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Kupletskite polytypes from the L ovozero massif, Kola Peninsula,
Russa: Kupletskite-1A and kupletskite-M a2b2c

PauLA C. PIILONEN, ANDREW M. McDONALD?2 and ANDRE E. LALONDE?

10ttawa-Carleton Geoscience Centre, Department of Earth Sciences,
University of Ottawa, Ottawa, Ontario KIN 6N5, Canada
e-mail: ppiillon@science.uottawa.ca
2Department of Earth Sciences, Laurentian University, Sudbury, Ontario P3E 2C6, Canada

Abstract: The crystal structures of two kupletskite JkaMn,Ti,SigO,s(OH),F] polytypes, (1) triclinic, space
groupP1, and (2) monoclinic, space grou®/c, from nepheline syenite pegmatites of the Lovozero massif,
Russia, have been determined. The two structures differ in the stacking sequence of an id@ttidayer
(whereH = heterophyllosilicate an@® = octahedral): in the triclinic structure, individudDH layers are related

by a centre of symmetry, resulting in &dd®H/+HOH/+HOH stacking sequence with a one-layer period; in
monoclinic kupletskite, adjaceiOH layers are related by a two-fold axis parallel o resulting in a
+HOH/-HOH/+HOH stacking sequence with a two-layer period. The resultant relationship between the unit cell
parameters of monoclinic kupletskila2b2c and triclinic kupletskite-A are as followsa,onociinic = @riclinics
Bronociinic= 20SINY)yiciinic: @NACronecinic SPANS twdHOH layers. These results represent the first single-crystal X-
ray structure determination of polytypes in the astrophyllite group.

Key-words: astrophyllite group, kupletskite, polytype, LovozeHOH layer.

Sommaire: Nous avons dfermir€ la structure cristalline de deux polytypes de kupletskite, un premier triclinique
de syngtrie spatialé®T, et I'autre monoclinique, de syetrie spatialeC2/c, tous deux provenant des pegmatites
de sy¥nitea nepleline du massif Lovozero en Russie. Les deux structures se distinguent parclgues s
d’empilements de couchddOH (ou H = couche leférophyllosilica€e etO = couche octedrique): dans
I"echantillon triclinique, les couch&OH individuelles sont reéés les unes aux autres par un centre detiyen”
produisant ainsi uneesjuence d’empilement du typél®H/+HOH/+HOH ayant une pfiodicit d’'une couche
alors que dans I'exemple monoclinique, les coudH&# adjacentes sont rels les unes aux autres par une
rotation d’orde 2 paradlieab, ce qui nenea une squence d’empilement du typ&l®H/-HOH/+HOH avec une
périodicitt de deux couches. La correspondance entre les ptnesrdu polytype monoclinique (kupletskite-
MaZbZC) etcelui t”c“nlque (kupletsklteA) estla SUIVantear'r1on0(:llnlque amcllnlquev bmonocllnlque 2 (bSInY)tncllnlquev

et le paramire Cponocinique S'€teNd sur deux couchdsOH. Cette €tude documente pour la presné fois
I'existence du polytypisme dans le groupe de 'astrophyllite par dehodes de diffraction-X sur monocristaux.

M ots-clés: groupe de I'astrophyllite, kupletskite, polytype, Lovozero, coudki.

=[10-18K Rb, Cs, Na, HO, H,0, orJ; B=[INa or
Ca;C=[IMn, Fe*, Fé*, Na, Mg, or Zn;D = [€ITi,
Introduction Nb, or Zr; T = Si and Al X = F, OH, O, orO
(Piilonen et al., 2000). Kupletskite, ideally
Astrophyllite group minerals (AGM) are alkali tita- K,NaMn,Ti,SisO,¢(OH),F, one of eight known
no-, niobo- and zirconosilicates which have theAGM, is found in SiQ-oversaturated alkaline
general formulad,BC,D,T;O,¢(OH),X,.; whereA  rocks such as Point of Rocks, New Mexico, USA
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974 P.C. Piilonen, A.M. McDonald, A.E. Lalonde

(DeMark, 1984), Gjerdingen, Norway (Raade &Table 1. Chemical composions of triclinic (RUS12) and
Haug, 1982), and the Junguni intrusion, Chilwamonoclinic (RUS9) kupletskite*.
Malawi (Woolley & Platt, 1988), and Si©under-

saturated intrusions such as the Lovozero massi,— RUS12 RUS9

Kola Peninsula (Semenov, 1956) and the Azov re9Xide 1 2 Ave. 1 2 Ave.
gion, Russia (Valteet al., 1965), the Larvik com- N&O 260 261 261 214 200 207
plex, Langesundsfjord area, Norway (Piilonen unKz0 590 592 591 616 625 6.21

051 049 050 050 050 0.50

published data), the Werner Bjerge complex an
0.00 0.00 0.00 0.00 0.05 0.03

Kangerdlugssuag, East Greenland (Broeksl.,

1982; Christiansest al., 1998), and Mont Saint- g?g (1)% é:gg é:gg éég ég‘? ég;
Hilaire, Quebec, Canada (Hoath & Gault, 1990; g, 0.00 013 007 055 048 0.52
Piilonenet al., 2000). MgO 196 192 194 138 145 1.42

Kupletskite was initially described by Semenovmno 2755 2750 27.53 21.47 21.44 21.46
(1956) from nepheline syenite pegmatites in theceO 411 415 413 1091 11.05 10.98

