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Abstract: Members of the Na,_ Li,MnFe»(PO,); series, with the alluaudite structure type, were synthesized by
solid-state reaction in air. The crystal structure refinement of the NaMnFe,(PO,); end-member (space group
C2c, Z = 4, a = 12.018(2), b = 12.565(3), ¢ = 6.415(1) A, B = 114.33(3)°), a synthetic compound with a
chemical composition corresponding to the idealized composition of the Buranga alluaudite, was carried out
to R; = 0.026. The following cationic distribution was observed: Na* + O in A(1) and A(2)’ (O denotes lattice
vacancies), Mn?* in M(1), Fe** + Fe?* in M(2). The A(2)’ site exhibits a distorted gable disphenoid morphology
and is found at the (0, y, Y4) (y = 0) position in channel 2 of the alluaudite structure. The crystal structure of
Nay sLip sMnFe,(PO,); (space group C2/c, Z=4, a = 11.988(2), b = 12.500(3), ¢ = 6.392(1) A, B=114.673)),
refined to R, = 0.034, leads to the cationic distribution: Li* + Na* + Oin A(2)’, Na* + Oin A(1), Mn?* in M(1),
Fe** + Fe’ in M(2). Thus, the substitution mechanism involved in the replacement of Na by Li in the
Na, Li,MnFe>(PO,); alluaudite-like compounds corresponds to (I + Na — Li + OO, with x ranging from 0.00
to 0.90.

Key-words: Na,Li,MnFe,(PO,);, alluaudite structure type, solid-state reaction synthesis, crystal structure
refinement, lithium crystal chemistry.

Introduction

Alluaudite designates a Na-, Mn-, Fe-bearing
complex phosphate mineral, which is known to
occur in granitic pegmatites, particularly in the
beryl-columbite-phosphate subtype of the rare-
element pegmatites, according to the classification
of Cerny (1991).

Moore (1971) determined the crystal structure
of alluaudite in the monoclinic C2/c orientation
and derived the general structural formula
X(2)X(H)M(1)M(2)2(POy)3, with Z = 4. The mine-
ral displays chemical compositions varying between
the two end-members, Na,Mn(Fe?*Fe3")(POy);
and O NaMnFe**»(PQ,);, with Mn or some Ca re-

placing Na in the X(1) site, Fe>* in M(1), and Mg
or Mn in M(2), where [ represents a lattice vac-
ancy in X(2). Depending on the cations found in
the M(1) and M(2) sites, several mineral species
have been defined and are included in the al-
Iuaudite mineral group (Moore & Ito, 1979).
During the past decade, many synthetic phos-
phates (Antenucci, 1992; Antenucci et al., 1993
and 1995; Warner et al., 1993; Leroux et al., 1995
a and b; Lii & Ye, 1997; Korzenski et al., 1998)
and arsenates (Keller ez al., 1981; Riffel et al.,
1985; Khorari et al., 1995; Lii & Ye, 1997; Kho-
rari et al., 1997a, b and c¢; Khorari et al., 1998)
with the alluaudite structure type have been re-
ported in the literature, demonstrating the unex-
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Table 1. Unit cell parameters of the synthetic alluandite-like compounds Nay.xLixMnFex(PO4)3, calculated from their

X-ray powder diffraction patterns.

X a(4) b (4) c(4) B Vol (A)
000 12001(2) 125382)  6405(1)  114.45(1)  8773(2)
0.25 11989(3) 12516(3) 6397(2)  11456(2)  873.0Q2)
0.50 119834) 12488(3) 6390(2) 11470(2)  868.6(3)
075 11.976(4) 12467(3) 6388(2)  11486()  86550)
0.85 119753) 12465(3) 6388(2)  114932)  8647(2)

095(% 11979(4) 12468(4) 63892)  114.950) 865.1(4)
100(% 11977(4) 124703) 63862) 11497Q) 864.5(3)

(*): Alluaudite + LisFe*2(PO4)s.

pected versatility of the alluaudite framework.
However, no synthesis of alluaudite-like phos-
phates containing Li has been reported to date, ex-
cept the compound obtained by Fontan et al.
(1973) by heating a natural ferrisicklerite. As a
consequence, the crystallochemical role of Li in
these compounds is still problematic.

