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ABSTRACT

Franzinite, ideally [(Na,khCayo][SizoAl 30012d(SO4)10°2H,0, a feldspathoid belonging to the cancrinite group, has a ten-
layer stacking sequence. Its structure was solved in the spacéPg@iLio arR value of 5.96%. Cell parameters arg2.916(1),
¢ 26.543(3) A. The framework, characterized by the stacking sequB@ABACABC contains regular alternations of two
“cancrinite” and two “sodalite” cages along [@Pand of two “sodalite” and one “losod” cages alotg/f 2 and |5 %5 Z). The
Si:Al ratio is equal to 1, and the framework has a perfectly ordered Si,Al distribution, as was found in liottite and afiglanite
6- and 8-layer cancrinite-like minerals, respectively. The cages host a complex distribution of extra-framework cations (Ca, Na
K), (SOy)? anions, and KD molecules. The “losod” cage contains two sulfate groups aligned atordyseparated by a triplet
of cations. Two additional triplets of cations are located around the two sulfate groups. The two bases of the cagedl®occupie
calcium atoms, which make favorable bond-distances with the apical atoms of oxygen of titea®@dra within the cage. The
two “cancrinite” cages share a common base and contain a segment of the,ONaNa+HO.... chain, which is a characteristic
feature of the cancrinite, vishnevite, and pitiglianoite structures. The “sodalite” cages host one sulfate group that is always
disordered and displaced from the three-fold axis. The (Ca, K, Na) cations are distributed among various split sitegjitrach one
partial occupancy, showing marked similarity with the “sodalite” cages of thg¥s@énd $~bearing minerals with sodalite-
type structure.

Keywords franzinite, cancrinite group, sodalite group, feldspathoids, structure determination, IR spectroscopy, stacking se-
quences.

SOMMAIRE

La franzinite, un feldspathoide dont la composition idéale est [(B& &) [Siz0Al 30012d (SO4)10°2H.0, fait partie du groupe
de la cancrinite, et posséde une période d’empilement de dix couches. Nous avons résolu sa structure dans le grR32de spatial
jusqu'a un résidir de 5.96%. Les parametres réticulaires adr.916(1) et 26.543(3) A. La trame, dont 'empilement répond
a la séquencABCABACABC contient des alternances régulieres de deux cages de type “cancrinite” et deux cages de type
“sodalite” le long de [0 @], et de deux cages de type “sodalite” et d’'une cage de type “losod” le lottgtl€][et de 5 % 7.
Le rapport Si:Al est égal a 1, et la trame possede un degré d’ordre parfait, tout comme c’est le cas pour la liottiémies,|'afgh
les membres du groupe de la cancrinite a six et a huit couches, respectivement. Les couches renferment un assemblage de cations
ne formant pas partie de la trame (Ca, Na, K), des anion¥{®0des molécules de:@, tous distribués de fagon trés complexe.
La cage “losod” contient deux groupes sulfate alignés le lozgetlséparés par un triplet de cations. Deux triplets additionnels
de cations sont situés autour des deux groupes de sulfate. Les deux bases de la cage sont le site d’atomes de cal@um, disposés
une distance favorable des atomes apicaux d'oxygene des tétraedresaéii8€rieur de la cage. Les deux cages de type
“cancrinite” partagent une base commune et contiennent un segment de la chaingO..NdaHHO...., attribut des structures
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de la cancrinite, la vishnevite et la pitiglianoite. Les cages de type “sodalite” cages contiennent un groupe sulfatemewariabl
désordonné, et déplacé de I'axe de rotation trois. Les cations (Ca, K, Na) sont distribués sur plusieurs sous-siteg)tchacun éta
incomplétement rempli, et ressemblant ainsi aux cages de type “sodalite” des minéraux sulfatés et sulfurés possédemt la structu
de la sodalite.

(Traduit par la Rédaction)

Mots-clés franzinite, groupe de la cancrinite, groupe de la sodalite, feldspathoide, détermination de la structure, spectroscopie
infra-rouge, séquences d’empilement.

INTRODUCTION The aims of this work are to establish the correct
sequence of the layers in franzinite, and to check

A broad structural investigation of the minerals pemwhether perfect Si,Al order occurs in franzinite as the
taining to the cancrinite group has recently been underther phases of this familye(g., davyne, liottite,
taken. These minerals are trigonal and hexagonafghanite).
feldspathoids whose framework is built by the stacking
along [001] of layers made of six-membered rings of EXPERIMENTAL
TO4 tetrahedraT: Si, Al). The resulting topologies show
cages and open channels that are filled by interstitial A crystal of colorless and transparent franzinite
cations and anions. Approximately fourteen phases péapproximately 0.2< 0.2 X 0.2 mm) was selected from
taining to this group are known, with two to twenty-a sample labeled as MMUR (Mineralogical Museum of
eight layers per unit cell, correspondingtoarameters the University of Roma) 24340, and used to collect the
of 5to 74 A. For a detailed discussion of the features ¥fray data. The hand specimen is an ejectum mainly
the various members of the cancrinite family, see fwomposed of diopside and tuscanite, which was col-
example Balliranet al. (1996a). lected near Sacrofano, in Latium, Italy.

