell parameters between caryinite and alluaudite leaves little doubt that
the compounds are closely related structurally. The suggested caryinite
cationic distribution in Table 7 based on the analysis of Mauzelius
in Bostrém (1957) is (Na)(Ca, Pb)(Ca, Mn)(Mn, Mg):(AsOs); or
NaCHQMng(ASO4)3.
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The present analysis and interpretation of alluaudites indicate that at
least two important features contribute to the alluaudite paragenesis.
Summed up, they are (1)Mn?* is an essential constituent of alluaudites,
occurring in the M (1) position, and (2) all published compositions re-
quire that some iron must be present in the trivalent state during em-
placement. This second observation distinguishes alluaudite from the
other primary Fe-phosphates.

THE ALLUAUDITE PARAGENESIS

It is generally accepted that a parallel progressive oxidation and
alkali-leaching exists for the primary phases alluaudite and triphylite-
lithiophilite and that the final fully oxidized and alkali-leached products
are heterosite-purpurite. This contention is a result of an extensive and
noteworthy study on the iron-manganese phosphates by Mason (1941).
The evidence that triphylite progressively oxidizes through a sequence
which concludes with heterosite is indisputable and commonly observed
in Nature. A key feature of this progressive process of oxidation and
alkali-leaching is the retention of the olivine structure type. It is also
pertinent to note that heterosite-purpurite does not occur as a primary
phase nor has its synthesis been achieved. This suggests that heterosite-
purpurite is probably unstable and is derived only from parent triphylite-
lithiophilite.

Since the alluaudite structure type is not even remotely related to
that of triphylite, it is difficult to accept heterosite-purpurite as a final
oxidation product, since a gross reconstructive reaction would have to
take place. This structural change would have to occur only at the final
stages of alkali-leaching, that is, beyond the composition NatMn®**-
Fedty(PO.)s. Since such a reaction is unlikely, an alternative explanation
seems necessary. The alluaudite—heterosite sequence, although hypo-
thetically advanced by Quensel (1937), rests on several observations by
Mason (1941):

“During this investigation I took powder photographs of authentic Na-purpurite oc-
curring together with the alluaudite from central France. These photographs were
identical with powder photographs of heterosite and purpurite derived from triphylite
and lithiophilite. Powder photographs of authentic Na-purpurite from Varutriisk were
also identical with powder photographs of the ordinary heterosite and purpurite.”

Mason (1941) successfully interpreted and duplicated the complex
Na-purpurite powder pattern of Bjorling and Westgren (1938) as a
mechanical mixture of alluaudite and purpurite, adding seemingly
further evidence to the alluaudite—heterosite degradation.

1 question the generally accepted conclusion that heterosite is even a
possible product of alluaudite, and submit a remarkable specimen as
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evidence to the contrary. A section of an ellipsoidal “log” of heterosite
measuring six inches along its major axis (specimen No. 40, collected by
D. J. Fisher from the Green pegmatite, Pringle, South Dakota in 1942)
was sawn in half. The log, apparently a corroded single crystal of parent
triphylite, showed numerous fractures filled with quartz.

Four distinct phases are present and were identified by X-ray powder
diffraction. Fracture fillings of quartz (grey), deposited by solutions
which invaded the fractured parent material, course through the phos-
phate log. Immediately in contact with the quartz is the olive-green
mineral which proved to be the alluaudite. The alluaudite everywhere
surrounds and replaces the brown ferri-sicklerite and the purple
heterosite.

The sample leaves little doubt that metasomatic exchange took place
during oxidation and alkali-leaching of the parent triphylite log. Re-
moved from the triphylite parent was Li*+ while Na+ was later added,
resulting in an aureole of alluaudite surrounding ferri-sicklerite and
heterosite. Indeed, the process of metasomatic exchange of Nat for
Li* (or for vacancies in the heterosite) results in a paragenesis exactly
the reverse of that proposed by Mason (1941).

Another interesting specimen consists of a cross-section of a euhedral
triphylite crystal, completely oxidized to heterosite. T collected this sam-
ple from the Rock Ridge pegmatite, near Custer, South Dakota. The
cross-section shows the deep purple heterosite laced with fractures and
crenulations which show dull olive-green alluaudite replacing the
heterosite. A third specimen, collected by D. J. Fisher from the Pleasant
Valley pegmatite near Custer, South Dakota shows alluaudite with a
dendritic pattern replacing the heterosite. The “dendrite” arms repre-
sent the trace of the heterosite perfect cleavage planes. Again the
alluaudite postdates the heterosite.

