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ABSTRACT

The crystal structures of fedorite from the type locality, the Turiy complex (Kola Peninsula, Russia) and the Little Murun
complex (Sakha, Russia), have been refined from single crystals by CCD X-ray diffractometry. Both samples areftriclinic, space
group P1; fedorite from Turiy has a 9.6300(7), b 9.6392(7), ¢ 12.6118(9) A, « 102.422(1), B 96.227(1), v 119.888(1)° [R1 =
4.87%), whereas that from Little Murun has a 9.6450(7), b 9.6498(7), ¢ 12.6165(9) A, « 102.427(1), B 96.247(1), y 119.894(1)°
[R1=13.94%)]. Thestructureis described asamodular centrosymmetric structure (stacking sequence OS,S,0) consisting of sheets
of edge-sharing Mg (M = Ca, Na; ¢ = O, F, Cl) polyhedra (O-sheet) linked to sheets of (Si,Al)O4 tetrahedra (S; and S; sheets),
with Na, K and H,0 groups occurring asinterlayer cationsin partially occupied sites. Four distinct Mg polyhedra characterized
by different Na and Ca occupancies are recognized in the sheet of octahedra. The sheet of tetrahedra consists of two types of six-
member rings of corner-sharing (Si,Al)O4 units: aslightly distorted hexagonal ring of six upwardly pointing (relative to the center
of symmetry) tetrahedra, and a strongly distorted hexagonal ring consisting of four upwardly and two downwardly pointing
tetrahedra. The latter provide the link between the centrosymmetrically related S, and S, sheets. This study provides significant
improvements in the accuracy and precision of cell dimensions, bond lengths and pattern of cation order relative to previous
studies. Theideal structural formula of fedorite is Ay_sM7T1035X2*nH-0, where A = Na, K, Ba, Ca; M = Ca, Na, Mn?*, Fe?*: T
=Si,Al, Ti; X=F,Cl or OH, and n= 3.5.
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SOMMAIRE

Nous avons affiné lastructure cristalline de lafédorite provenant delalocalité-type, le complexede Turiy, péninsule de Kola,
en Russie, et le complexe du Petit Murun, territoire de Sakha, aussi en Russie, a partir de cristaux uniques par diffraction X et
prélévements par détecteur CCD. Les deux cristaux sont tricliniques, groupe spatial P1; pour lafédorite de Turiy, les parametres
réticulaires sont a 9.6300(7), b 9.6392(7), ¢ 12.6118(9) A, « 102.422(1), B 96.227(1), y 119.888(1)° [R1 = 4.87%], tandis que
pour celle du Petit Murun, ils sont a 9.6450(7), b 9.6498(7), ¢ 12.6165(9) A, « 102.427(1), B 96.247(1), vy 119.894(1)° [R1 =
3.94%)]. Nous décrivons lafédorite en termes de structure centrosymétrique modulaire, avec une séquence d' empilement OS,S,0
contenant desfeuillets O de polyédresMdg (M = Ca, Na; & = O, F, Cl) aarétes partagéesliésadesfeuillets (S; et S;) de tétragdres
(Si,Al)Oq4, leNa, leK et les groupes H,O étant logés entre les feuillets dans des sites partiellement occupés. On distingue quatre
polyédres Mg ayant des popul ations de cations Na et Ca différentes dansles feuillets O. Lefeuillet de tétragdres est fait de deux
types d’ anneaux a six tétragdres (Si,Al)O, a coins partagés: un anneau | égérement difforme de six tétraédres orientés versle haut
(par rapport au centre de symétrie), et un autre, fortement difforme, contenant quatre tétragdres orientésversle haut et deux autres
orientés vers le bas. Le second assure la liaison entre les feuillets S, et S, dont la relation est centrosymétrique. Nos résultats
fournissent des améliorations importantes en justesse et en précision des paramétres réticulaires, des longueurs de liaison, et du
schéma de mise en ordre des cations par rapport aux résultats antérieurs. La formule structurale idéale de la fédorite est
As_sM;T16038X*nH,0, dans laquelle A= Na, K, Ba, Ca; M = Ca, Na, Mn?*, Fe?*; T=Si, Al, Ti; X=F, Cl ou OH, et n ~ 35.

(Traduit par la Rédaction)

Mots-clés: fédorite, affinement de la structure, structure modulaire, données de microsonde électronique.
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INTRODUCTION

Fedorite, arare complex hydrous K-Na—Ca-silicate,
was initially recognized in fenitized rocks adjacent to
the Turiy alkaline complex, Kola Peninsula, Russia
(Khukarenko et al. 1965). A second occurrence was
subsequently reported from metasomatic—hydrothermal
charoite-carbonatite rocks of the Little Murun potassic
complex, Siberia (Konyev et al. 1993). Fedoriteis con-
sidered to have a modular structure (Ferraris 1997) and
isamember of agroup of silicatesthat consist of stacked
modules of sheets of tetrahedra and octahedra. Other
members of thisgroup includereyerite (Merlino 1988a),
gyrolite, truscottite, and synthetic K and Z-hydrated
calcium silicates (Merlino 1988b), and tungusite
(Ferrariset al. 1995). Fedoriteisthe only fluorine-bear-
ing member of this group.