Lepkhe-Nelm and Kuivchorr mountains of the Lo-Al,0, 023 025 024 100 108 1.04
vozero massif, Kola Peninsula, Russia. It occurs aS&0; 000 014 007 032 025 0.29
coarse-grained (up to 0.5 cm), anhedral to subhed?©: 0.00 000 000 0.00 0.00 0.00
ral, dark brown, platy to acicular crystals associat- 102 1145 1135 1140 1031 10.72 10.52

; o . . X 079 075 077 237 238 238
_ 2~5
ed with aegirine, natrolite, eudialyte group miner Sio, 3667 3602 3635 3447 3481 3464

als, microcline, mangano-pectolite, and neptunitee 125 106 1.16 105 114 1.10
Inthe original description, no data pertaining to the, o 282 287 285 283 283 283
space group or cell paraeters were provided, and o=f —053 -0.45 -049 -0.44 -0.48 -0.46

only monoclinic or triclinic (pseudomonoclinic) Total 96.93 96.43 96.68 96.55 97.49 97.02
symmetry was proposed. Peng & Ma (1963) de-
scribed a Mn-dominantsrophyllite from Russia Formula based on 31 anions
with triclinic symmetry 1) but did not elaborate K 165 168 167 177 178 177
on its relationship with kupletskite. Christiansetn RP 007 007 007 007 0.07 007
al. (1998) refined the structure of a kupletskiteCS 000 000 000 000 001 000
from Kangerdlugssuagq, east Greenland, and co ! 8'88 8'8? 8'8? g'gg 8'82 g'gg
firmed it to be triclinic, space g_rouBI. Structure 5 0.00 004 002 000 000 000
analyses on holotype kupletskite from Mount Ku-syma 176 182 179 1.93 1.93 1.93
ivchorr (Lovozero) and a sample from Lephke-
Nelm were performed as part of a larger study on:2
the crystal chemistry and paragenesis of membe
of the astrophyllite groupDuring data collection,
the possibility of a monoclinic polytype was recog-Na 048 041 044 036 040 038
nized and further analyses were performed. Mg 0.64 064 064 046 048 047
Crystal structure analyses confirm kupletskite'\"”+ 513 517 515 ‘2"10 ‘2"04 ‘2"07
from Mount Kuivchorr to be triclinic, space group %B% %271 %271 0'%63 0‘%62 0‘%62
P1, whereas that from Lephke-Nelm was found tog, .~ 701 700 700 700 7.00 7.00
be monoclinic, space gro@/c. The existence of
two structural states for kupletskite is the result ofl 189 190 19 175 180 1.78
polytypism in the astrophyllite group. The objec-Nb 008 008 008 024 024 024
tives of the following study are to: (1) describe andéLmD 2'8(7) 2'83 2'82 2'83 2'82 2'82
compare the crystal structures of triclinic and ’ ’ ' ' ' '

0.63 067 065 058 046 0.52
032 033 033 030 031 031
umB 095 100 097 088 0.77 0.82

monoclinic kupletskite, (2) discuss the mechanisn®i 805 800 803 777 775 776
for polytype formation in AGM, and (3) to intro- Al 006 006 006 027 028 0.28
duce polytype nomenclature into the astrophylliiteSUm™T 811 806 809 804 803 804
group in accordance with the guidelines proposeé 0.87 074 081 075 080 0.78
by the IMA Commission on New Minerals and OH 413 426 420 425 421 4.23
Mineral Names (Baileyet al., 1978; Nickel & ©O 26.00 26.00 26.00 26.00 26.00 26.00
Grice, 1998). cat. 19.79 19.86 19.83 19.83 19.77 19.80

* Electron-microprobe data
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Kupletskite polytypes from Lovozero 975