In the environment of rare-element peg-
matites, in which the formation of natural allu-
audite takes place, the geochemical role of Li is
essential. Taking into account the pegmatitic
phosphates in particular, it must be emphasized
that Li represents a significant component of some
primary phases such as, for instance, the isomorph-
ous triphylite-lithiophilite series Li(Fe,Mn)POy,.
Since alluaudite is a key mineral in the genetic
evolution affecting the Fe-Mn bearing phosphates
(Moore, 1971; Huvelin ef al., 1972; Fransolet, 1975;
Fontan, 1978), it is of interest to investigate the

crystallochemical role of Li in the alluaudite struc-
ture. With this goal in mind, we decided to study the
synthetic solid solution (Na,_,Li,)MnFe,(POy)s,
starting ~ from  the  pure end-member
NaMnFe,(PO,);, a synthetic compound with a
chemical composition corresponding to  the
idealized composition of the Buranga alluaudite
(Fransolet, 1980).

Experimental procedure

Compounds of the (Na,_,LiyMnFe,(POy); series
were synthesized by solid-state reaction in air.
Stoichiometric quantities of NaHCO;, Li,COs3,
MnO, FeSO,- 7TH,0 and NH/H,PO, were dis-
solved in concentrated nitric acid, and the result-
ing solution was evaporated to dryness. The dry
residue was progressively heated in a platinum
crucible, at a heating rate of 500°C/hour, to the

Table 2. Wet chemical analyses of synthetic alluaudite crystals.

Nay.,Li;MnFe;(PO4)s
X=0.00 X=025 X=0.50 X=0.75
1 2 1 1 2 1 2
P,0s 4441 3.001 4417 2975 4449 2972 4439 2957
Fe,0; 3005 1.805 30.17 1.807 3096 1.838 3087 1.828
FeO 3.62 0.242 3.53 0.235 3.81 0.251 3.29 0.217
MnQO 1593 1.077 16.74 1.128 16.02 1.071 17.51 1.167
Na,O 6.11 0.945 4.71 0.727 311 0.476 1.60 0.244
Li,O - - 0.78 0.250 1.59 0.505 2.28 0.722
Total 100.12 100.10 99.98 99.94

1 : Weight %. Analyst : J.-M. Speetjens. 2 : Cation number calculated on the basis of 12 oxygens per

formula unit.
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Table 3. Data collections and single-crystal structure refinements.

Crystal Data

Chemical formula NaMnFey(PO,); Nag sLio sMnFex(PO,);
Space group C2kc C2c
a(d) 12.018(2) 11.988(2)
b(A) 12.565(3) 12.500(3)
c(Ad) 6.415(1) 6.392(1)
BC) 114.33(3) 114.67(3)
z 4 4
Radiation MoK, MoK,
u (mm™) 5.32 532
Size (mm) 0.3x0.15x0.15 0.4x0.15x0.1

Data Collection
Diffractometer Stoe IPDS Stoe IPDS
20max (°) 65.8 55.9
Ding Denax -18,18 -15,15
Kein, Kmax -19, 19 -16, 16
Ininy T 9,9 -8,8
Observed reflections 6964 6182
Unique reflections 1584 1050
Rin. 0.0291 0.0587
Rigma 0.0198 0.0351
Temperature (°C) 20 20
F(000) 916 899
Absorption corrections X-SHAPE X-SHAPE

Structure determination and refinement

Parameters refined 107
Reflections used 1458
Reflections with Fo>4o(Fo) 1427
Extinction 0.0098
Ry(F) (Fo>40(Fo)) 0.022
Ry (all) 0.026
WR; (all) 0.065
Weighting parameter 0.0467
GooF 1.086
(Ap)max (e/A%) 0.49
(Ap)min (e/A%) -0.76

109
1050
894
0.0076
0.027
0.034
0.066
0.0446
0.980
1.49
-0.67

congruent fusion temperature of 950 °C at which it
was maintained for 15 to 20 hours. Alluaudite
crystals were obtained by quenching the product
in air.

X-ray powder diffraction patterns of the com-
pounds were recorded with a diffractometer
equipped with a graphite monochromator and
using FeK,, radiation (A = 1.9373 A). The unit cell
parameters (Table 1) were calculated with the
least-squares refinement program LCLSQ 8.4
(Burnham, 1991), using the d-spacings corrected
with an internal standard of Pb(NOs),.

The wet chemical analyses of the synthesized
alluaudite crystals (Table 2) were performed on 65
to 70 mg of material. Atomic absorption spectro-
photometry was used to determine Li, Na, Mn and
total Fe, while P was measured by colorimetry.
The Ungethiim method (Ungethiim, 1965) was
used for the determination of Fe?*.