The structure of fedorite was determined by
Sokolova et al. (1983) and refined by Joswig et al.
(1988). However, there remain uncertainties in the po-
sitions of the interlayer atoms and in the pattern of or-
der of the cations occupying the octahedral and
tetrahedral positions.

The structural formula of fedorite requires revision,
as it has been variously given as: (K1gsNagg3)(Casse
Na2,48)Si15033(OH,F)-H20 (SOkO|0V8 et al. 1983),
(Ko.g2Nay g5)(Cay.3sNaz 3aAl0.31) (Si15.35A10.65) O3
(OH,F)*H,0 (Joswig et al. 1988), Ky(CasNay)Si1s0ss
(OH,F)2*H,0 (Merlino 1988b), and KNasCay(Si,
Al)16035(0OH)426H,0 (Blackburn & Dennen (1997).

Given the lower precision of previous studies and
the uncertainty in the structural formula, coupled with
the fact the structure of fedorite from the Little Murun
potassic complex has not been determined, we consid-
ered that are-appraisal of the structure of fedorite using
modern techniques was desirable.

Previous WoRrk

The structure of fedorite from the type locality was
initially determined by single-crystal X-ray diffraction
by Sokolova et al. (1983). Their study established that
the framework consists of sheets of (Na,Ca)Og octahe-
dra attached to double sheets of SiO, tetrahedra with
H,0O groupsor hydroxyl anions (or both) plus potassium
and sodium cations occurring in the interlayer regions
(see below). Sokolova et al. (1983) reported the struc-
ture in the unconventional C triclinic setting. The high
R-value (9.5%) and the imprecision in locating the
interlayer atoms prompted a subsequent combined X-
ray- and neutron-diffraction study by Joswig et al.
(1988). That work improved the R-value for the X-ray-
structure determination to 4.0% using 3149 unique re-
flections with |Fg| = 3o, and included anisotropic
displacement parametersfor all atoms. In that study, the
atomic coordinates determined by Sokolova et al.
(1983) were used as a starting point for the structural
model. Joswig et al. (1988) did not report any changein
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these data subsequent to their new refinement, as they
considered that the positional differences were negli-
gible. Thus, the coordinates and errors quoted for the
atoms comprising the sheets of octahedra and tetrahe-
draremain the same in both studies (see ICSD Collec-
tion Codes 20853 and 65342). The neutron-diffraction
study gave an R-value of 6.9% for a model including
isotropic displacements of the atoms and was used pri-
mearily to locate interlayer atoms. Significant differences
in cell dimensions, interaxia angles, and positions of
the interlayer atoms were reported by Joswig et al.
(1988).

Sokolova et al. (1983) and Joswig et al. (1988) re-
fined the positions of atoms in the sheet of octahedra
with a statistically uniform distribution of Na, Ca and
Al in the polyhedron as (Cagg2Nay33Alo04)- We con-
sider that this site occupancy, and especially the assign-
ment of Al to the octahedra, isimprobable. Positions of
atomsin the silicon—oxygen tetrahedrawere also refined
assuming an occupancy of (Sip.geAlo.04)Oa.

EXPERIMENTAL
Crystals investigated

The compositions of fedorite, determined by stan-
dard methods of wavel ength-dispersion electron-micro-
probe analysis (Cameca SX-50; University of
Manitoba) on material from the type locality at Turiy
(Smithsonian Ingtitution catalog # NMHM 169443) and
the Little Murun complex (this work) are given in
Table 1. These differ with respect to their Al, Ca, K, Cl
and F contents. In particular, it should be noted that the
Murun material isessentialy devoid of Al. Thecrystals

TABLE t. THE COMPOSITION OF FEDORITE

Turiy Murun Tusy Murun
Si0, wt.% £7.02(0.63) 66.60(0.28) Siapfu 16011 15.956
Tio, 01.0H0.04) 0.01(0.02) Al 10.090 0.028
ALO, 0.32(0.06) 0,10{0.02)
FelY G 1HD.04) 0.02(0.02% Layer of ectahedra (7 cations)
MnO 0.32(003) 0.19(0.02)
MgO 8.01(0.01) nd. Ti 0.004 0.002
Ca0) 15.85(0.21}) 17.1%0.07) Fe 0,022 0.004
Nay( B9I0.22} S.08(0.17) Mn 0.065 0.039
K0 3014005} 1.568(0.08) Mg 0.004 -
Baly 0.27(0.09) nd “Ca 4.057 5413
F 2.6%0.15) 3 1%(¢16) “Na 2848 2542
Cl C.61{0.01) D201}

Interlayer
total 9928 9810
Na 12N 1.676

-F=C 113 1.34 K 0217 0483
-C1=0 03 0.03 Ba 0025 -
Total 93.02 9673

The structucal Formulae, expressed in atoms per formula unit, aafir, are based on 40
(O.F,Cl). * Totat Fe expressed as FeO; n.d. = nut detected. Errors are 1o standard
deviation of the compositions of L0 different grains.
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selected for single-crystal X-ray diffractometry mea-
sured approximately 0.2 X 0.2 X 0.2 mm.