Chemical composition (Z, through the plane) were used in determination
of the orientation matrix and preliminary unit cell
Two kupletskite samples were analysed: RUS®rior to integration of all frames data. The data
(Lephke-Nelm) and RUS12 (holotype material,were reduced, filtered, integrated, and corrected for
Mount Kuivchorr). Chemical analyses were per-Lorentz, polarization and background effects using
formed on a JEOL 733 electron microprobe inthe Siemens software SAINT. Absorption correc-
wavelength-dispersive mode using Tracor Northtions were performed using SADABS and crystals
ern 5500 and 5600 automation software. Details revere modeled as an ellipse. All reflection data were
garding operating conditions and standard selec¢hen merged using the program XPREP (Bruker
tion can be found in Piilonert al. (2000). Com- Analytical X-ray Systems, 1997). Information per-
plete electron microprobe data can be found in Tatinent to the data collection and crystal structure
ble 1. Chemical formulae were calculated on thecan be found in Table 3.
basis of 31 anions and 5(OH,F,0) as determined The structure of RUS12 was refined using
from the crystal structure analysis. starting parameters taken from niobokupletskite
(Piilonenet al., 2000), anisostructural AGM. Phas-
ing of a set of normalized structure factors gave a
X-ray crystallography mean E2-1| of 1.071, suggesting1 as the most
probable space group, consistent with data ob-
X-ray powder diffraction data for RUS9 and tained for other triclinic astrophyllite group miner-
RUS12 were collected with a 114.6 Debye-Scherals (Peng & Ma, 1963; Woodrow, 1967; Christian-
rer camera employing @&l radiation (Ni-filtered) senetal., 1998; Piiloneret al., 2000). The structure
operating at 45 kV and 20 mA (24 hour exposureyefined toR=5.26 % and & = 14.58 % with iso-
and 40 kV and 30 mA (6 hour exposure), respectropic displacement factors and reduce&to4.06
tively. Observed and calculated (PowderCell% and wR? = 11.25 % with anisotropic displace-
1999) X-ray powder diffraction patterns for both ment factors. An isotropic extinction correction
polytypes are presented in Table 2. Monoclinic andvas applied but did not improve the final residual.
triclinic kupletskite polytypes can be distinguishedlinitial site assignments were as follows: Mn to all
on the basis of their X-ray powder diffraction pat- four crystallographically distind¥ sites M(1) to
terns in two main regions. The most evident differ-M(4)], Ti to D, and Na tdB. Refinement of the site
ence between the two patterns is the presence ofaccupancy factors included assigning Nawv¢l),
moderately strong (}.= 30) peak at ~9.8 A in tri- Mg to M(4), Nb toD, SitoT, and Ca td3 and K to
clinic modifications that is absent in monoclinic A, in accordance with the need for either a heavier
kupletskite. Secondly, in triclinic kupletskite, a or lighter X-ray scatterer at the given site, and in
broad band is observed between 30 and 4@° 2keeping with the electron microprobe data for the
(CuKa radiation), corresponding to approximatelycrystal. The shape of the anisotropic displacement
~2.656 A. Close examination of this band reveal®llipsoid of the K site suggested that the K cation
two separate peaks, spaced closely together atas positionally disordered and it was therefore
2.659 and 2.648 A. In monoclinic kupletskite, themodeled as two split site&(1a) andK(1b), dis-
splitting of these peaks is more pronounced and thelaced 0.917 A from each other in the (001) plane.
two peaks easily resolved (2.661 and 2.634 A). Displacement factors foK(1a) andK(1b) were
Intensity data for both crystals were collectedconstrained to be equal and refined isotropically.
using the Siemens SMART system consisting of & he final positional and isotropic displacement pa-
four-circle goniometer and a 1 K (diameter: 9 cm,rameters are given in Table 4. Bond valence sums
512 x 512 pixel) charge-coupled device (CCD) areavere calculated using parameters taken from Brese
detector. Data were collected at room temperatur& O’Keeffe (1991) and can be found in Table 5.
using monochromatic Mo, X-radiation, with the During unit cell and orientation matrix determi-
X-ray tube operating at 50 kV and 40 mA, and anation, it was noted that sample RUS9 gave a metri-
fixed detector-crystal distance of 4 cm. A framecally monoclinic cell withb and ¢ parameters ap-
width (w) of 0.2° and count exposure times of 45 sproximately double with respect to those of the tri-
were used. Data collection consisted of 434%linic species W,onocinic 23-226 A versus byiginic
frames, outto @ = 60°, which provided 100 % cov- 11.9283 A, C.onocinic 21.1782 A versus cyiginic
erage of the diffraction sphere with a mean redund11.7256 A). Possible space groups inclu@dand
ancy of 3.6 times. Approximately 1000 reflectionsC2/c, with combined figures of merit of 32.58 and
with spot sizes of 2.4 °XY, in the plane) and 2.0° 11.92, respectively. Phasing of a set of normalized
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Table 2. X-ray powder diffraction data for triclinic and monoclinic kupletskite.

Triclinic, kupletskite-14 "

Monoclinic, kupletskite-Ma 2b 2¢ ”

d meas
10.589

9.853
5.757

4.436
4.338
4.111
3.763
3.713

3.528

3.276

3.095
3.035
2.861

2.820
2.782
2.659
2.648

2.582
2.491
2.405
2.299
2.240

2.114

2.045
2.015
1.766
1.743
1.661

1.629
1.582

1.443
1.412

dca]c
10.587
10.529

9.828
5.790

4.413
4.348
4.110
3.757
3.717

3.529
3.276

3.272

3.089
3.031
2.862

2.820
2.783
2.662
2.647

2.582
2.490
2.408
2.301
2.239
2.120
2.117

2.113
2.047
2.012
1.768
1.743
1.660

1.630
1.581
1.581

1.444
1415

I()bs

100

30
20

10

<5
<5
10

40

20

12
12

<5
20
15
12

35
15
12
15
10

15

<5
<5

<5
<5

<5
<5

Icalc
100
30

23
7

<5
<5
<5

27
<5

<5

<5
16
18
12

20
13

10
<5
<5

<5
<5

hkl
001
010

11
120
102
023
122

003
033

113

122
123
133

121
131
211
004

130
212
141
131
213
142
005

135
213
145
133
215
073
144
322
351
145
216

d meas

dcalc

10.589 10.545

5.795
5.107
4.399

3.897

3.522

3.255

3.170
3.096
2.931
2.855

2.783
2.661

2.634
2.580
2.494
2.400
2293
2.240

2.110

2.046
2.010
1.761
1.738
1.661

1.624
1.584

1.508
1.439
1411

10.173

5.806
5.086
4.391
4.260
3.903
3.894

3.620
3.515

3.268

3.172
3.120
2.942
2.852
2.847

2.782
2.665

2.636
2.578
2.490
2.400
2.296
2.237

2.112
2.109

2.048
2.013
1.762
1.739
1.661
1.659
1.623
1.583

1.506
1.437
1.413

I()bs
100

<5
<5
<5

<5

40

<5

<5
<5
<5
<5

20
10

15
30

10

15

5
<5
12
<5
<5

<5
<5

<5
<5
<5

Iczllc

100

45

<5
<5
<5

14
30

<5

16
<5

<5

38
18

—_
[9%]

<5
<5
<5

hkl
002

021

040
042
131
131
044
114

133
006

134

135
063
135
065
154

171
202

008
173
204
175
175
206

177
0.0.10

206
177
179
2.0.10
333
0.14.0
1.7.11
371

0.0.14
1.7.13
2.0.12

" 6 hour exposure.