Franzinite was found in ejectum collected near The chemical data (Ballirarei al 1996b), obtained
Pitigliano, a well-known mineral-collecting locality of on a CAMECA SX-50 electron microprobe, point to
Tuscany, ltaly (Merlino & Mellini 1976, Merlino & the empirical formula (Ng s 7Ca11.7) (Sho.gAl30.2
Orlandi 1977). The ejectum, mainly composed of dio119.7(SOs)10.6Clo.3F0.1-
side and vesuvianite, is the result of a metasomatic The infrared (IR) spectrum of franzinite (Ballirano
process involving a trachytic magma and the host cat al. 1996b) shows only relatively weak absorption
bonate-rich metasedimentary rocks. From Weissenbdrgnds in the 4000-3000 chmange, typical of the O—H
and precession photographs, the Laue symn8etdy stretching vibrations, in contrast with the presence of
was determined, as well as the cell parameter§2.9, large amounts of $0 reported in the literature data. In
c~ 26.6 A. Thec cell parameter pointed to a 10-layemwrder to investigate with more accuracy the 4000-3000
stacking sequence. All attempts to solve the structucer? range, we performed new IR analyses. Data were
were unsuccessful, &indices were never better thancollected on a Perkin Elmer FT—IR 2000, averaging
25%. A stacking sequend®BCABCBACBwas pro- 48 scans with a nominal resolution of 4épusing the
posed by Merlino (1976); he suggested thaGla@yer conventional KBr pellet technique. A KBr pellet with a
in the sixth position was disordered and replacedanzinite:KBr ratio of 5:200 (instead of the commonly
periodically by anA layer with a one-third statistical used 2:200 ratio) was prepared, with the aim to improve
probability. Rinaldi & Wenk (1979) confirmed thethe intensity of the relatively weak absorption bands
occurrence of stacking faults by means of both electrassociated with the O—H stretching vibrations. The IR
diffraction and transmission electron microscopy. Thegpectra are reported in Figure 1. The analyses were
observed the presence of diffuse and weak satellitepeated after heating the pellet in an oven a8
reflections, considered to be indicative of an incommewrder to remove the humidity adsorbed by both KBr and
surate superstructure. This superstructure was ascritsagnple: the broad band, initially located between 3700
to distortions of the framework due to ordering of extraand 3000 crtl, became narrower, and a peak appears at
framework anions and cations or to long-range Saround 3590 crit as well as a small hump centered at
Al order. 3450 cntt. These features seem to indicate the presence

Samples of franzinite were subsequently reporteaf a disordered distribution of  molecules. In fact,
from other localities of the Roman perpotassic provindde IR spectrum of carbonate-dominant cancrinite
(Leoni et al. 1979, Franceschini & Orlandi 1989, (Ballirano et al. 1995) shows two well-defined peaks
Ballirano et al 1996b). Important differences in che-located at 3607 and 3539 chwhich correspond,
mical composition have been reported among thezcording to the plot of Nakamott al. (1955), to
samples, especially with respect to the,GAd HO  (Si,Al)O...OH, distances of 3.1 and 3.0 A, in excellent
content, as discussed by Balliragioal. (1996b). agreement with the known refinements of the structure
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TABLE 1. MISCELLANEOQUS DATA FOR TIIE STRUCTURAL
REFINEMENT OF FRANZINITE

Crystal dimensions:  0.2x0.2x 02 mm

Instrument type: Automatic 4-circle dilfractometer Siemens P4
operating at 50 kV and 30 mA

Data collection: @ scan

Radiation: Graphite-monochromatized MoK (0.71073 A)

Cell parameters: a=12.916(1) A; ¢ =26.543(3) A
hased on 36 reflections (15° <26 < 307)

26 max: 60

Unique reflections: 4991

Reflections observed 2841

T, > 86(1,.)

Refined parameters: 482

Refinement program: SHELXT.-93 (Sheldrick 1993).

Absorption Psi-scan empirical absorption correction

correction; XEMP program (SIEMLNS analytical X-ray Int. Inc.)
WwR (%) 0.1667

R(**) 0.0596

Absorbance
>

e [T
\( Z:wl’“4
2|kl
b IR S o
3588 C
e d are possible, corresponding raml symmetry, 4312

and 321211. We assumed, as indicated by the crystal
B structure of afghanite, the eight-layer member of the
Wavenumber (cm”)  group, that the operator is in the center of a hexagonal
n ring, and we tested the two possible sequences, (8)(2)

Fic. 1. IR spectra of franzinite MMUR 24340 (4000-54 (6)1(2)1: the comparison of the observed and
3000 cm* range): &) immediately after the preparation o alculated structure-factors clearly indicates that the cor-

the pellet, b) after 1 h at 80, c) after 3 h at 8C, d) after .
4 days at 8TC, and e) after 10 days at°8) The pellet rect sequence is (8)(2). The space-group symmetry

was stored in an oven in order to remove the adsorbg§m1_does not allow an ordering of silicon anq a|Umi'
humidity. num in the framework of tetrahedra. In keeping with

the chemical composition of franzinite (Si:Al ratio of
1:1), and with the results of our recent refinements of
of this mineral (Jarchow 1965, Smolat al. 1981, the structures of liottite and afghanite (Balliregtoal.
Emiraliev & Yamzin 1982, Grundy & Hassan 1982). 1996a, 1997), we assumed an ordered distribution of the
Information on the X-ray single-crystal data collectetrahedrally coordinated cations in the space group

| i ! | j
4000 3800 3600 3400 3200 3000

tion are summarized in Table 1. P321, the maximum-order subgroupREm1 allowing
such distribution. The structure was completed by alter-
STRUCTURE DETERMINATION AND REFINEMENT nating difference Fourier maps and refinement cycles;