X-ray diffraction

Crystals were fixed with epoxy on thin glass rods
and mounted on a Bruker PLATFORM three-circle go-
niometer equipped with a 1K SMART CCD (charge-
coupled device) detector with a crystal-to-detector
distance of 5 cm. Burns (1998) has discussed the appli-
cation of CCD detectorsto the analysis of crystal struc-
tures.

The diffraction datawere collected using monochro-
matic MoKa radiation and frame widths of 0.3° in w,
with 30 seconds used to acquire each frame. A sphere
of three-dimensional data was collected, and these data
were analyzed to locate peaks for the determination of
unit-cell dimensions (Table 2). Datawere collected over
theinterval 3° < 26 < 56.6°. The three-dimensional data
werereduced and corrected for L orentz, polarization and
background effects using the Bruker program SAINT.
Empirical absorption correctionswere applied to all data
on the basis of the intensities of equivalent reflections,
with the crystal shapes modeled as ellipsoids. The total
number of observations and unique reflections used in
the crystal-structure determinationsislisted in Table 2.

STRUCTURE SOLUTION AND REFINEMENT

Scattering factors for neutral atoms together with
anomalous dispersion corrections were taken from In-
ternational Tables for X-Ray Crystallography, Vol. IV
(Ibers & Hamilton 1974). The Bruker SHELXTL Ver-
sion 5 system of programs was used for the determina-
tion and refinement of the crystal structures.

The structures of the fedorite crystals were refined
by direct methods in the triclinic space-group P1. The
initial refinement, including isotropic displacement of
the cations, was used to establish the positions of the
atoms comprising the sheets of octahedra and tetrahe-
dra. Subsequently, displacement parameters were con-
verted to an anisotropic form. The positions of fluorine
and the interlayer atoms (designated A1, A2 and W, see
below) were initialy refined isotropically and subse-

TARBLE 2. CELL DIMENSIONS ANDOTHER DATA FOR THE FEDORITE
CRYSTALS STUTHED RY COIHFFRAC TOMETRY
Sample Turiy Murun Turiy Murun
ol A WHIH Y GodHTY Count tinedframe 30w 305
A DHINT DOA9R(T) Collecion v 18 hr 1% I
A PLETIR™ 1261630y Tewd reflecrions 11652 10262
4 10242200 102.4271) Uiy reflections 4575 4533
il 22 9624701 T, odo, 2584 2883
b LI SEB 1} [ 1984931 Fial £1(%tohs, ol 487 3.
A" B3B8 val24 Fioial B1t%3 all data [1.T6 7.80
Space Group ] 4l Gowl’ § BO27T 0 LD3S
13 giem") 4.2 421
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quently anisotropically for those sites for which dis-
placement parameters remained acceptable.

The octahedral sites were constrained to be fully
occupied by Naand Ca, although their proportionswere
refined. In the case of the interlayer cations, sites were
generaly refined as partially occupied, that is, the oc-
cupancies of these sites were not constrained.

We investigated split-site models involving the
interlayer sites owing to the presence of strong anisot-
ropy of the Al and A2 sites. In the case of the crystal
from Murun, R1 prior to introducing split sites was
4.30%. The electron density of the Al site was signifi-
cantly elongate approximately in the [001] direction, and
was replaced by sitesdesignated Al and Ala. The sepa-
ration of these sites refined to 0.72(2) A, with the coor-
dination polyhedron about Al involving considerably
shorter bonds than that about Ala. We therefore as-
sumed that A1 and Ala are occupied mainly by Na and
K, respectively, and refined their occupancies with the
appropriate scattering-factors, resulting in occupancies
of 0.64(3) and 0.16(2) for A1 and Ala, respectively. The
incorporation of the split-site model for the Al site low-
ered R1 to 4.03%. The A2 site showed elongation in the
[100] direction, and was replaced by sites designated
A2 and A2a, which subsequently refined to a separation
of 1.32(2) A. The polyhedron geometries about each of
these sites are consistent with occupancy mainly by K;
the refined occupancies using the scattering factor for
K are 0.047(3) and 0.183(5) for A2 and A2a, respec-
tively. Introduction of the split-site model for A2 fur-
ther lowered R1 to 3.94%.

The R1 for the crystal from Turiy was 5.21% prior
totheintroduction of split sites. The Al site showed sig-
nificant elongation along [001], and was replaced by
sitesdesignated A1 and Ala. Thesitesrefined to asepa-
ration of 0.92(2) A, and as was the case for the crystal
from Murun, the polyhedron geometries about A1 and
Ala suggested they are mainly occupied by Na and K,
respectively. Refinement with the appropriate scatter-
ing-factors gave occupancies of 0.77(1) and 0.149(8) for
Al and Ala, respectively. Incorporation of the split-site
model for the Al site lowered R1 to 4.87%. We aso
attempted to refine asplit-site model for the A2 site, but
the refinement did not converge.