Two single crystals were selected for structure
determination, displaying compositions close to
NaMIlFCQ(PO4)3 and Na(,_5LigA5MnFeg(PO4)3 ac-
cording to the wet chemical analyses (Table 2).
The program Siemens SHELXTL, Version 5, was
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Table 4. Unit cell parameters for NaMnFe2(PO4)3 and

Nao.sLinsMnFe2(PO4)3.

NaMnFe,(POy)3

A B C
a(d) 12.001(2) 12.018(2) 12.004(2)
b(d) 12.538(2) 12.565(3) 12.533(4)
c(d) 6.405(1) 6.415(1) 6.404(1)
B 114.45(1) 114.33(3) 114.4(1)

Nag,sLio_sMnFEZ(PO,‘);;

A B
a(d) 11.983(4) 11.988(2)
b () 12.488(3) 12.500(3)
c(d) 6.390(2) 6.392(1)
B 114.70(2) 114.67(3)

A: Refinement of X-ray powder diffraction pattern with pro-
gram of Burnham (1991). B: Single-crystal analysis. C: Bu-
ranga pegmatite, calculated from X-ray powder diagram

et al.

used for determination and refinement of the crys-
tal structures. Details on the data collection as
well as on the structures determination and refine-
ment are given in Table 3.

The crystal structures were solved in space
group C2/c by direct methods, but for the final re-
finement, position parameters were used that are
comparable to the structure determination of al-
Ivaudite by Moore (1971).

All structural parameters (Tables 4, 5 and 6),
including the anisotropic displacement pa-
rameters (Table 7), were refined satisfactorily
without contradictions to the R-values found in
Table 3. It should be noted, however, that for
Nag sLig sMnFex(POy)s, an electron density of 1.48
e/A3 was detected on the (0, 0.501(3), '4) posi-
tion. Unfortunately, it was not possible to include
this site in the refinement procedure without very
strong constraints, either for Li or Na.

(Fisher, 1955).

Table 5. Positional (X, Y, Z), isotropic thermal (B) and site occupancy (N) parameters.

NaMnFe (POy);
Site  Atom X Y Z BA») N
AQY Na 0 -00107(5) /4 3.5(2) 0.122(4)
A(d) Na 1/2 0 0 383(6)  0.530(9)
M(1) Mn 0 0.262373) /4 0.84(1) 0.484(8)
M(2) Fe 028087(2)  0.65245(2)  0.37081(4)  055(1)  0.95(1)
PQ) P 0 -0.28581(4) /4 043(2)  0.471(8)
P2 P 0.24182(3)  -0.10868(3)  0.1310%7)  050(1)  0.95(1)
o1 O 0.4533(1) 0.71552(9)  0.5332(2) 0.96(3) 1.00(2)
o2 O 0.0998(1) 0.63938(9)  0.2421(2) 1204)  0.98(2)
o@ O 0.3289(1) 0.66403(9)  0.1033(2) 1.06(3) 0.99(2)
o4 O 0.1224(1) 039788(9)  03148(2) 131(4)  099(2)
05 O 0.2251(1) 0.82225(9)  03177(2) 1.053)  1.00(2)
o6 O 0.3127(1) 0.50206(9)  0.3763(2) 1304)  097(2)
Nao.sLio_sMnFez(Po“)g

A@y L 0 -0.0106(8)  1/4 4.6(4) 0.254(9)

Na 0 -0.0106(8)  1/4 4.6(4) 0.086(8)
A(l) Na 12 0 0 6.8(3) 027
M() Mn 0 0.26410(6)  1/4 0.85(3) 0.454(8)
M(2) Fe 0.28030(3)  0.65277(3)  0.36868(7)  048(2)  0.90(1)
PQ) P 0 -0.28733(9) 1/4 0.46(4)  0.456(8)
P@) P 0.24184(6)  -0.10815(6)  0.1330(1) 047(3)  091(2)
oy O 0.4525(2) 0.7164(2) 0.5324(4) 097(7)  097(2)
0Q) o 0.0987(2) 0.6375(2) 0.2386(4) 1.18(7) 0.95(2)
03 O 0.3284(2) 0.6643(2) 0.1022(4) LI(7) 09502
o4 O 0.1221(2) 0.3994(2) 0.3096(4) 1.508)  0.95(2)
o5 O 0.2244(2) 0.8221(2) 0.3180(4) 0.98(7)  0.942)
0(6) o 0.3148(2) 0.5023(2) 0.3772(4) 1.27(8) 0.94(2)

Table 6. Selected interatomic «

ference.