the interpretation of the Fourier maps was made diffi-

The stacking along [001] of layers made of six-mensult by partial occupancies in the cationic sites, possible
bered rings oTO, tetrahedra may be discussed followsubstitution involving Ca—-Na-K, as well as the disor-
ing the procedure first developed by Zhdanov (194%)ered distribution of sulfate groups. We have labeled as
for the close-packed stacking of layers of equal spheréd” the cationic sites in the center of the bases of the
Sixteen different stacking sequences are possible fovarious cages, and\” the cationic sites within the
ten-layer repeat (Patterson & Kasper 1959). Fiveages. During the first cycles of the refinement, strong
sequences presdedml symmetry: two of them, which maxima were identified in the difference-Fourier maps
may be denoted (8)(2) and (6)1(2)1 according tia positions expected for both S and Ca atoms, accord-
Zhdanov’s notation (Patterson & Kasper 1959), preseing to the model proposed by Balliragbal (1996b).
the center of inversion at the origin in the center of ldowever, a few of these Ca atoms are disordered over
hexagonal ring; the other three sequences, (7)1(1jdo or three sitesA3-A3a-A3b; Ad-Ada; A6-A6a).
(5)1(3)1 and (3)21(1)12, present the center of symmEach set of split sites does not show a full occupancy,
try at the origin not in the center of a hexagonal ringhis fact being attributed to partial substitution of Ca
but in an “octahedral void” between successive layevgth Na. The displacement parameters of the two sulfur
(Patterson & Kasper 1959). Finally, two more sequencatoms located inside the “losod” cage (S4 and S5) are
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TABLE 2. FRACTIONAL COORDINATES AND ISOTROPIC

small and comparable; the sulfur atoms located inside OR EQUIVALENT DISPLACEMENT PARAMETERS FOR

the “sodalite” cages (S1, S2, and S3) have high and simi- FRANZINITE
lar displacement-parameters. Following the procedure
used in the structure refinement of liottite (Balliragto At;»m . 85‘(; ‘4( 28(7) Uiy 01 Uyg
B . . St 5834(3)  0.6684(3)  0.9018(2 0.0158(%)
al. 1996a) and afghanite (Ballirarbal 199_7), we dis- Al 041900) 033320) 009782) 001359
placed the S1, S2, and S3 sulfur atoms slightly fromthe a2z osse64)  06658G)  0.19632)  0.019(1)
three-fold axis. Further maxima were attributed to cat- 82 04158(3)  0.33233)  0.8038(2)  0.0121(9)
. .. Al 0.5927(3)  0.6770(3)  0.6028(2) 0.0120(9)
ions and to oxygen e_ltoms pertaining t_o the sulf_ate S3 041623) 03365(3) 039642}  0.0139(9)
groups. The occupancies of the oxygen sites were fixed A4 07511¢5)  0.7511(9) 0 0018Q2)
H Sid 0.24725)  0.2472(5) 0 0.013(1)
as imposed b_y the correct geometry of the mahe- Sis  074860) 0.7495(3) 02976(2) 0.0131(9)
dra, as explained belovhe distribution of the cations AlS  0.2540(3) 02515(3)  0.7026(2)  0.015(1)
is extremely complex, with multiple splitting of the cat- :‘166 g;“izg; 874;’353; g> 321‘2‘83
. . . K .25 .25 .5 .
ionic sitesM (M1-M1la; M5-M5a-M5b-M5c; M6— 01 044629) 0218(1)  0.1051(3) 0.0653)

M6a-M6b-M6c). The same anisotropic-displacement 02 0875(1)  07478(5) 0.2876(2) 0.028(1)

i i _ 03 0.2425(5)  0.1159(8)  0.5098(2)  0.025(1)
parameters have been refined for each set of split cat- 7 0322(1)  0.0005(9) 03468(5) 0.028(3)
ion-sites. The corresponding occupancies were refined o5  oe71(1)  0002(1)  0.6482(5)  0.025(2)
during the isotropic refinement and subsequently kept ~ 08 0.65%Ly  0.6760(9)  0.5470¢4)  0.022(2)

. : H - a7 .353(1 0.3302(9 0.4504(4 0.022(2
unchanged during the anisotropic refinement. Follow- o8 8,;698 0_6500()) OAIZ%EG; 0.049}43
ing the procedure described in the previous works on 09 03482)  0351(1)  0.8495(7)  0.060(5)
iotti i i 010 0.4501(5) 0.2340(8) 0.3901(2) 0.022(1)
I|ot_t|te and afghanite (_Balllranet al. :_L996a, 1997),_We Ol 0666@) 0686 054816 0.072(6)
refined the occupancies of the cation skkeandA in 012 0327(2)  0307(2)  0.0468(7) 0.084(8)

terms of the scattering power of Ca; successively, we 013 o 83‘7'32()5) 813333% 8332%
calculated the actual cationic content as percentages of 415 gass) o673y 025348 002702)

Na and (K,Ca) cations, assuming the full occupancy of o6 0344)  03200)  07537(5)  0.053@)

i i 017 0.888(1) 0.7821(5)  0.6994(2)  0.030(1)
each Se‘t‘ of Sp!lt_SIt”eS. . 018 04275(7) 0220(1)  08161(2) 0.037(2)
The “cancrinite” cages show two relatively small 019 09157(9) 0454(1)  0.0863(3)  0.065(3)

maxima in electron densityy andA2, in positions ex- 020 8';20(? 8?;3% 8813223; 88(7]:8;
; ; ; St 373(2) 676( 0546(3 }
pected for an anion and for a cation, respectively. Ac- S 03 07061 074153) 0.07507)

cording to the results of the chemical analysis and the  s3  00252) 0.0232)  0.1561¢4)  0.080(4)*

IR data, it may be inferred that tiésite is prevalently o s n 8;};328; ggﬁg;g:
occupied by HO molecules, partially substituted by 0.3 W 00098) 00394  0.604(1)  0aL(Ly*
atoms of Cl and 0.1 atoms of F. As regardsAReite, Al 213 U3 0818%(1)  0.0370(7)
the very high displacement-parameter obtained using the 4> . 0 omisdy os
scattering power of Ca indicates that most probably itis a3 0 0 0TATIO)  0.034(4)
occupied by Na atoms, forming a fragment of the ...Na— /ﬁb 8 8 832?2(? 0.034(4)
HZO.._.I_\Ia_—I-bO_... chain found in cancrinite, vishnevite Ada 0 0 (,” 88288;
and p|t|g||an0|te_ A3 2/3 /3 0.3733(1)  0.0276(6)
The final R agreement index was 5.96% for 2841 ¢ o 13 Due3sh  0051@Q)

s Aba 1 13 0.13396) 0.051(2)