The structure models were refined on the basis of F2
for al unique reflections. In the final cycles of refine-
ment, the mean parameter shift/esd was 0.000. The fi-
nal R1 values are given in Table 2. The maximum and
minimum peaksin thefinal difference-Fourier mapsfor
the Turiy and Murun samples were —0.83 to 0.84 and
—0.78 to 1.08 &/A3. The final atomic positiona param-
eters are given in Tables 3 and 4, with occupancies in
the sheet of octahedra and of the interlayer sites as
showninin Table 5. Observed and cal cul ated structure-
factors are available from the Depository of Unpub-
lished Data, CISTI, National Research Council, Ottawa,
Ontario K1A 0S2, Canada.
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REsSuULTS OF THE STRUCTURE REFINEMENT
Cédll dimensions

Transformation of the unit-cell datagiven by Joswig
etal. (1988) from C1to P1givesa9.646(2), b 9.646(3),
¢ 12.616(2)A, o 102.52(1), B 96.26(1), vy 119.98(1)°.
Table 1 shows that fedorite from Turiy and that from
Murun differ dightly in their cell dimensions as a con-
sequence of their differences in composition.

TABLE 3. ATOMIC COORDINATES AND EQUIVALENT
ISOTROPIC DISPLACEMENT PARAMETERS
FOR FEDORITE FROM TURILY

X ¥ z L,
Ml 0.0 0.0 -0.5 0.0151(11)
M2 0.4219(2) 0.2842(2)  -04907(1) 0.0145(5)
M3 0.7114(1) 034771 -0.4993(1) 0.0125{4)
M4 014891}  -0.5687(2) -0.4845(1) 0.0131¢5)
il 0.2840(2) -0.3975(2)  -0.1307(1) 0.01i4(3)
Si2 0.1393{7) -0.2573) -0.2708( 1) 0.0116(3)
Si3 0.7679(2) 0.4967¢(2)  -0.2736(1) 0.0117(3)
Si4 0.2640(2} 0.1092(2)  -02718(1) 0.0126(3)
Sis 1.0205(2) 0.2422(2)  -0.2685(1) Q0118(3)
8i6 0.3902(2) -0.2634(2)  -0.8626(1) 0.0112(3)
Si7 0.6519(2) -0.0040{2)  -0.2710(1) 001173
5i8 0.5278(2) -0.3731(2)  -0.2681()) 0.0123(3)
01 0.7043(4) 0.3862(4)  -0.4010(3) 0.0204(9)
Q2 0.1323(4)  -0.3290(4) -0.3972(%) B.0197(9)
03 0.2704(4) 0.0832(5) -0.39656(3) 0.0227(9)
o4 0.4207(5) -0.4726{5y  -0.3931(3} 00301000
05 -0.014%4)  -0.7512(5) -0.3918(%) 0.0253(9)
06 0.5713(d) -0.0427(5y  -0.3976{3) 0.0220(9)
a7 0.8524(4) 012114y -0.2342(3) 0.0183(%)
0% 0.6759{(4) 059504 -0.2380(3) 001789
a9 0.193%4) -00614(4)  -0.2350(3) 0.0167(8)
010 0.6242(4H -0.1704(4)  -0.2416(3) 0.0203(%)
Q10 DA4331(4) 0.2504(4)  -0.1784(3) 0.0154{%})
012 (1L5343(4) 0.0800(4) -0.1827(3) 0.0165(8)
013 0.4262(4) 0.4182(5)  -01735(3) 00217 (9)
0Ol4  0.2651(4) -0.2655(4)  -01811{3) 0.0192(9)
015 -0.0388(4y -035134) -0.2412(3) 0.0181(%)
Gl L1144 (.4226{4y  -0.1718(3) 0.0197(%)
017 0.13244) 0.1633(4)  -0.2500(3) 0.0214(%)
018 0.7525{4) 0.3924(4)  -0.1854(3) O.0197(%)
Q19 0.33395)  -0.3276(5)  0.0035(3) 0.0264(10)
Fl -0.1592(4)  -0.2046{(4) -04171{3)} GO281(8)
Al -0.082004)  -0.1033{4) -D.2128(5} 0.0302(17)
AlA -0.0555(21) -0.0718(22) -0.135%23) 0.0853(72)
A2 0.6705(11y  -0.0182(9) 0.0002(6) 0.0727(35)
W1 0.9826(7) 031819 0.0038(5) 0.0485(28)
W2 0.700%(11)  -0.3274(11)  B.0015(6) 0.0736(40)
W3 4 1] 0 0.1317(43)

M1-M4 sites are occupicd by Ca and Na; interlayer A-sites by

Na and K; interlayer W1,W2 and W3 sites are oceapied by H.O.
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Crystal structure

The crysta structure of fedorite consists of a sheet
of octahedrally coordinated cations bonded to a double
sheet of Si—O tetrahedra (Fig. 1). Interlayer speciesin-
clude H,O molecules, K, and Na. The structure is de-
scribed bel ow using the modular concepts advocated by
Merlino (1988a, b) and Ferraris (1997). In this model,
the frameworks of hydrous Na—Ca-silicates are con-
structed by stacking sheets of octahedra (O,0) and tet-
rahedra (S;, Sz, Sp) in various combinations. In this