Several other nodules of alluaudite-heterosite were examined. Tn par-
ticular slabs of the nodules described by Roberts and Rapp (1963) as
“. .. alluaudite partly altered to heterosite . . .”’ reveal that exactly the
reverse is true in each instance; alluaudite metasomatically replaces the
heterosite. I propose that Mason’s (1941) samples were in fact mixtures
of alluaudite and heterosite in a similar paragenesis.

Is there evidence that alluaudite actually crystallizes as a primary
pegmatite giant crystal phase or are alluaudites the products of Na-
metasomatism of triphylite? Moore (1965) has described euhedral
“hithnerkobelite’” crystals but they probably formed at a much later
stage than the alluaudite nodules. Where total exchange of alluaudite
for triphylite took place, it would be difficult to distinguish a metasoma-
tic process from primary crystallization. However, the generally rude out-
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line of the alluaudite ellipsoids, contrasted with the frequent subhedral to
euhedral character of triphylite crystals; the fine-grained nature of the
alluaudite nodules, usually showing lack of broad cleavage surfaces; and
the prevalence of quartz-filled networks through alluaudite nodules
where absence of such is the rule in fresh triphylites—all suggest that
Na-metasomatism is an important mechanism in the formation of at
least some, if not all, alluaudite nodules. Strunz (1954) observed that
“hagendorfite” occurs later than triphylite and replaces it. Mason in
Quensel (1956) placed alluaudite (varulite, etc.) after triphylite-lithio-
philite, observing that the green mineral (=varulite) replaces the color-

TABLE 9. LOCATIONS AND PARAGENESES FOR ALLUAUDITE.
(fes=ferri-sicklerite; het=heterosite; ald=alluaudite - grain size in parentheses) .

Location Replaced mineral Replacing mineral Collector
Rock Ridge peg., S.D. fes+het (lcm) atd (0.2mm) P.B. Moore
Pleasant Valley peg., S.D. het (>1lcm) ald (0.Llmm) J. Norton
Greene peg., S.D. festhet (> 1lcm) ald (0.2mm) D.J. Fisher
Rainbow #4 peg., S.D. fes+het (> 1cm) ald (0.5mm) W.L. Roberts
Custer Mtn. lode, S.D. lithiophilite (>lem) ald (0.lmm) P.B. Moore
Ross lode, S.D. fes (Llcm) ald (0.lmm) P.B. Moore
Palermo #1, N.H. ald (single xls,lcm) ludlamite (Lmm) P.B. Moore
Hagendorf, Bavaria triphylite (> lam) ald ("hagendorfite™ ( >1lcm) H. Strunz
Norm':', Sweden triphylite (> lcm) ald ("hihnerkobelite®)(0.Lmm) P.B. Moore

Alluaudite as the sole mineral, paragenesis uncertain:

Rock Ridge peg., S.D. >lem P.B. Moore
Helen mine, 5.D. 0.2cm D.J. Fisher
Dyke lode, S.D. 0.5mm W.L. Roberts
Townsite lode, S.D. 0.5mm W.L. Roberts
Skrumpetorp, Sweden 0.1mm P, Quensel

less mineral (=lithiophilite) from Varutrisk. Mason (1942) earlier ob-
served “arrojadite” (=alluaudite) replacing triphylite from Hiihnerko-
bel, Bavaria. Lindberg (1950), amplifying this point, noted that the
“hiithnerkobelite” from Hiihnerkobel and Norrs. are associated with
triphylite. I have personally examined specimens from all these localities
and concur with the other investigators, that alluaudites replace the
triphylites. There remains little doubt that alluaudites are metasomatic
products of the triphylites-heterosites and have been derived at nearly
all stages of triphylite oxidation.

Table 9 is a list of all alluaudite locations where I have personally
inspected sawn sections of collected nodules. In general, the grain size
of the alluaudite is an order of magnitude smaller than the mineral
which it replaces. The only indisputable observation of alluaudite as
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euhedral single crystals is that from the Palermo No. 1 pegmatite. Here,
the crystals are partially replaced by ludlamite, indicative of a hydro-
thermal reworking which results in species similar to the reworking of
triphylite. Summing up, alluaudites have been observed to replace
triphylite, lithiophilite, ferri-sicklerite, heterosite and presumably their
Mn?**+-rich members.

With the observations offered here and the conclusions reached, I
propose a paragenetic tree for triphylite and alluaudite in Figure 4.
Although it is not clear what the final oxidation product of alluaudite is,
the heterosite-alluaudite branch is connected in one direction, that is
alluaudite replaces heterosite. In the field, alluaudites (at least in the
final stages of oxidation) appear to be more resistant to total oxidation
than triphylites. Perhaps this is the consequence of the proposed inde-
pendent role of Mn?* in the M (1) site of alluaudites—or that alluaudites
decompose to oxyhydroxide nodules at the final stage instead of
M3+(PO,). More evidence is needed to establish this portion of the tree.
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