Fobs> 80 (Fopg and 10.70 for all 4991 data; thé fac- M1 0.503(1)  0.503(1) 0 0.047(2)
tor was 16.67% for 2841,k > 80 (Fop9 and 24.76% Mla  0.45003) 0.5443)  0.0150(5)  0.047(2)

. . pl 3 5
for all 4991 data. The number of refined parameters is i ¢iowr  oarios) oannt) oo

482 (Table 1). Positional parameters and equivalent dis-  v4  05015@)  05015(4) 0.5 0.0284(6)

placement parameters are reported in Table 2; the bond >  084%L 0.6967) 0.8973(3)  0.041(3)
M5a 0.806(2) 0.586(2) 0.9164(6) 0.041(3)

distances betw_een c_:ations and oxygen atoms of the msy  o0s732)  07602) oss7aiE  0.04103)
framework are listed in Table 3, whereas the bonds that  Mse  0829@)  0.6503) 0.903(1)  0.041(3)

P ithi M6 0.834(1) 0.6655(7) 0.2001(2)  0.034(2)
involve the oxygen atoms of the sulfate groups within G (7000 056 021606) 0.03402)

the different cages are reported under the corresponding  Msb — 08732)  0.7262) 0.1849(6)  0.034(2)
figures. Table 4 shows the population of all the extra- ~ M 07932 0.6052) 0213%7)  0.034(2)

. . - OSla  0.617(5) 0.32(2)  0.9054(8) 0.12(2)
framework sites, based on the ref[ned electron-density  osib 037547 06034 0.02076) 0.1601)
and on crystal-chemical considerations. A table of struc- ~ 0Sle  0.488@)  0736(7) 0.076(2)  0.16(3)

H H H OS2a 0.401(2) 0.786(2) 0.7078(5) 0.10(7)
ture factors is available at a nominal charge from the &5 07505 gawe 025y 0w
Depository of Unpublished Data, CISTI, National Re- 082 0728(5)  0.399(5) 02292)  0.12(3)

search Council of Canada, Ottawa, Ontario K1A 0S2, 053 0.046(5)  012603) 0.131(1)  0.08(1)"
0S3b  0.113(3) 0.078(4)  0.184(1) 0.18(1)y*

Canada. o ] ) 083c  0.045(5) 0.042(6)  0.113(1)  0.13(2)*

The franzinite framework (Fig. 2) is composed of Osda 15 23 02650(5)  0.093(6)
regular alternations of two “cancrinite” and two gt *7E® 07RO GEHEN AHEG
“sodalite” cages along [0 £, and two “sodalite” and 0S5b 0397(1)  0.791(1) 0.4698(3) 0.042(2)

one “losod” cages along/a[l/s Z] and F/a 2% Z] (Flg 3) * Thermal parameters which were not refined anisotropically.
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TABLE 3. SELECTED BOND-DISTANCES () FOR THE OXYGEN ATOMS OF THE

FRAMEWORK OF FRANZINITE
Si1 -01 157 A Si2 -09 1.58(1) A §i3 -05  1.62(DA
-08 1.61(1HA -013 1.59(2) A 07 163(DA
-011 157() A -016 L58(H A <010  1.60(1) A
-019 1.61(2) A -018 1.56(1) A -014  1.58(1)A
All -01 1.712)A A2 -08 1.72(1) A A3 -04  1L73(DHA
-09  1L71(HA -013 1.72(2) A 06 1.72(1)HA
-012 1.72(DA -015 1.741) A -010  1.74(1)A
-019 1.68(2) A -018 1L77(1) A 014 1.76(1) A
Si4 -012 1.55(1)A Si5 -02 1.67(1) A Si6 -03 1.58(1) A
-012 1.55(HA -04 1.59(1) A -03 1.58(1) A
-020 1.58(2)A -015 L61(1) A -06  1.64(1) A
-020 1.58(2)A -017 1.63(1) A -06 1.64(1) A
Al4 -011 1.70(1) A Al5 -02 1.66(1) A Al6 -03 1.74(1) A
-011 1.70(H) A -05 1L75() A 03 174D A
-020 1.69(2) A -016 L.72(h A 07 175 A
-020 1.69(2) A -017 1.69(1) A 07 1L75(HA
Al -013 2.57(1)Ax3 A2 -03 271(1) Ax3
-018 2.68(1)Ax3 -03 2.77(1) Ax3
A3 -02 283(1)Ax3  A3a -O2 297(1)Ax3  A3b -02  284(1)Ax3
-017 2.51(1)Ax3 017 2.75(1)Ax3 -017 244(1)Ax3
A4 -020 266(1)Ax3  Ada -020 262(1)Ax6 A5 -010 2.47(1)Ax3
-020 2.84(1)Ax3 -014  290(1) Ax3
A6 -O01 270(1)Ax3  A6a -O1 258(1)Ax3
-019 2851)Ax3 -019  3.06(1)Ax3
M1 -O11 2642)Ax2 Mla -O11  282(HA
-012 2.71(3)Ax2 012 278 A
-019 2.48(1)Ax2 012 296(4)A

-019 2691 A
-019 2.75(2) A

M2 -04 287(1)A M3 -04 258 A M4 -06  2.49(1)Ax2
-05 279 A -05 261(HA -07  246(1)Ax2
-06 291(HA -013  288(1)A -014  295(1)Ax2
07 297(HA -014  2.70(1) A

015 246(D)A
016 265(2)A

M5 -08 271(2) A M5a -09 2.86(3) A Msb -08  2.69(3) A
09 2652)A 011 2.8203)A -09  284(3)A
-011 266(2) A -012  239(3)A -011  286(3)A
-012 2.693)A 018 2672)A -018  283(2)A
-018 257 A -020 2810 A 020 272(A
-020 257(1) A