TABLE 4. ATOMIC COORDINATES AND EQUIVALENT
ISOTROPIC DISPLACEMENT PARAMETERS
FOR FEDORITE FROM MURUN

x ¥ z L

w
Ml 0.0 0.0 -0.5 0.0150(7)
M2 0A4220(1) 0284301}  -DA%04(1)  D.0130(4)
M3 0.7014(1)  0.1478(1)  -0.4996(1)  0.0117(3)
M4 0.0400{1)  -0.5665(1) -0.4841{1)  0.0126(4)
Sl 0.2847(1)  -0.3071(1)  -0.1305(1)  0.0102(3)
Si2  0.390(1)  -0.2573(1) -0.2704(1)  0.0101(3)
Si3 0768101} 0.4969())  -0.273XN)  0.01073)
Si4 0263310 0.1090(1)  -0.2711(1)  0.0114(3)
8i5  1.0202(1)  0.2418(1)  -0:2678(1)  0.0106(3)
Si6 0390717 -0.2629(1)  -0.8628(1)  0.0087(3)
§i7  0.6520(1)  -D.0040(1)  -02710¢1)  0.0104(3)
S8 0.5283(1)  -0.3724¢1) -0.2671)  0.0109(3)
Ol 0.7026(4)  0.3856(4) -04011(2)  0.0193(7)
02 0.1310(4)  -0.3295(4) -03984(2)  0.0184(7)
Q3 0.2788(4)  0.082%4) -03961(2)  0.0219(7)
04 0.4209(4)  -04724{4) -03924(3)  0.0287(8)
G5 -0.0149(4)  -0.7527(4)  -0.3917(3)  0.0252(8)
06 057124 -0.04344)  -0.3986(2)  0.0191(7)
07 0.85233)  0.1215(3)  -0.2337(2)  0.0156(7)
08 0676X3)  0.5057(4) -0.237%3)  0.017%7)
09 0.1932(3)  -0.0620(3) -0.2349(2)  0.0149(7)
Ol0  0.6246(4)  -0.1704(4) -02418(3)  0.0186(7)
Ol 0.4374(3)  02503(3)  -0.1779(2)  Q.0153(7)
O12  0.5825(3)  0.0796(3) -0.1832(2)  0.0146(7)
O13  04269(4)  -D4176(4) -0.1729(3)  0.020%7)
Ol4  0.2662(3) -0.2666(3) -0.1817(2)  0.0156(7)
015 -00392(3)  -0.3527(4) -0.2414(2)  0.0159(7}
016 1.1120(3)  0.4240(3) -0.17133)  0.0166(7)
017  0.0318(3)  0.1629(4) -02490(3)  0.0210(3)
Ol8  0.7510(3) 030194}  -0.1851(2)  0.0162(7)
OO0 03340(4)  -03269(4) 0.00293)  0.0260(8)
Fl  -01599¢3)  -0.2060(3) -0.4190(2)  0.0263(7)
Al -0.0814(8)  -0.1022(10) -0.2083¢16)  0.0261(31)
ALA  -00576(19) -D.O745(17) -0.1481(32)  0.0340(39)
A2 0.8243(32)  00324(30) -0.0017¢20)  0.0300(0)
AZA 0670115} -0.0179%(11) -0.0061(7)  (.0863(52)
Wi 0.9845(6)  03304(10) 0.0037(4)  0.068%(33)
W2 0.7124(12)  -03203(12) 0.0015(8)  0.1138(50)
w3 0 0 0 0.3321(96)

M1-M4 sites are occupied by Ca and Na; interlayer A-sites by
Naand K interlayer W1.W2 and W3 sites are occupied by H,0.
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scheme, identical sheets related by a center of symme-
try are given a“bar” symbol. For example, neglecting
interlayer atoms, the structure of reyerite may consid-
ered asrepetitions of the module S;0S,S,0S; (Merlino
1988a). Fedorite is one of simplest of these modular
structures, asit consistsonly of O and S; structural units
(Fig. 1) in the stacking sequence OS,S,0 (Merlino
1988b).

Sheets of octahedra (O)

Figure 2 illustrates the structure of the sheet of octa-
hedra and shows that it consists of edge-sharing (M)dg
polyhedra, where M stands for Naand Ca, and ¢ repre-
sentsO or F. The structural refinements demonstrate the
existence of four crystallographically distinct polyhe-
dra, denoted M1 to M4 in Tables 3 and 4. Bond lengths
and polyhedron-distortion parameters (A), calculated by
the method of Shannon (1976), are given in Table 5,
which shows that polyhedra cross-linked by F atoms
exhibit the highest degrees of distortion from a perfect
octahedron. The M1 polyhedron containing two atoms
of fluorine exhibits the greatest distortion, whereas the
M3 polyhedron, which does not contain F atoms, isonly
slightly distorted. Occupancy refinement (Table 6)
shows that the M1 polyhedron is occupied predomi-
nantly by Na, the M2 polyhedron has near-equal Naand
Caoccupancy, and the M3 and M4 polyhedra are domi-
nated by Ca. The dominance of Nain the M1 site re-
flects the presence of F atoms in a trans position such
that M1 polyhedron has the composition (Na,Ca)(O4F2).
Our occupancy scheme is considered an improvement
over the random model proposed by Joswig et al.
(1988). In addition, Joswig et al. (1988) located F and
OH (designated as O21 in their work) as occupying the
same sitesin the M1 polyhedra. Our occupancy refine-
ment does not permit the recognition of OH in the same
siteasF.