24 hour exposure.
CuK o radiation, Ni filtered, Debye-Scherrer camera 114.6 mm in radius,
with intensities visually estimated. The values of d are expressed in A.
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Kupletskite polytypes from Lovozero 977

Table 3. Miscellaneous data for kupletskitadnd kuplets- Overview of the structural elements
kite-Mazh2c.

Ferrariset al. (1996), Ferraris (1997) and Christi-

Parameter Kupletskite :\(/Ilﬂfsz'te' anseret al. (1999) have described AGM and other
modular titanosilicates such as bafertisite (Pen &
2'?2;39 Group g 3025(2) %Zilcozz(z) Sheng, 1963), perraultite (Yamnoeaal., 1998),
b 1'1.9283(4) 2'3_226(1) nafertisite (Ferrariet al., 1996), lamprophyllite .
c 11.7256(4) 21.1782(9) (Saf’yanovet al., 1983; Johnsen, 1996) and yoshi-
o () 113.044(1) 90 muraite (McDonaldet al., 2000) as heterophyllo-
B 94.840(1) 95.246(1) silicates. Such minerals have HOH structure,
v 103.064 90 whereH = heterogeneous sheet, similar to T@T
V(A9 663.39(7) 2646.2(3) structure in phyllosilicates, where TiQr TiOg
z 1 4 polyhedra proxy for the usual (Si,Al)Qetrahedra
Crystal morphology  plate flattened on {001} in phyllosilicates. Astrophyllite group minerals are
Crﬁ“’:‘(‘ size (T’ﬁ g.ggx0.20x0.03 40;5’(0'25’(0'03 the intermediate member of a polysomatic (Ferraris
Eéflgct%)nzngollected 6813 13834 e al., 1996) or homologous (Christiansenal.,
Unique reflections 3834 3865 1999) series which also includes perraultite and mi-
R (%) 2.98 3.55 ca as the end-member structures. A comparison of
Min/Max Trans. 0.515/0.773 0.499/0.720  these minerals shows that they all have (}@H
[E>-1] 1.081 1.294 structure, (2) am axial length of approximately 5.4
Min/Max Indices —7<h<7 —7<h<7 A, corresponding to tha value observed in micas,
-16<k=16 -32=k=32 and (3)dgy; = 10.9 A. The homologous series can
-16=1<16 —29=1=29 be expressed by indicating the number of diorthosi-
Criterion for Observed Reflectiorfg>4o(F,) licate groups separating rowsBfoctahedran = 1
EJS?I(;))(%) i’fg5 1'47(2)4 in perraultite and bafertisite,= 2 in AGM, n=3in
Diffractometer parameters (for both data collections) naf.emSIte’ anah = e in micas (modified from Fer-
Diffractometer SIEMENS 4-circle CCD rariset al., 1996 and Chl’.ls'tlansm al., 1999,)'
Radiation MdKc. (40 kV, 30 mA) In perraultite, bafertisite, lamprophyllite and
20 Range (°) 4.82 20 <57.26 yoshimuraite, theH-sheet is comprised of dimers
of [Si,O;]% which are linkedvia corner-sharing to
R=Z(F |- FN/ZIF,| TiO4z octahedra or TiQtetragonal pyramids, result-
WR? = [E(W)F? — FAZZW(F AT w = 1o?(Fy) ing in a Si:Ti ratio of 2:1 The offset between suc-

cessiveHOH layers is such that the Ti are not

linked across the interlayer as observed in AGM
structure factors gave a medf-l| of 1.294 sug- and nafertisite. In nafertisite, thélayer consists of
gesting the centrosymmetric space gral@/c as  open branchedweier double chains of [$}0,,]2"
the most probable choice. The structure of mono¢Liebau, 1985) which are crosslinked by Ti@rta-
clinic RUS9 was solved using direct methods inhedra, resulting in a Si:Ti ratio of 6:1 (Ferrags
space groupC2/c and further refined using the al., 1996).
SHELXL-93 set of programiSheldrick, 1993). The The AGM structure can be subdivided into two
positions of all major cations and 12@toms were main composite sheets stacked along [001] ina 2:1
located on th&-map. The remaining cation and an-ratio. The first is anO-sheet extending from Z
ion positions were located using difference Fourie0.40 to 0.60 in triclinic species and from=Z-0.05
maps during the refinement. The structure refined téo 0.05 in monoclinic kupletskite, consisting of a
R=7.20 % and W = 19.99 % with isotropic dis- closest-packed sheet of MgOFeQ, MgO,, or
placement factors and reducedRo= 4.72 % and NaQ; octahedra. There are four crystallographical-
WR? = 14.04 % with anisotropic displacement fac-ly distinct O-sheet octahedra, designaté(1)
tors. An isotropic extinction correction was appliedthroughM(4). TheO-sheet is sandwiched between
but did not improve the final residual. The final po- two H-sheets, extending from Z -0.15 to -0.05.
sitional and isotropic displacement parameters ar€he H-sheet consists of open-branchedeier
given in Table 6. Bond valence sums were calculatf100] single chains of [$D;,]® (Liebau, 1985)
ed using parameters taken from Brese & O’Keeffewvhich are in turn cross-linked by corner-sharing
(1991) and can be found in Table 7. Select bondO4octahedra, obOs polyhedra as in magnesium
lengths for both samples can be found in Table 8. astrophyllite (Shetal., 1998), wher® = Nb,Ti,Zr.
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Table 4. Positional and displacement parameters and site occupancies for triclinic kupletskite.