M5c -08 2.81(5) A M6 -01 282()A Mé6a -O1  297(2)A
-09 2654 A -02 2.50(1) A -02 285 A
-011 2.66(4) A -08 2.442) A -08  284(3)A
-012 26205 A -09 2.59(2) A 015  2.783)A
-018 2473)A -015 2.742) A -016 293(3)A
-020 2.64(3) A 016 2.68(2) A

M6b -O1  2.87(2) A M6e -0l 2.95(2) A
-02 2742 A -02 2532 A
-08 2492 A -08 2.62(3) A
-09  2.44(3) A -09 291(3) A
-016 2.83(2) A 015 258D A

-016 2.75(3) A

The refinedT—0 bond distances confirm an orderedance is 1.72(3) A with dsi_o/da_o ratio of 0.93 (the
Si,Al distribution. In fact, the average Si—O bond disvalues in brackets represent the actual dispersion of the
tance is 1.60(3) A, whereas the average Al-O bond dis-O bond distances from their averaged values).
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Fic. 2. Stereoplot of the framework of franzinite.

Because of the great complexity of the structure, we
will describe separately the individual features of the
various cages that constitute the franzinite structure.

IABLE 4. POPULATION OF THE EXTRAFRAMEWORK
SITES (A AND M) IN FRANZINITE

Site Refined % Y% aloms atoms atoms
oceupanc Na K,Ca Na  (K.Ca) Ca
v LIRS )
Al 1 0 100 - - 2.00
A2 0.50 100 4] 1.00 - -
A3 0.36
Ada 0.18 53 47 1.06 - 0.94
A3b 0.22
Ad 027
Ada 0.07 JS‘J 11 0.89 - .11
AS 1 0 100 B - 2.00
A6 037 ;
e 095 JL&J 17 166 034
M1 0.42 l
3 . .02
N 014 I()() 34 1.98 1.0
M2 0.91 19 81 1.14 4.86 -
M3 0.66 76 24 4.56 - 1.44
M4 0.81 42 58 1.26 - 1.74
M35 0.29
Msa  0.12 72 28 43R 1.68
M3b 0.15
M3e¢ 0.1
M6 0.33 1
Moa 013 60 40 360 240 -
Méb  0.13 J
Moe 0.12
by 2147  8.62 991

(*) These values were calculated assuming that, actually,
cach group ol sites is fully occupied. For example, the total
occupancy of the sites A3, A3a, A3b, refined on the basis of
the scattering powcer of Ca, iy 0.76. A full occupancy would
require the presence of only 152 electrons, which
corresponds to 53% Na and 47% Ca (we include also K.
which has almost the same scattering power of Ca).

(**) In some cascs it was possible to discriminate between Ca
and (K, Ca) cations, on the basis of the observed distances
with the oxygen atoms.

“L osop’ CAGES

The two symmetry-equivalent “losod” (17-hedra)
cages are located alon |5 7] and |4 % 7, respec-
tively (Fig. 4). Each cage hosts two sulfate groups
(S4 and S5), which are separated by a triplet of
symmetry-equivalenM2 cations. TheM2 cations
mostly consist of K,Ca (81% K,Ca; 19% Na). Two fur-
ther triplets of cation®3 andM4 are located, respec-
tively, around the S4 and S5 sulfate grous. is
dominantly occupied by Na atoms (76% Na; 24%
K,Ca), whereas thil4 site has a 58% K,Ca and a 42%
Na occupancy. On the basis of the cation—oxygen dis-
tances, we may assume a distribution of cations similar
to that of davyne (Bonaccorst al 1990), with the
“internal” site M2 mainly occupied by K and the
“external” sitesVi3 andM4 mainly occupied by Na and
Ca atoms (Table 4).

TheAl andA5 cations occupy the bases of the cage
and, according to the refined distribution of electron
density and the cation—oxygen distances, they are cal-
cium atoms. The two sulfur atoms are located on the
triad axis and are bonded to two triplets of oxygen
atoms, OS4b and OS5b, respectively, and to two apical
atoms of oxygen, OS4a and OS5a, respectively. The
bond distances are very similar and range from 1.46(1)
to 1.47(1) A. This type of sulfate coordination is allowed
by the position of the calcium catioA% andA5, which
occur at favorable distances with the corresponding api-
cal atoms of oxygen of the two sulfate groups{OS4a
= 2.23(1) A;A5-0S5a = 2.21(1) A]. There are some
differences with respect to the distribution of cations and
anions of the “losod” cage of liottite. In fact, the sulfate
groups of that cage are disordered in liottite, because
one of the calcium atoms located near the bases of the
“losod” cage is distributed between two neighboring
sites. Moreover, there are differences also with respect
to the distribution of cations.
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A1
= N
0OS4a

M3 (/

0S4b 0&4b

M2

0S5b_0S5b

bl \ € M4

A5
(a) (b)

Fic. 3. (a) Superposition of the two “cancrinite” and  $4 -OS4a 1.46(1) M2 -0OS4b  2.82(1)
two “sodalite” cages along [0 g; (b) superposition of -084b  1.46(1) -084b  2.85(2)
two “sodalite” and one “losod” cages alorig {5 7] and -0S4b  1.46(1) -0S5b  2.83(1)
[5% 2. -0S4b  1.46(1) -0S5b  2.85(1)

S5 -0OS5a  1.46(1) M3 -0S4b  2.32(1)

“ " -085b  1.47(1) M4 -OS5b  2.48(1)
SODALITE" CAGES -0S5b  1.47(1) Al -OS4a 2.23(1)
-0S85b  1.47(1) A5 -OS5a  2.21(1)