A

AQY-0(6)2x 252
AQY-0(6)2x 269
AQY-0(1)2x 2868
AQ)-0(3)2x  2.888
Mean 2.744
M(1)-0(4) 2x 2.175
M(1)-0(1) 2x 2.191
M(1)-0(3) 2x 2.246
Mean 2.204
P(1)-0(2) 2x 1.541(
P(1)-0(1) 2x 1545
Mean 1.543
P(2)-0(4) 1.525(
P(2)-0(6) 1.530(
P(2)-0(3) 1.553(
P(2)-0(5) 1.557(

Mean 1.541
Results

The (Na,_Li)MnFe,(PO,), :
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2 mm in length, with a chara

Fig. 1. Projection of the crystal str
ture of Nag sLio.sMnFe2(POs)3. T
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The shaded M(1) octahedra are occ
pied by Mn, the unshaded M(2) ¢
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) 530(9)
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0.471(8)
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0.98(2)
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0.99(2)
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0.254(9)
0.086(8)
0.27
0.454(8)
0.90(1)
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0.97(2)
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0.95(2)
0.94(2)
0.94(2)

—

Table 6. Selected interatomic distances (A) and angles

ference.
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(®). A. NaMnFex(PO4)3. B. Nag sLio.sMnFe2(POs)3. C. Dif-

A B C A B C
A(2)-0(6) 2x 2526(2)  2491(2) -0.035 A(1)-0(2) 2x 23201)  2275(2) -0.045
A(2)’-0(6) 2x 2693(2)  2.669(2) -0.024 A(1)-0(4) 2x 2333(1)  2285(2) -0.048
A@2)-0(1) 2x 2.868(6)  2.866(9) -0.002 A(1)-0(4) 2x 2581(1)  2.587(2)  0.006
A2)-0(3) 2x 2.888(5)  2.878(8) -0.010 A(1)-0(2) 2x 2979(1)  2966(2)  -0.013
Mean 2.744 2.726 -0.018 Mean 2.553 2.529 -0.024
M(1)-0(4) 2x 2.175(1)  2.164(2) 0011 M(2)-0(6) 1925(1)  1922(2)  -0.003
M(1)-0(1) 2x 2.191(1)  2.190(2) -0.001 M(2)-0(2) 1.991(1)  1989(2)  -0.002
M(1)-0(3) 2x 2246(1)  2.249(2)  0.003 M(2)-0(3) 2029(1)  2018(2) -0011
Mean 2.204 2.201 -0.003 M(2)-0(5) 2053(1)  2051(2)  -0.002
M(2)-0(1) 2057(1)  2046(2) -0011
M(2)-0(5) 2220(1)  2203(2) 0017
Mean 2.046 2.038 -0.008
P(1)-0(2) 2x 1.541(1)  1537(2) -0.004 0(2)-P(1)-0(2) 1048(1)  1046(2) 02
P(1)-0(1) 2x 1.545(1)  1.544(2) -0.001 0(2)-P(1)-0(1) 2x 108.54(7)  108.1(1) ~ -0.44
Mean 1.543 1.541 -0.002 O()-P()-0(1)  11025(9) 109.9(2) 035
0(2)-P(1)-0(1) 2x 11231(7) 113.1(1)) 079
Mean 108.98 108.9 -0.05
P(2)-0(4) 1.525(1)  1518(2) -0.007 0(3)-P(2)-0(5)  107.58(7) 107.1(1) -048
P(2)-0(6) 1.530(1)  1.527(2) -0.003 0(6)}P(2)-0(3)  10870(7) 108.4(1)  -0.30
P(2)-0(3) 1.553(1)  1551(2) -0.002 O(4)-P(2)-0(5)  108.68(7) 108.9(1) 022
P(2)-0(5) 1.557(1)  1.552(2) -0.005 0(6)-P(2)-0(5)  109.96(7)  109.9(1)  -0.06
Mean 1541 1.537 -0.004 O(4)-P(2)-0(3)  110.62(8) 1109(1) 028
0(6)-P(2)-0(4)  111.23(7) 111.6(1) 037
Mean 109.46 1095 0.01
Results olive green pleochroism in transmitted light under

The (Na, Li)MnFe,(PO,); alluaudite-like com-
pounds consist of green acicular crystals up to

the polarizing microscope.
The powder diffraction patterns show that
pure alluaudite-like phases are obtained for x