Sheets of tetrahedra (S; and é)

Our data and those of Joswig et al. (1988) show that
thetetrahedral-sheet moduleis of the S, type of Merlino
(19884, b). Figure 3 shows a plan view of the S; layer,
which consists of two types of six-member rings. One
distortion-free hexagonal ring consists of six upward-
pointing tetrahedra (Si2, Si3, Si4, Si5, Si7, Si8). The
apices of these arejoined to atoms of oxygen at the cor-
ners of the O-sheet polyhedra (Fig. 1). The other ring is
a distorted hexagonal ring consisting of four upward-
pointing tetrahedra (Si2, Si3, Si5, Si7) and two down-
ward-pointing tetrahedra (Si1, Si6). The latter link the
regular hexagonal rings in the a—b plane (Fig. 1). The
S; layer isrelated to the S; layer by the center of sym-
metry via the bridging oxygen 019, linking Si1 and Si6
tetrahedra (Fig. 1).

Table 7 lists Si—O bond lengths and polyhedron-dis-
tortion parametersfor the tetrahedra of the S, sheet. The
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bond lengths of the Turiy sample are significantly
smaller those of the Murun material. In addition, maxi-
mum and minimum bond-lengths of the basal oxygen
atoms differ in the two samples. Bond lengths between
Si and apical shared oxygen atoms in the regular hex-
agonal rings linked to the O-sheets are reduced relative
tothosein S, — S, bridging tetrahedra (Si1, Si6). This
greater distortion results from the geometrical require-
ments of the O—S; sheet linkage and resultsin the regu-
lar hexagonal ring being distorted so that it isarched in
aconvex manner toward the O-layer (Fig. 1). Note that
the F atom in the O-sheet polyhedrais located directly
over the center of thisring.

Our data for the sheet of tetrahedra are in general
agreement with those given by Joswig et al. (1988), al-
though our precision is better, and we did not find
(Si,Al)-O bonds as short as 1.547A.. Because of the low
Al contents of fedorite, and in common with Joswig
et al. (1988), we find no evidence for ordering of Si
and Al.

TABLE 5. OC TAHEDRON BOND-LENGTHS (A) AND
POLYHEDRON DISTORTION-PARAMETERS (A) IN FEDORITE

Tuciy Murun Turiy Mirun
1-F1 2353y x2 2355(3)=2 M3-03 2.378(4) 13823
-03 24944y 2 2496(3) % 2 -06 2.399(4) 2.399(3)
-035 2571043 =2 2563(3) =2 -01 2.403(4) 2.40%(3)
A 1,280 1.257 -02 2411(4) 2.4068(3}
-05 2.415(4) 2.423(3)
M2-F1 2.320(3) 2316033 -06 2.459(4) 2457y
03 2.396(4) 2.404(3) A 0.164 0.093
-0 2.408(d) 2412(4)
-O1 2.415(4) 2.403(3) Md-F1 2 341(3) 2.329(3)
-06 2.4B4(4) 2.478(3) 05 2.348(4) 2.358(3)
-0 2.574(5) 2.584(4) -0d 23504 2.35%(3)
& 1.058 1.169 -2 2.410(4) 2.408(3)
-0l 2.488(4) 2.498(3)
-02 2.517(4) 2.507(3)
A (.847 0839

TABLE 6. SITE OCCUPANCIES (%) OF OCTAHEDRON SHEET
AND INTERLAYER POSITION TN FEDORITE

Turiy Murun Turiy Murun
Octahedron Sheet Imerlayer cations and anions
Ml Ca S14) 22601.0) A1 Na  TTANLI) 64.3(3.5)
Na 95.0{14) 772310} Ala K 14909 163{2.1}
M2 Ca SL11) 56.T0.8) A2 K 25308) 42Ty
MNa  45.0{1.1) 42.3{0.8) Aa K - 18.3{4.8)
M3 Ca  T92(1.1) BLL0E) W HD 626(1.2) 631610}
Na 208(L1) 17.9(0.8) WiH0) 85.9(1.3) 60.4{1.3)
M4 Ca  689(11) 74.0{0.8) w3 (H,O) 100 106
Wa  3JLI(11) 26.008)

The Af1 and 3 sites are located on cemers of symmetey The occupancy of H3 was
fixed at 100%.
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Fic.1. Polyhedral model of the structure of fedoriteillustrating the sheets of octahedra (red) and tetrahedra (green and yellow),
together with the locations of the interlayer cations (Al and A2) and H,O groups (W1 — W3).