Atom X y z sof Uy, U,, Uss U, Uss U, Ueq
Mn(l)  0.8500(1) 0.20620(5) 0.47875(6) 0.809(5) 89(3) 96(3) 107(3) 46(2) 17(2) 21(2) 97(2)
Na(l)  0.8500(1) 0.20620(5) 0.47875(6) 0.191(5) 89(3) 96(3) 107(3) 46(2) 17(2) 21(2) 97(2)
Mn(2)  0.27901(9) 0.06668(5) 0.48702(5) 0.974(3) 103(3) 113(3) 125(3) 57(2) 30(2) 30(2) 111(2)
Mn(3)  0.4223(1) 0.35220(5) 0.48391(5) 0.881(5) 103(3) 112(3) 133(3) 65(2) 34(2) 36(2) 110(2)
Mg(3)  0.4223(1) 0.35220(5) 0.48391(5) 0.119(5) 103(3) 112(3) 133(3) 65(2) 34(2) 36(2) 110(2)
Mn(4) 0 0.5 0.5 0.299(3) 90(5) 88(4) 105(5) 38(3) 10(3) 17(3) 97(3)
Mn(4) 0 0.5 0.5 0.201(3) 90(5) 88(4) 105(5) 38(3) 10(3) 17(3) 97(3)
Ti 0.0795(1) 0.08598(5) 0.19683(5) 0.948(4) 69(3) 94(3) 93(3) 41(2) 12(2) 21(2) 85(2)
Nb 0.0795(1) 0.08598(5) 0.19683(5) 0.052(4) 69(3) 94(3) 93(3) 41(2) 12(2) 21(2) 85(2)
Si(1) 0.6785(2) 0.27194(8) 0.23032(9) 1.00  89(4) 73(4) 86(4) 30(3) 9(3) 16(3) 86(2)
Si(2) 0.8128(2) 0.54570(8) 0.25292(9) 1.00 119(4) 85(4) 93(4) 40(3) 11(3) 15(3) 101(2)
Si(3) 0.3781(2) 0.67477(8) 0.25541(9) 1.00 119(4) 89(4) 104(4) 49(3) 12(3) 21(3) 104(2)
Si(4) 0.5081(2) 0.93072(8) 0.23432(9) 1.00  91(4) 92(4) 86(4) 48(3) 12(3) 21(3) 88(2)
K(la)  0.1321(2) 0.2645(1) 0.9961(1) 0.885(4) 365(4)
K(1b) 0.093(3) 0.186(2) 0.998(2) 0.115(4) 365(4)
Na 05 0 0 0.322(6) 192(9) 122(8) 83(8) 35(5) 6(5) 25(5) 140(6)
Ca 0.5 0 0 0.178(6) 192(9) 122(8) 83(8) 35(5) 6(5) 25(5) 140(6)
0o(1) 0.7290(4) 0.3203(2) 0.3824(2) 1.00 121(11) 135(11) 89(11) 37(9) 31(9) 35(9) 118(5)
0(2) 0.1483(4) 0.1593(2) 0.3675(2) 1.00 135(11) 136(11) 104(12) 35(9) 18(9) 31(9) 131(5)
0@3) 0.1292(4) 0.3949(2) 0.5948(2) 1.00 104(11) 135(11) 95(11) 38(9) 3(9) 15(8) 119(5)
OH(4)  0.2935(5) 0.4627(2) 0.3980(2) 1.00 132(11) 146(11) 147(12) 62(10) 31(9) 36(9) 142(5)
OH(5)  0.9921(4) 0.1189(2) 0.5951(2) 1.00 126(11) 155(11) 158(13) 58(10) 28(10) 32(9) 150(5)
o(6) 0.5572(4) 0.2586(2) 0.5921(2) 1.00 113(11) 124(11) 113(12) 57(9) 16(9) 23(9) 116(5)
o(7) 0.5749(4) 0.0133(2) 0.3866(2) 1.00 116(11) 150(11) 85(11) 45(9) 12(9) 42(9) 118(5)
o(8) 0.0724(4) 0.5917(2) 0.2007(2) 1.00 143(12) 223(13) 137(13) 72(10) 20(10) -19(10) 182(6)
0(9) 0.2460(5) 0.0417(3) 0.8296(3) 1.00 215(13) 246(14) 158(14) 25(11) 62(11) -78(11) 250(6)
O(10)  0.4319(5) 0.4153(2) 0.7994(2) 1.00 196(12) 202(12) 141(13) 60(10) 15(10) 118(10) 174(5)
O(11)  0.1297(6) 0.8100(3) 0.8330(3) 1.00 352(15) 295(14) 184(14) 115(12) 100(12) 253(12) 240(6)
0(12)  0.2646(5) 0.9567(3) 0.1693(3) 1.00 294(14) 228(13) 157(13) 23(11) -72(11) 170(11) 236(6)
O(13)  0.2665(5) 0.6074(2) 0.8089(2) 1.00 292(14) 102(11) 136(12) 50(9) 14(11) 16(10) 186(6)
O(14)  0.5721(5) 0.2222(2) 0.8031(3) 1.00 314(14) 109(11) 175(13) 84(10) 48(11) 41(10) 195(6)
O(15)  0.3807(5) 0.1906(3) 0.1672(3) 1.00 159(12) 310(15) 167(14) 119(12) -37(10) -106(11) 241(6)
F(16) 0 0 0 0.50 37(13) 67(13) 52(14) 27(11) 3(11) 31(10) 49(6)
*Uij x 10°A
Table 5. Empirical bond-valencesy.) for triclinic kupletskite.