2 mm in length, with a characteristic brownish to  ranging from 0.00 to 0.85. In the range x = 0.95 -

Fig. 1. Projection of the crystal struc-
ture of NaosLiosMnFex(PO4)3. The
PO tetrahedra are densely shaded.
The shaded M(1) octahedra are occu-
pied by Mn, the unshaded M(2) oc-
tahedra by Fe. The large circles indi-
cate Na on the A(1) site, and the
small circles Li and Na on the A(2)’

site.
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Table 7. Anisotropic displacement parameters (A).
NaMnFez(PO4)3
Site Atom Uu Uzz U33 Uz} U13 Uu
A@y Na  00180) 0.042(4)  0036(4) 0 0001(2) O
A(l) Na  0.04308) 0.0074(5)  0.0273(7)  -0.0009(4) 0.0231(6)  ©0.0004(5)
M(1) Mn  0.0082(2) 0.0097(2)  0.0093(2) O 0.0056(1) 0
mM@2) Fe 0.0055(1)  0.0061(1)  0.0055(1) -0.00128(6) 0.00283(8)  -0.00118(6)
PQ) P 00045(3)  00049(3) ~ 0.00293) 0 0.00102) O
P2 P 00060(2)  0.0046(2)  0.0044(2) ~0.0006(1)  0.0022(1)  -0.0006(1)
o O 0.0091(5)  0.0121(5)  0.0069(6) .0.0023(4) 0.0027(4)  -0.0002(%)
o2 O 0.0093(5)  0.0105(5)  0.0145(6) .00032(4) 0.0033(4)  0.0027(%)
o3 O 0.0148(6)  0.0099(5)  0.0065(6) _0.0014(4)  00036(4)  -0.0023(4)
o4 O 0.0096(6)  0.0111(6)  0.0199() .0.0001(4) 0.0073(5)  0.0012(4)
o5 O 00120(6)  00128(5)  0.0078(6) 0.0018(4)  0.0053(4) ~ -0.0010(4)
o6 O 0.0161(7)  0.0084(6)  0.0144(7) 0.0022(4)  0.0063(5)  -0.0024(4)
Nag sLiosMnFex(PO4)s

AQy L 0030(d)  0.047(6)  0.046(5) 0 00024) O

Na | 0030(4)  0047(6)  0.046(6) 0.002(4) O
A(l) Na  006503) 0006(2)  0.0553)  -0.001Q2) 0.052(3)  0.002(2)
M(1) Mn  0.009003) 0.0095(4)  0.0091(4) O 0.0061(3)
M(2) Fe 00059(2)  0.0044(2)  0.00512) .0.00082) 00031(2)  -0.0007(1)
pa) P 0.0056(5)  0.0036(6)  0.0037(6) 0 000124) O
P2y P 0.0066(4)  0.0036(4)  0.0044(4) 00003(3) 0.0026(3)  -0.00013)
o1 O ooll(1)  0.011(1)  0.007(1) 0.0015(8) 0.0036(8)  -0.0005(8)
o2) O 0009(1)  0.010(1)  0.014(1) .0.0039(9) 0.0030(9)  0.0010(8)
o@ O 0017(1)  0.009(1)  0.006(1) .0.0009(8)  0.0036(8)  -0.0019(8)
o4 O o012()  0.012(1)  0.022(1) 0.001(1)  0.0087(%)  0.0008(8)
o5 O 0011(1)  0.012(1)  0.007(D) 0.0015(8)  0.0045(8)  -0.0008(8)
o) ©O 0018(1)  0.007(1)  0.013() 00010(9)  0.0057(9)  -0.0018(8)

1.00, the alluaudite-type compounds are inti-  dron. Figure 1 shows a polyhedral representation

mately mixed with LisFe*H(POs)s, 2 phase syn-
thesized by Winand ef al. (1990). Thus, the maxi-
mum Li-content of the solid solution
(NaleLix)MnFez(PO4)3 must be constrained be-
tween x = 0.85 and X = 0.95 (in this study we
chose x = 0.90).

The unit cell parameters from our single-crys-
tal study compare reasonably well with those cal-
culated from the powder diffraction patterns
(Table 1), and with those given by Fisher (1955)
for the Buranga alluaudite (Table 4). The atomic
coordinates, the interatomic distances and angles,
as well as the anisotropic thermal parameters cal-
culated from the single-crystal structure refine-
ments, are presented in Table 5, Table 6, and Table 7,
respectively. The comparison of the average P(1)-
O and P(2)-O distances with those published by
Moore (1971) for the Buranga alluaudite is quite
satisfactory, and the 0O-P(1)-O and 0-P(2)-O
angles are very close to those of an ideal tetrahe-

of the crystal structure of Nao_sl_.io_MnFez(P04)3,
approximately projected along [001].