Interlayer atoms

The structure of fedorite contains large cavities be-
tween the sheets of tetrahedrathat are occupied by large
low-vaence cations and H,O molecules. Initialy, we
identified five sitesin theinterlayer, two of which have
relatively high electron-densities, indicating occupancy
by cations, and three of relatively low electron-density,
and thus presumably occupied by H,O molecules. Each
of these sitesis partially occupied, with large displace-
ment-parameters, indicating that the positions corre-
spond to averages, with local variationsin the structure
presumably due to cation substitution.

Therefinement of split-site modelsfor theinterlayer
A sitesis described above. The separations between the
Aland Alasitesareonly 0.72(2) and 0.92(2)A for crys-
talsfrom Murun and Turiy, respectively, which prohib-
its occupancy of both sites locally. The sum of the
refined site-occupancies for these two sites totals 0.80
and 0.92 for the crystals from Murun and Turiy, respec-
tively, which is consistent with only one of the sites
being occupied locally. The coordination polyhedra
about the Al sites in the two crystals contain eight
ligands (six atoms of oxygen, one H,O molecule and

Fic. 2. Planview of the sheet of Mdg octahedra. See Table 6
for individual occupancies of the octahedral sites.
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Fic. 3. Thestructure of the S, sheet of (Si,Al)O,tetrahedra.

one atom fluorine), with mean bond-lengths of 2.55 and
2.54 A for the crystals from Murun and Turiy, respec-
tively. The Ala site has a larger coordination polyhe-
dron, with six atoms of oxygen at a mean distance of
2.77 and 2.83 A for the crystals from Murun and Turiy,
respectively, and a fluorine atom at 3.22 and 3.35 A,
respectively. The Ala site involves a short distance of
about 1.6 t0 1.7 A to the H,O molecule W3 in both crys-
tals studied. The isotropic displacement parameters are
large for W3, which islocated on a center of symmetry.

TABLE 7. THTRAHEDAL SIIEET BONI LENGTHS (A) AND
POLYNHEDRON DISTORTION PARAMETERS (4)

Turiy Murun Turiy Flutun

Sil-019° 1.600° 159147 Sis-013 1.57% 1.581
-3 LG10 1.609 -tH6 1.617 |28
-O16 Lali 1.607 -7 1.623 1.623
-014 1615 1.60% -7 1.630 1.627

A 0012 .02z 0156 0,147
Ni2-02 1.575 1.592 Kin-019" 596 1.601
-014 160 Latg -0 1612 1.617
-0l 1.624 1.625 Q18 L6113 1604
-8 1.623 1.622 02 1.616 1613

A 0.158 0060 04023 .04
Si3-( 1.579 1583 Si7-08 1.573 1.585
-O8 1.621 1.623 -0z 1.617 1.625
Eoal-1 1.623 1628 -1 1.622 L6210
-5 1.625 1.619 -7 1.625 [Xine)

A 0141 0.110 0172 113
Sid-03 1.573 1.578 Sig-04 1.575 1.574
-0r7 1620 1.622 -013 14619 1.624
-011 1.630 163l -010 1.624 1.621
-0 1.633 1.634 -08 | 626 1.624

A 0.208 0194 n.169 0174

* Hridging oxygen: ¥ standurd deviation for all bond lengths is DA
and (LWUO3A for Turly and Murun samplus, respectively.
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Refinement of the site-occupancy factor for W3 is diffi-
cult owing to correlation with the displacement factor;
thuswefixed it at full occupancy during the refinement.
Given the short distance between W3 and Ala, it islikely
that the W3 siteis vacant locally if the Ala siteis occu-
pied.

The A2 and A2a sites (A2 only for the crystal from
Turiy) occur in large coordination polyhedra that are
consistent with occupancy of these sites mainly by K.
For the crystal from Murun, the A2 and A2a sites are
separated by 1.32(2) A, indicating that only one of these
sites may be locally occupied. The A2 site is coordi-
nated by five atoms of oxygen and one H,O molecule,
with a mean bond-length of 3.01 A, whereas the A2a
site is coordinated by as many as eleven ligands with
bond lengths less than 3.4 A, with a mean polyhedron
bond-length of 3.12 A. Site occupancy refinement
showed that the A2a site contains more K [0.183(5)]
than the A2 [0.047(3)]. In the case of the crystal from
Turiy, the coordination polyhedra about the A2 site con-
tains eleven ligands that are less than 3.4 A from A2,
with a mean polyhedron bond-distance of 3.11 A. The
refined site-occupancy, obtained using the scattering
factor for K, is0.256(6). The A2a sitein the crystal from
Murunisvery similar to the A2 sitein the Turiy crystal,
and both contain nine atoms of oxygen and two H,O
molecules.

The distance between the Ala and the A2 sitesin the
crystal from Murun is 2.56(3) A, which isinconsistent
with both of these sites being occupied locally in the
structure. The refined occupancy of the A2 site is only
0.047(3), thusit is possible for this site to be vacant lo-
cally where the Ala site is occupied. It is aso possible
that where occupied locally, the A2 site contains H,O.