A(lay A(lb) B M(1) M2 M@ M@ D T1) TQ TR T@ X
o(1) 0.294 0.383 0.358y 1.005 2.090
0Q) 0342 0278 0.290 1.038 1.948
0@3) 0318 0.364 0337y 1.027 2.046
OH(4) 0.698 0.4073 1.105
OH(5) 0334 0.763 1.097
0(6) 0339 0303 0.348 1.027 2.017
o) 0319 0.687 0.995 2.001
0®)  0.017 0.953 0.953 1.923
09 0126 0022 0.14q° 0.693 1.039  2.020
0(10)  0.024 0.953 0.960 1.937
o) 0127 0.023 0.13%° 0.687 1.036 2.010
0(12) 0131 0023 0.13§" 0.689 1.030 2011
0(13)  0.053 0.935 1.030 2.018
o(14)  0.055 1.036 0958 2.049
o(15) 0130  0.022 0.135° 0.689 1.033 2.009
0(16)  0.0655% 0.030%% 0.076> 0.428% 1.198
> 0.728 0.120 1252 1946 2.031 2.083 2204 4224 4009 3.963 3.976 4.022

" constants from Brese & O'Keeffe (1991)
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Table 6. Positional and displacement parameters and site occupancies for monoclinic kupletskite.
Atom X y z sof Uy Uy, Uss Uy, U Uy, Ueg
Mn(1)  0.2527(1) 0.39265(3) 0.00989(3) 0.913(7) 94(4) 88(4) 134(4) -2(4) 17(2) 0(5) 105(2)
Na(1) 0.2527(1) 0.39265(3) 0.00989(3) 0.087(7) 94(4) 88(4) 134(4) -2(4) 17(2) 0(5) 105(2)
Mn(2)  0.7461(1) 0.03613(3) -0.00589(3) 0.990(3) 92(4) 86(4) 158(4) 13(3) 28(3) -3(4) 111(2)
Mn(3)  0.7468(1) 0.17930(3) -0.00728(3) 0.966(4) 95(4) 92(4) 150(4) 6(4) 35(3) 9(5) 111(2)
Mn(4) 0.25 0.25 0 0.431(4) 95(6) 91(5) 140(5) -18(5) 6(4) 2(5) 109(3)
Mg(4) 0.25 0.25 0 0.069(4) 95(6) 91(5) 140(5) -18(5) 6(4) 2(5) 109(3)
Ti -0.4641(1) 0.10716(3) -0.15196(3) 0.881(4) 77(3) 130(3) 145(4) -17(3) 12(2) -5(3) 117(2)
Nb -0.4641(1) 0.10716(3) -0.15196(3) 0.119(4) 77(3) 130(3) 145(4) -17(3) 12(2) -5(3) 117(2)
Si(1) 0.0417(2) 0.19281(5) -0.13490(6) 1.00  85(6) 101(6) 113(6) 27(4) 6(4) 4(4) 100(3)
Si(2) 0.0391(2) 0.32547(5) -0.12427(6) 1.00 167(6) 107(6) 112(6) 1(5) 11(4) -3(5) 129(3)
Si(3) 0.9601(2) 0.11053(5) 0.12310(6) 1.00 154(6) 101(5) 113(5) 6(5) 13(4) -7(5) 123(2)
Si(4) 1.0417(2) 0.02169(5) -0.13312(6) 1.00  114(6) 75(6) 105(6) 2(4) 11(4) 1(4) 98(3)
K(1) 0.5  0.24270(9) -0.25 0.50 568(13) 495(12) 285(10) O  20(9) 0  451(5)
K(2) 05  -0.02746(9) -0.25 0.50 579(13) 416(11) 280(10) O  31(9) 0  425(5)
Na -1.0  0.10683(8) -0.25  0.301(7) 266(11) 142(10) 75(9) O 5(6) 0  162(6)
Ca -1.0  0.10683(8) -0.25  0.199(7) 266(11) 142(10) 75(9) O 5(6) 0  162(6)
o(1) 0.0676(5) 0.1842(2) -0.0582(1) 1.00 109(15) 121(17) 88(14) -8(13) -5(12) -4(15) 107(7)
0(2) 0.5672(5) 0.1077(2) -0.0655(1) 1.00 117(14) 119(14) 113(14) -1(15) 1(11) -8(15) 117(6)
o@3) 0.0672(5) 0.3234(2) -0.0474(1) 1.00 86(15) 140(16) 100(14) -19(15) 14(11) -12(16) 108(6)
OH(4)  -0.0652(6) 0.2477(2) 0.0505(1) 1.00 117(16) 152(16) 163(16) -36(15) 42(13) 3(16) 142(7)
OH(5)  0.4343(6) 0.0391(2) 0.0474(1) 1.00 139(17) 123(17) 188(17) -11(16) 23(13) -7(16) 150(7)
o(6) 0.9289(5) 0.1094(2) 0.0457(1) 1.00 129(14) 109(14) 109(14) -14(16) 17(11) -14(16) 115(6)
o(7) 1.0664(5) 0.0309(2) -0.0563(1) 1.00 126(16) 127(17) 104(15) -10(13) 17(12) -7(15) 119(7)
o(8) 0.2753(7) 0.3593(1) -0.1507(2) 1.00 337(21) 335(20) 154(18) 12(15) 4(15) -174(17) 277(9)
0(9) -0.7252(6) 0.0491(2) -0.1645(2) 1.00 315(20) 385(22) 179(18) -58(16) 95(16) -208(17) 289(9)
O(10)  -0.2240(7) 0.3557(2) -0.1510(2) 1.00 339(21) 360(21) 174(19) 41(15) 27(16) 207(17) 291(9)
O(11)  0.2749(6) 0.1660(2) -0.1663(2) 1.00 313(20) 380(22) 175(18) 28(16) 81(15) 200(17) 286(9)
O(12)  0.7863(6) 0.0486(2) -0.1655(2) 1.00 296(20) 353(21) 203(18) -59(16) -66(15) 207(16) 289(9)
O(13)  0.0367(7) 0.2615(1) -0.1542(2) 1.00 431(22) 107(15) 164(16) -10(13) 8(15) -7(15) 235(8)
O(14)  0.9628(7) 0.0464(1) 0.1523(2) 1.00 486(23) 115(16) 172(17) 32(13) 27(16) 1(15) 258(8)
O(15)  -0.2133(6) 0.1660(2) -0.1666(2) 1.00 279(19) 382(22) 178(18) 68(16) -75(15) -195(17) 285(9)
F(16) -0.5 0.1064(2) -0.25 0.50 222(19) 264(20) 172(19) 0  2(15) 0  220(8)
*Uij x 10°A
Table 7. Empirical bond-valencesy.) for monoclinic kupletskite.