Discussion

Outline of the alluaudite structure

The alluaudite crystal structure was first described
by Moore (1971) for a natural sample from Bu-
ranga, Rwanda. This monoclinic structure (space
group C2/c) consists of kinked chains of edge-
sharing octahedra stacked parallel to the {101}

lographic
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Table 8. Occupancies of the A crystallographic sites of phosphates exhibiting the alluaudite structure.

Site A(1) A(2) ARy Ay A@)” Reference
Position %,0,0 0,0,0 0,y,% 0O,p% xyz
G=0) (=%

Wyckoff 4b 4a 4e 4e 8f
Channel 1 2 2 1 1
Coordination 4,442, 2,4 4+2,4+4 4 2,442

4+4
NaMnFe® 5(POy4); Na 0 O O 0 Moore, 1971
Na,Mg,Fe* (PO4); Na 0 Na 0 0 Antenucci, 1992
Na,Cd,Fe* (POy); Na O Na 0 0 Antenucci, 1992
Na,Cd;Ga*'(PO.)s Na o Na 0 O Antenucci, 1992
Na,Cd:Cr*'(PO4)s Na 0 Na 0 0 Antenucci, 1992
NaCdIn*',(PO4)s Na 0 O O 0 Antenucci ez al., 1993
Cuy 3sFes(POs)s 0 Cu ] Cu Cu Warner ef al., 1993
NaCaCdMg,(PO.)s Na, Cd 0 Na, Ca 0 0 Antenucci ef al., 1995
NaMns;(PO,)(HPO,), [ 0 Na ] H Leroux ef al., 1995a
AgMny(PO,)(HPO,), [ 0 Ag 0 H Leroux et al., 1995b
NasIny(POy)s Na 0 Na O 0 Lii & Ye, 1997
NaFe; 7(PO4)s Fe 0 Na 0 [} Korzenski ez al., 1998
NaMnFe(PO,); Na O Na 0 n} This work
NaosLip sMnFe,(POs)s  Na 0 Li, Na 0 0 This work

During the past decade, an increasing number
of structural studies have been performed on syn-
thetic compounds exhibiting the alluaudite struc-
ture. These new studies, summarized in Table 8,
clearly demonstrate the existence of three new ca-
tionic sites not reported by Moore (1971). They
are localized in the channels on different positions
from those of X(1) and X(2).

In order to avoid the confusion with the X
sites of wyllieite (Moore & Molin-Case, 1974) or
bobfergusonite (Ercit er al., 1986), which are
more ordered minerals structurally related to al-
luaudite, we decided to use the nomenclature pro-
posed by Leroux et al. (1995b) for the crystal-
lographic sites of the alluaudite structure.
According to this nomenclature, X(1) and X(2)
are relabelled A(1) and A(2), respectively. A(1) is
localized in channel 1 running along (!4, 0, z) and
(0, Y%, 2), and A(2) lies in channel 2 running along
(0, 0, 2) and (!4, A, 2).

The first of the new cationic sites, recently de-
scribed in the alluvaudite structure, was named
A(2) by Leroux et al. (1995b). Its position corre-
sponds to (0, y, V4) with y = 0, in channel 2. Large

cations such as Na, Ag, and Ca are able to occupy
this site, which exhibits 4+2 (distorted trigonal
prism) or 4+4 coordination polyhedra (distorted
gable disphenoid) (Antenucci, 1992; Antenucci ef
al., 1995; Leroux ef al., 1995 a and b; Lii & Ye,
1997; Korzenski et al., 1998). A(1) corresponds
to the A(4) site of Keller (1996), and is localized
on (0, y, Y4) with y = 0.5, in channel 1. It contains
Cu in a 4-coordinated square-planar environment
(Warner et al., 1993). The last A(1)” site occurs
on the general (x, y, z) position in channel 1, and
accommodates 2-coordinated H or 4+2-coordi-
nated Cu in a distorted trigonal prism (Warner et
al., 1993; Leroux ef al., 1995 a and b).