The “sodalite” (cubo-octahedra) cages contain one
sulfate group, Whi.Ch is strongly Fjisordered; accordinﬂe_ 4 The
to the extremely high 14 and de'SplaC_ement param- distances among the extra-framework cations and anions
eters, the sulfur atoms seem to be displaced from the gi5g are reported.
three-fold axis. Generally speaking, the cations are dis-
tributed among four different horizontal planes (Fig. £°
(a) and p) planes are located in correspondence of 1
two bases of the cage) @nd ¢l) are planes that bisec
the six-membered rings of the lateral walls of the ca
Furthermore, each one of these planes presents mul
splitting of sites. Because of the complexity of the d
tribution of anions and cations, each one of the th &=
independent “sodalite” cages will be described in tu F T
The identification number of the various cages refers r' ‘
the label of the corresponding sulfur atom containec ||
the “sodalite” cage (example: “sodalite” cage 1 refe ||
to the cage that contains S1). I

“losod” cage and its content. The relevant bond-

“Sodalite” cage 1

The “sodalite” cage 1 shares its bases with a “losc
cage and with the “sodalite” cage 2. Three patrtially ¢
cupied triplets of oxygen atoms (OSla, OS1b, a....
OSlc, respectively) set up the coordination of the Syl 5. Within the “sodalite” cages, the cationic sites are

fate group (in Fig. 6a, only one of the three possible |ocated on four different levels, indicated with the letéers
orientations of the sulfate tetrahedron is shown). The b, ¢, andd.
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S1

Al
A6

S3

A3
A3a
A4

-OSla
-0S1b
-0S1b
-OSlc
-OSla
-OS1b

-0S3a
-0S3b
-0S3b
-OS3¢
-0S3b
-0S3b
-0S3c¢

1.28(7)
1.31(4)
1.43(5)
1.41(5)
2.37(2)
2.53(2)

1.38(4)
1.25(3)
1.60(4)
1.39(4)
2.81(3)
2.22(3)
2.22(4)

M1 -0S1b 2.62(3)
Mla -OSlb 1.51(3) *

-08lc 2.79(9)
-0Slc 2.92(7)

M5 -OSlc  2.44(4)
M5a -OSla 2.29(6)

-0S1b 2.80(5)
-08lc  1.15(5)*

Msc -OSle  1.91(5)*

M5c
Mé6b

-0S3a 2.14(4)
-0S3¢  2.96(7)
0832 1.37(4)*
-0S3b  2.82(5)
-083¢ 2.25(7)
-0S3¢ 2.68(8)
-0S3a 2.68(5)
-0S3b  1.81(3)*

S2  -0S2a 1.28(2) M3 -0S2a 2.67(2)
-0S2a 1.74(3) M6 -0S2b 2.29(3)
-0S2b 1.51(4)  Méa -OS2a  2.90(3)

-082¢  1.50(5) -0S2b  0.993)*
A5 -0S2a 2.54(1) -0S2c  1.84(6)*
A6a -0S2b 2.87(4) -0S2c  2.67(6)

-0S2c 2.67(6)  Méc -0S2b  1.55(3)*
-0S2c  2.39(6)

Fic. 6. The three different types of “sodalite” cages of
franzinite: (a) “sodalite” cage 1, (b) “sodalite” cage 2, and
(c) “sodalite” cage 3. For each cage, the relevant bond-
distances among the extra-framework cations and anions
are reported. The very shdft-O distances marked with a
star do not actually occur, as explained in the text.

individual S—O bond distances show quite a spread
[mean value 1.36(6) A], this fact being due to the diffi-
culty to locate the actual position of the oxygen atoms.
The cation sites in the) and ) planes are occupied,
respectively, byAl andA6-A6a. The calcium atorAl
makes a bond distance of 2.37(2) A with the neighbor-
ing OSla atom. On the other side of the cage, two par-
tially occupied cation sites are observéé @ndA6a)
whose total electron density is consistent with an occu-
pancy by 83% Na and 17% K,Ca. The ti®andA6a
sites are 1.87(2) A away each other and, wheigas
makes typical bond-distances with the oxygen atoms of
the S1 sulfate group\6a is displaced toward “sodalite”
cage 2. A couple of split cation-sitéél andMla

are present at levet){ according to their total refined
electron-density, they are occupied by 66% Na and
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34% K,Ca. Four further sited5, M5a, M5b, andM5c During the isotropic refinement, we made an attempt
are located on the pland)( SitesM5, M5a, andVi5c  to refine the occupancy of the oxygen sites of the sulfate
are within the cage 1, wherddsb is displaced toward groups in the various “sodalite” cages. The occupancies
the neighboring “sodalite” cage 3. The refined electromf the oxygen sites of sulfate groups S1 and S2 are con-
density and the observed distances from the oxygsistent with the required geometry of the polyhedra,
atoms are compatible with an occupancy of 72% Na amdereas sulfate group S3 did not show an adequate
28% Ca for these sites (Table 4). value of the electron density compatible with the pres-
As a general remark, some of the bond distanceace of four oxygen atoms around the corresponding
between cation sites and oxygen atoms of the sulfaelfur atom (only 3/4 of the oxygen atoms seem to be
groups are unacceptably short, which means thatpeesent). On the other side, the sulfur site is fully occu-
simultaneous occupancy of the cation and oxygen sitgied (actually S3 is slightly displaced from the special

does not actually occur (Figs. 6a, b, c). position at 0, Oz, and statistically occupies one of the
three symmetry-related positions). Three possible inter-
“Sodalite” cage 2 pretations may be proposed: a) an error in the calcu-

lated electron-density may be due to the correlation

This cage shares its bases with a “losod” cage aegisting between the thermal parameter and the corre-
with the “sodalite” cage 1. Three triplets of oxygersponding occupancy, b) a partial replacement o§f30
atoms (OS2a, OS2b, and OS2c, respectively) ocdoy Ct occurs, as in sodalite; this hypothesis seems to
within the cage, each one with partial occupancy. Ot in contradiction with the chemical data, which do not
of the three resulting symmetry-related,S€trahedra reveal any deficiency in sulfur content, or c) a partial
is shown in Figure 6b. As in “sodalite” cage 1, the S—@placement of (Sg* by S~ occurs, as in lazurite, a
bond distances show a broad range. Ondhar{d §) member of the related sodalite-group minerals (Hassan
planes there are, respectively, Atecalcium cation and et al 1985).
the A6-A6a split sites already described in descriptions No strong support of any one of these hypotheses
of “sodalite” cage 1. has been found; therefore, we preferred to continue the