In their study of fedorite, Joswig et al. (1988) iden-
tified two cation sites (designated D1 and D2) and an
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H>0 group in the interlayer. Inspection of their struc-
ture demonstrates that their D1 and D2 sites correspond
to our Al and A2 sites, respectively. Their structura
model did not involve splitting of either of the cation
sites, although extreme elongation of the displacement
ellipsoid of the D1 site was observed. Joswig et al.
(1988) reported that the D1 site is dominated by Na,
whereas the D2 site contains mainly K, in accord with
our findings.

The Al site, dominated by Na, islocated at the cen-
ter of the basal plane of the distortion-free hexagonal
ring of silicate tetrahedra. The siteis coordinated by six
atoms of oxygen located at the bases of the silicate tet-
rahedra, together with the F atom lying above the center
of the hexagonal ring of tetrahedra. The Ala site has a
similar coordination but is displaced 0.72A towards the
center of symmetry (Fig. 1). The A2 site, dominated by
K, is located in_the centers of the octagonal tunnels
formed by S, — S; layers when viewed along the a axis.
Pairs of K atoms in the unsplit A2 site in the Turiy
material are situated 6.18 A apart and together with the
H,0 molecule W3 located at the center of symmetry,
form the sequence K-H,0-K—K—H,0-K aong thetun-
nel axis. The other H,O molecules designated W1 and
W2 forms rows alternating with the O19 bridging atoms
of oxygen (Fig. 1), in the sequence O19-W2-W1-0O19
(3.54-3.013-3.09 A).

Discussion

Wehaverefined thecrystal structures of two samples
of fedorite of differing provenance and shown that they
are very similar. Small differencesin bond lengths and
site occupancies are probably related to small differ-
ences in composition. Our data agree in general with
those of Joswig et al. (1988) with respect to the struc-
ture of the O and S; layers, but not with respect to the
site occupancies of the octahedra or the positions and
occupancies of interlayer Na, K and OH. Our data con-
firm that fedorite may be considered a modular_struc-
ture containing the stacking sequence O - S, - S, — O.
Our study provides improved estimates of cell dimen-
sions and bond lengths.

From our crystal-structure refinements, the structural
formulae of fedorite are:

(1) (News4Kogo)s2.34(Cay03Nap.g7)s7.0(Si,Al)16033F 20
3.69H,0 for Turiy, and

(2) (Nay20K0.70)s2.08(Cay.a8Nap52)57.0(Si,Al)16038F2*
3.47H,0 for Murun.

These formulae are “similar” to that proposed by
Joswig et al. (1988), but our site occupanciesdiffer, and
we do not find any sites, apart from the F-site, which
may be considered as occupied by hydroxyl anions.
From Table 1, the structural formulae of fedorite from
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Turiy (1) and Murun (2), calculated on the basis of 40
atoms of (O,F,Cl), are:

(1) (Nay27K0.02Ba0.03)32.22 (Cau.06Na.e5MNo.07F€0.02
Ti0.004MJ0.004)37.0 (Si16.01Al0.00)316.10038(F,Cl)2.27

(2) (NagesKo.ag)s2.16 (Cay.a1Na.54MNg 0aFep 04
Tio.002)37.0 (Si15.96/Al0,03)315.98038(F,Cl)2.47

These are in reasonable agreement with the struc-
tural formula determined from the X-ray study, except
for the halides and interlayer cation occupancies, and
justify our site occupancies for the cations of the layer
of octahedra. Assuming that both crystals contain ap-
proximately 3.5 molecules of interlayer H,O, composi-
tional totals of 102.46 wt.% and 101.27 wt.% for the
Turiy and Murun samples, respectively, are reasonable
given the uncertainty in determining the site occupan-
cies of the W sites. Our data indicate that fedorite does
not contain any structural OH~ groups.

Natural fedorite is not an end-member composition
and, ignoring interlayer H,O, may be considered from a
crystallochemical viewpoint as a solid solution involv-
ing four principal end-members: K,(CagNap)7Si1603sF2,
Nap(CagNap)7Si16038F2, Ka(CayNag)7Sii1603sF2, and
Nag(CayNag)7Si16038F2. None of these end-member
compositions has been synthesized, although Nax(Cas
Nap) Si16038(0OH)2*H0 has been prepared by hydrother-
mal corrosion of silicarrich glass (Clauss et al. 1995).
From the above formulae, it is evident that as the Ca
content of the sheet of octahedra decreases, the charge
balance of the structure is maintained by entry of
monovalent cations to the interlayer sites. The Turiy
fedorite has a composition near (Na,K)2.x(CasNag)7
Si16038F2, and thus contains more interlayer Na, K and
Bathan the Murun sample, which contains more Cain
the sheet of octahedra.

Onthebasisof our structure refinement and compo-
sitional data, we consider that theideal general formula
for the fedorite group is A,_sM7T16038X2*nH0, where
A=Na, K, Ba, Ca; M = Ca, Na, Mn?*, Fe?*; T=Si, Al
Ti; X=F, Cl or OH, and h = 3.5, although we recognize
that occupancy of the A and H,O sitesmay vary consid-
erably.
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