According to these new data, the following
crystallochemical formula can be written for allu-
audite-type compounds, [A(2)AQ2)I[A(1)A(L)-
A1 M(1)MQ),[(P,As)Oq]s. In contrast to the M
sites, the A crystallographic sites can be partially
or totally empty. The majority of alluaudites con-
tain atoms on A(l) and A(2)’, with vacancies on
A(2), A(1) and A(1)” (Table 8). Neverthless,
when A(1)" or A(1)” are occupied, as in the pro-
tonated alluaudite-like compounds, A(1) is empty



854

because channel 1 is already filled by A(1)" or
A(l)” atoms (Warner et al., 1993; Leroux et al.,
1995 a and b).

Crystal structure of NaMnFe2(PO4)3

According to the positional parameters (Table 5), the
AQ2Y, A(1), M(1) and M(2) crystallographic sites
can be identified in the synthetic alluaudite-like
compound NaMnFe,(PO,);. The coordination
polyhedra morphologies of A(1) (distorted cube,
Fig. 2a), M(1) (very distorted octahedron) and
M(?) (distorted octahedron) are in good agree-
ment with the data previously published in the lit-
erature (Moore, 1971, Antenucci et al., 1995).
However, the morphology of the A(2) coordina-
tion polyhedron is rather unusual (Fig. 2b). The
bond lengths (Table 6) indicate a (4+4) coordina-
tion for this site, with 4 short bonds (2% 2.526
and 2 x 2.693 A) and 4 long bonds (2x2.868 and
2 % 2.888 A). This morphology corresponds to the
gable disphenoid described by Moore (1981) in
the wyllieite structure. It can be constructed by
two trigonal prisms fused at a common square
face after a rotation of 90°.

The occupancy factors for A(2) and A(1) sites
(Table 5) lead to the following cationic distribu-
tion, idealized for 1.0 Na and 1.0 00 : 0.81 O and
0.19 Na on A(2), 0.81 Na and 0.19 O on A(1).
This distribution of Na between A(2Y and A(1) is
different from the one suggested by Moore
(1971), who considers Na to be only localized on
the A(1) site. It is interesting to note, however,
that the simultaneous presence of Na on both the

F. Hatert et al.

o)
om

Fig. 2. Morphology of the A
(a) and the A(2)" (b) crystal-
lographic sites in the synthetic
alluaudite-like compound,
NaMnFe2(PO4)3.

A(2Y and A(1) sites has already been observed in
the  synthetic alluaudite-like ~ compounds
Na,Cd,M3*(POy)3, with M3+ = Fe3*, Ga, Cr (Ante-
nucci, 1992) and in Nazlny(POy); (Lii & Ye,
1997).

Concerning the cationic distribution on the M
sites, the occupancy factors (Table 5) indicate the
presence of Mn on M(1) and of Fe on M(2). This
ordered distribution is in good agreement with the
M(1)-O and M(2)-O average distances given in
Table 6, distances which are very close to the in-
teratomic Mn**-O (2.23 A) and Fe*-0 (2.05 A)
distances (Shannon, 1976). The bond valence
sums for these sites have also been calculated
using the empirical parameters of Brown & Alter-
matt (1985). According to these authors, the bond
valence, s, associated with the bond length, R, is
given by the equation: § = explRo - R)/0.37],
where Ry is 1.790 for Mn*" and 1.759 for Fe*.
Ideally, the bond valence sum should equal the
mean valence of the cation in the crystallographic
site. For pure Mn** occupation on M(1), the bond
valence sum (&, = 1.97) is very close to the ideal
value, but for pure Fe3* on M(2), the bond valence
sum (%, = 2.84) is slightly lower than the expected
value. This feature can be explained by the
presence of significant amounts of Fe?* on the
M(2) site, as detected by the wet chemical anal-
ysis (Table 2).

Finally, it is interesting to note that the intense
brownish to olive green pleochroism observed in
transmitted light probably results from an opti-
cally induced intervalence charge transfer be-
tween Fe?* and Fe** in the M(2) octahedra (Burns,
1970).
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Crystallochemical role of Li

From the crystal structure refinement of the al-
luaudite-like compound Nag sLig sMnFe,(POy)3
(Table 5), it is evident that Li occupies the (4+4)-
coordinated A(2)" site, exhibiting the same mor-
phology as that of the A(2) site of the alluaudite-
like phase NaMnFe,(PO,);. The occupancy
factors lead to the following idealized cationic
distribution; 0.44 [, 0.42 Li and 0.14 Na on A(2)',
0.56 [J and 0.44 Na on A(1). A comparison with
the cationic distribution in NaMnFe,(PO,); sug-
gests a replacement of a vacancy by Li on the
A(2Y site, and of Na by a vacancy on the A(1)
site. Consequently, the substitution mechanism []
+ Na — Li + [ can be considered.