The triplet ofM3 cations is located exactly at therefinement considering the “sodalite” cage 3 as fully
center of three hexagonal ringsT@l, tetrahedra (shared occupied by one (S£?~ group, despite the real or
with the “losod” cage) in correspondence of tig ( apparent deficiency in oxygen.
plane. As previously indicated, the chemical content of The “sodalite” cages of lazurite (Hassaral 1985)
the M3 site, on the basis of the refined electron-densignd nosean (Hassan & Grundy 1989) show features
and of theM3-0 distances, is 76% Na and 24% Ca. similar to those just described for the “sodalite” cage of

Four further split sites are present on plaf)eNI6, franzinite. The cations are distributed among the four
M6a,M6b, andviéc, which show a 60% Na and a 40%a), (b), (c), and ¢) planes, and they show multiple split-
K,Ca occupancyM6 atoms are located at the center difing of sites; however, the occupancy of one of the split
the hexagonal rings, whereb#6a andM6c are dis- sites is incompatible with the presence inside the cage
placed toward the center of “sodalite” cage 2, 68th, of one (SQ)? group. This fact has been explained as

toward the neighboring “sodalite” cage 3. due to either 3 or H,0 versus(SQy)% partial substi-
tutions. The corresponding frameworks are distorted
“Sodalite” cage 3 because the different content of anions is reflected in

the relative dimensions of the cages. In the case of

The two symmetry-related “sodalite” cages 3 shamosean (Hassan & Grundy 1989), the mineral has an
one base, the other base being shared with a superamerage structure that results from the presence of two
posed “cancrinite” cage. The $@olyhedron is dis- distinct structures, respectively with a cubic cell edge
torted, and is placed off-axis (Fig. 6¢). On the two base$8.9 A (nosean containing,® only), and a cubic cell
of the cage we find, respectively, a tripla8(A3a, and edge of 9.2 A [nosean containing only (§9].
A3b) and a pairA4 andA4a) of electron-density The same situation is found in lazurite (Hasetual
maxima. The site&3, A3a, andA3b contain 53% Na 1985), owing to the occurrence of $earing and
and 47% K,Ca, whereas tAd andAda sites are mostly (SOy)?~bearing cages. As a matter of fact, “sodalite”
occupied by Na (89% Na and 11% K,Ca). In both sitesage 3 has an extremely disordered distribution
the occurrence of short cation—oxygen distances [f(A3-A3a-A3b; A4-Ada; M5-M5a-M5b-M5c; M6—
example,A3a—0S3b at 2.22(3) A anél4—0S3c at M6a-M6b-M6c), which is coupled with an apparent
2.22(4) A] suggests that the sites cannot be occupied disficiency of oxygen atoms of the sulfate group. On the
potassium cations, and that their actual chemical cdpasis of the preceding discussion, this situation seems
tent is 53%Na, 47%Ca and 89%Na, 11%Ca, respdo-be compatible with a partiaPSe (SQy)?~ substi-
tively. The fourM5 sites (shared with the “sodalite” cageution.
1) and the fouM®6 sites (shared with the “sodalite” cage
2) occupy the planeg)(and ().
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A3, A3a, andA3b contain 53% Na and 47% K,Ca. The
H»,O molecule makes two different bond-distances with
A3b [2.61(4) A] andh3 [3.15(4) A], wheread3a is dis-
placed toward the neighboring “sodalite” cage 3.

The structure refinements of carbonate-dominant
cancrinite (Jarchow 1965, Smoéhal 1981, Emiraliev
& Yamzin 1982, Grundy & Hassan 1982), Ge-substi-
tuted cancrinite (Belokonewat al. 1986), basici(e.,
hydroxyl-dominant) cancrinite (Bresciani Patedral
1982, Hassan & Grundy 1991), vishnevite (Hassan &
Grundy 1984, Pushcharovskii al 1989), pitiglianoite
(Merlino et al 1991), bystrite (Pobedimskay al
1991a), and afghanite (Pobedimskayal 1991b) have
shown that the D molecule of the “cancrinite” cage
has one short distance (2.4 A) and one long distance
(2.9 A) to the cations. Accordingly, we propose that the
shortW-A2 bond distance [2.53(7) A] is coupled with
the occupancy of tha3 site, leading to a long [3.15(4)
A] W-A3 bond distance. Conversely, the I0WngA2
bond distance [3.07(7) A] may be coupled with the oc-
cupancy of theA3b site W—A3b bond distance of
2.61(4) A]. The explanation of the occurrence ofABa
site is more difficult. If we consider the partiat-S=
(SOy)? substitution into the “sodalite” cage 3 as a pos-
sibility, the occurrence of th&3a site could be related
with the presence of%S In any caseA3a makes an
acceptable bond-distance with the oxygen OS3b of the
sulfate group of the “sodalite” cage 3.