A)  AQ) B M) M2 M@ M@ D T1) TQ TQ@R T@ =
o(1) 0.302 0.388 03703 0.984 2.044
0QR) 0351 0.284 0.288 1.013 1.936
0Q3) 0.332 0.375 0347y 1.003 2.057
OH(4) 0.712 0427 1.139
OH(5) 0343 0.790 1.133
0(6) 0357 0321 0357 0.976 2.011
o) 0320 0.714 0.973 2.007
0@8) 0.960 0.930 1.890
0(9) 0.130)> 0.139" 0.717 1.044  2.030
0(10) 0.960 0.927 1.887
o(11)  0.139)° 0.14° 0.686 1.058 2.024
0(12) 0.13%° 0.143" 0.705 1.039 2.024
o(13)  0.064)" 0.937 1.027 2.028
0(14) 0.031° 1.030 0.979 2.040
o(15)  0.138}” 0.145° 0.683  1.061 2.027
0(16) 00613 0.071% 0.077> 0.461% 1.340
> 0.743 0667 1320 2.005 2.109 2.031 2288 4265 4040 3.950 3.863 4.035

" constants from Brese & O'Keeffe (1991)
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Table 8. Select bond length (A) for triclinic and monoclinic kupletskite.

P1 C2lc P1 C2lc P1 C2lc
A A(D) M(1)O5(OH) octahedron D¢g octahedron
K(1a)-O(12) 2.836(3) K(1)-O(11) 2.861(4) M(1)-O(2) 2.189(2) 2.178(3)D-O(2) 1.807(3) 1.823(3)
K(1a)-O(15) 2.839(3) K(1)-O(11) 2.861(4) M(1)-O(5) 2.198(3) 2.187(4)D-O(12)  1.959(3) 1.957(3)
K(1a)-O(11) 2.847(3) K(1)-O(15) 2.863(4) M(1)-O(6) 2.191(2) 2.172(3)D-O(11)  1.960(3) 1.967(3)
K(1a)-O(9) 2.852(3) K(1)-O(15) 2.863(4) M(1)-O(3) 2.216(2) 2.199(4)D-O(9) 1.956(2) 1.951(3)
K(1la)-0(16) 3.093(1) K(1)}(16) 3.167(4) M(1)-O(7) 2.214(2) 2.213(4)D-O(15)  1.959(3) 1.969(3)
K(1a)-O(14) 3.399(3) K(1)-O(13) 3.391(4) M(1)-O(1) 2.244(2) 2.234(4)D-¢(16)  2.084(1) 2.068(1)
K(1a)-O(13) 3.429(3) K(1)-O(13) 3.391(4) M(1)-O> 2.209 2.197 B-¢> 1.954 1.956
K(1a)-O(14) 3.429(3) K(1)-O(13) 3.411(4)
K(1a)-O(13) 3.442(3) K(1)-O(13) 3.411(4) M(2)O,(OH), octahedron T(1) tetrahedron
K(la)-O(8) 3.606(3) <K(1}p> 3.135 M(2)-0(7) 2.128(2) 2.118(3)T(1)-O(15) 1.612(3) 1.602(3)
K(1a)-O(10) 3.699(3) M(2)-0O(5) 2.130(2) 2.112(3)T(1)-O(11) 1.611(3) 1.603(3)
K(1la)-O(10) 3.705(3) A(2) M(2)-O(5) 2.144(2) 2.149(4)T(1)-O(1) 1.622(3) 1.630(3)
<K(la)¢> 3.265  K(2)-O(12) 2.866(4) M(2)-O(6) 2.222(2) 2.207(4)T(1)-O(13) 1.649(3) 1.648(3)
K(2)-O(12) 2.866(4) M(2)-O(7) 2.231(2) 2.224(4) K1)-O> 1624  1.621
K(1b)-0(16) 2.176(18) K(2)-O(9) 2.866(4) M(2)-O(2) 2.254(3) 2.252(4)
K(1b)-O(15) 2.392(18) K(2)-O(9) 2.886(4) M(2)-O> 2.185  2.177 T(2)tetrahedron
K(1b)-O(11) 2.397(18) K(2}5(16) 3.108(4) T(2)-0(13) 1.613(2) 1.614(3)
K(1b)-O(12) 2.392(17) K(2)-O(14) 3.417(4) M(3)O,(OH), octahedron T(2)-0(3) 1.614(3) 1.623(3)
K(1b)-O(9) 2.407(17) K(2)-O(14) 3.417(4) M(3)-O(1) 2.135(2) 2.127(3)T(2)-O(8) 1.642(3) 1.639(4)
<K(1b)-0> 2.353  <K(2)¢> 3.064 M(3)-O(4) 2.137(3) 2.124(4)T(2)-O(10) 1.642(3) 1.639(4)
M(3)-O(3) 2.153(2) 2.140(3) K2)-O> 1.628  1.629