The electron density detected on the (0,
0.501(3), Y1) position can be attributed to Li on
the A(1)’ site, but it was not possible to include
this site in the refinement procedure.

The cationic distribution on the M sites is
similar to the distribution observed in the syn-
thetic NaMnFe,(PO4); compound, with Mn on
M(1) and Fe on M(2). The bond valence sum for
pure Mn?* occupation on M(1) (X, = 1.99) is close
to the theoretical value, whereas the bond valence
sum for pure Fe** on M(2) (X, = 2.89) is signif-
icantly lower, probably indicating the presence of
Fe?* on the M(2) site.

A rather unusual feature of this structure is the
occurrence of Li on the large, (4+4)-coordinated
A(2Y site. According to Wenger & Armbruster
(1991), Li generally occurs on sites with a 4, 5 or
6-fold coordination. However, these authors point
out that Li is situated in an 8-coordinated polyhe-
dron in nambulite, (Li,Na)Mn,SisO4OH. The
limited occupancy of Li on the A(2)" site is prob-
ably due to the very long mean interatomic Li-O
distance (2.726 A). This phenomenon has already
been observed in other Li-bearing phosphates.
The mean Li-O distances in triphylite, LiFePO,
(2.154 A) (Finger & Rapp, 1970), and in lithio-
philite, LiMnPO;, (2.166 A) (Geller & Durand,
1960), are significantly shorter than the mean Li-O
distance in ferrisicklerite, Li,(Fe* ,Mn?*)PO;
(2.222 A) (Alberti, 1976). The morphology of the
A(2) site is also in good agreement with the data
published by Wenger & Armbruster (1991) who
have underlined the preference of octahedral Li
for distorted (4+2)-coordinated crystallographic
sites.
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Fig. 3. Variation of the unit cell parameters in the syn-
thetic alluaudite-like compounds, Naj-LixMnFe2(PO4)3.
A: pure alluaudite; B: alluaudite + LisFe3*2(PO4)3.

Variation of the unit cell parameters

The unit cell parameters of Na, Li,MnFe;(PO,)3
calculated here (Table 1) show a regular decrease
versus X, resulting from the replacement of Na by
Li in the alluaudite structure (Fig. 3). For x > 0.90,
the constant values of the unit cell parameters in-
dicate that additional Li could not be incorporated
in the structure, which implies the crystallization
of additional LisFe?*,(POy)s.

The decrease of the unit cell parameters can
be correlated with the variations of bond distances
induced by the incorporation of Li into the al-
luaudite structure. The differences between the
bond lengths of NaMnFex(PO,); and NagsLios-
MnFe,(PO,)s, presented in Table 6 (column C),
clearly show that significant variations in the
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bond distances occur for the A(1) and A2 crys-
tallographic sites. The most important variations
have been observed for the A(1)-O(2) and A(1)-
O(4) bonds, forming a square parallel to the b axis
(Fig. 2a). This feature explains the significant de-
crease in the b parameter (Fig. 3). In the same
way, the smaller variation of the a and ¢ vnit cell

arameters is related to the shortening of the
A(2)-O(6) bonds, forming a square parallel to
(010) (Fig. 2b).

Conclusions

This paper reports the first synthesis of the al-
luaudite-like compound NaMnFe,(PO4)3, a com-
pound which is chemically similar to the natural
alluaudite from Buranga, Rwanda. The synthesis
of solid solutions, with a progressive replacement
of Na by Li, leads to a better understanding of the
crystallochemical role of Li in the alluaudite
structure. Lithium is exclusively localized in
channel 2, on the (4+4)-c00rdinated A(2) site oc-
curring on a (0, y, 1/4) (y = 0) position. Despite the
unusually long Li-O distances, lithium can be in-
serted up to 90 atomic % in this site following the
substitution mechanism LI+ Na — Li + .

Finally, it should be pointed out that the mor-
phology of the A(1) and A(2) distorted crystal-
lographic sites resembles the morphology of the
distorted cubic site of the garnet structure. This
observation tends to confirm the close relationship
between the alluaudite and the garnet structures,
as already pointed out by Moore & Molin-Case
(1974), and recently demonstrated by the exist-
ence of a garnet-alluaudite transition (Khorari et
al., 1995).
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