W -A2 2.53(7) W -A2 3.07(7) Discussion
-A3 3.15(3) -A3b  2.61(3)

The structure of franzinite has been refined tdRan
Fic. 7. The two superimposed “cancrinite” cages and thejja|ye of 5.96% in the space groBp21. The stacking
content. Bond distances between th®holeculesV and sequence iABCABACABC The space group321
the neighboring cations also are reported. allows an ordered distribution of Si and Al inside the
framework, a pattern of order that is confirmed by the
refined Si-O [1.60(3) A] and Al-O [1.72(3) A] bond
CANCRINITE CAGES distances. The result is in keeping with the Si:Al ratio,
equal to 1, as derived from the electron-microprobe data.
The two symmetry-equivalent “cancrinite” cageAccording to the recent refinement of the structure of
share a common base, the other base being shared \idtttite (Balliranoet al 1996a) and afghanite (Ballirano
the “sodalite” cage 3. Each “cancrinite” cage containset al. 1997), which correspond to the 6- and 8-layer
molecule of HO that is statistically disordered overmembers, respectively, of the family of cancrinite-like
three symmetry-related positions (Fig. 7). The Na atominerals, an ordered Si,Al distribution may be expected
is not exactly located at the center of the common basiisy the phases showing a 1:1 Si,Al compositional ratio.
but is slightly displacedA?). This displacement from So far, only cancrisilite (Khomyakat al 1991) shows
the special position 0, ®; leads to a disordered distri-a significant deviation from the ideal 1:1 ratio. Three
bution of the Na atom into two equivalent half-occudifferent types of cages are found in the franzinite struc-
pied positions az = 0.49 andz = 0.51. Owing to the ture: “cancrinite” cages, “sodalite” cages, and “losod”
very short distance between the two positions (~ 0.5 AJages. Two “cancrinite” cages and two “sodalite” cages
only one of them is actually occupied. ThgCHmol- are stacked along [0 #), whereas a “losod” cage and
ecule makes two different bond-distances wAth two “sodalite” cages repeat alorg |5 Z] and |5 % 2.
[2.53(7) and 3.07(7) A], depending on which one of thghe “cancrinite” cage hosts a molecule ofCHthat
two positions is occupied. is displaced from the three-fold axis and disordered
Three different electron-density maxima werever three symmetry-related positions, forming a
observed near the center of the base shared with tha-H0...Na-HO sequence, similar to that found in
“sodalite” cage 3 A3, A3a, andA3b), each one with many cancrinite-like minerals. Three distinct “sodalite”
partial occupancy. As previously pointed out, the sitasages have been observed, differing in the extremely



THE CRYSTAL STRUCTUREOF FRANZINITE 667

complex pattern of distribution of cations. The sulfatBeLokoneva, E.L., WAROVA, T.G. & DeM YANETS, L.N.
groups hosted by the cages are displaced off-axis. In the(1986): Crystal structure of synthetic Ge- cancrinite
case of the “sodalite” cage 3, the geometry of the sul- Nae[Al 6G&024Ge(OH)+2H.0. Sov. Phys. Crystallogr

fate group does not seem complete because of an appar-3l' 516-519.

ent lack of oxygen atoms. This fact has been tentativr;g\(z),\‘ACCORSl E., MERLINO, S. & PASERG, M. (1990): Davyne:
attributed to a partial S < (SQy)* substitution, as its structural relationships with cancrinite and vishnevite.
found in the related mineral lazurite. The “losod” cage Neues Jahrb. Mineral., Monatsi97-112.

contains two sulfate groups that are perfectly superim-

posed along; it features a relatively simple distribu-BRESCIANI PAHOR, N., CALLIGARIS, M., NARDIN, G. &
tion of cations, similar to that observed in the “losod” RANDAccio, L. (1982): Structure of a basic cancrineta
cage of liottite. From the structural refinement, a formula Crystallogr. B38, 893-895.

of [Na21-54ca’K)8-6C39-9[8'30A! 300_120_](804)10'2H20 _EMIRALIEV, A. & YAmzIN, I.I. (1982): Neutron-diffraction
was obtained (Table 4), which is in agreement with refinement of the structure of carbonate- cancriy.
[Nazo sK6.7Ca11 4Siz0. Al 30.20119.4(SO4)10.Clo.3 Fo.1* Phys. Crystallogr27, 27-30.

nH,O derived from the results of the electron micro- _

probe-analysis and IR spectroscopy. The ideal formufgANCESCHINI F. & OrLanDI, P. (1989): Ritrovamento della
may be written as [(Na,k)Cauo][SizoAl 300120 franzinite in una perforazione geotermica dei Sabatini
(SOx)10°2H,0. In order to obey electroneutrality, (Lazio).Rend. Soc. Ital. Mineral. Petrol3, 781-788.

50 pos_ltlve charges have to be S_UPP"GQ' by the Cat'or@zUNDY, H.D. & Hassan, I. (1982): The crystal structure of a
and this value may only be obtained with the presence carhonate-rich cancrinit€an. Mineral 20, 239-251.

of ten calcium atoms; every calcium in excess may be

balanced by a non-stoichiometric proportion of the calttassan, I. & Grunpy, H.D. (1984): The character of the
ions or a partial substitution of the® molecules with cancrinite—vishnevite solid-solution seri€an. Mineral
Cl-and F anions. The sample we studied contains 11.7 22 333-340.

calcium atoms, and a nonstoichiometric proportion of & (1989): The structure of nosean, ide-
th_e cations has bef_sn dete_cted by means of the_eleu_lunhny Nag(Al6Sis024)SOsH,0. Can. Mineral 27, 165-172.
microprobe analysis, leading to a total of 39 cations in-

stead of the maximum allowable number of 40; & (1991): The crystal structure of basic
moreover, small amounts of Gind F anions have been  cancrinite, ideally NgAl ¢SigO24](OH)223H,0. Can Min-
documented by electron-microprobe analysis. eral. 29, 377-383.

, BTERSON R.C. & GRuNDY, H.D. (1985): The struc-
ture of lazurite, ideally N&ay(Al 6Sis024)S,, @ member of

. . . the sodalite groupActa Crystallogr C41, 827-832.
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