Bo,, polyhedra M(3)-0(6) 2.170(2) 2.158(4)
B-O(12)x2 2.599(3) 2.596(4) M(3)-O(4) 2.204(2) 2.198(4)T(3) tetrahedron
B-O(9)x2  2.596(3) 2.606(4) M(3)-0(2) 2.237(2) 2.238(4)T(3)-O(14) 1.611(3) 1.613(3)
B-O(11)x2  2.604(3) 2.600(4) M(3)-0> 2173  2.164 T(3)-0(6) 1.614(3) 1.633(3)
B-O(15)x2 2.610(3) 2.590(4) T(3)-O(10) 1.639(3) 1.652(4)
B-0(16)x2  2.696(0) 2.701(0) M(3)O,(OH), octahedron T(3)-0(8) 1.642(2) 1.651(3)
<B-> 2621  2.619 M(4)-O(4)x22.087(2) 2.093(3) K3)-O> 1.627  1.637
M(4)-0(1)x22.135(2) 2.146(4)
M(4)-O(3)x22.156(2) 2.170(4) T(4) tetrahedron
<M(4)-O> 2.126  2.136 T(4)-0(9) 1.610(3) 1.608(3)
T(4)-0(12) 1.613(3) 1.610(3)
T(4)-O(7) 1.626(3) 1.634(3)
T(4)-0(14) 1.640(3) 1.632(3)
<T(4)-0> 1622  1.621

The resultant Si:Ti ratio is 4:1. Individu&8lOg oc-
tahedra are linked across the interlayiera com-
mon apical aniond(16), wherep = unspecified an-
ion]. The interlayer of triclinic AGM contains two
crystallographically disnct cation sitesA andB,

to each other by stacking of layers identical in
structure and composition such that differences in
the structural states are due only to differences in
stacking sequences (Baileyal., 1978; Guinieret

al., 1984; Nickel & Grice, 1998). Polytypism in the
whereas kupletskit®a2b2c contains three crys- astrophyllite group has been proposed by a number
tallographically distinct cation sited1, A2 andB.  of workers and recognized in electron diffraction
The variation in stacking sequence of individualstudies (Vrublevskaya & Zvyagin, 1976; Zvyagin
HOH layers is responsible for the polytypism ob-& Vrublevskaya, 1976; Dornberger-Schigf al.,
served between monoclinic and triclinic kuplet-1985; Christiansest al., 1999). The basis for the
skite. theoretical derivation of 14 modular polytypic
AGM structures by Zvyagin & Vrublevskaya
(1976), and later by Dornberger-Schiét al.
(1985), was that of “building layers” or “modules”,
each consisting of a combination of two neighbor-
By definition, a mineral is polytypic if it occurs in ingH-sheets linkediaa common apical anion, and
several structural modifications which are relatecan independen©-sheet. In such an approach, a

Polytypism in the astrophyllite group
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centered orthogonal cell defined by two octahedranions, variations in orientation of ti@sheet oc-
wide (@) and seven octahedra long) {s used. The tahedra with respect to the adjacéhsheets, as is
base of each of sevé&hsheet octahedra is regardedobserved in lamprophylliteM and lamprophylli-
as a regular triangular network of anions, resultinge-20 (Johnsen, 1996), or by complete translation
in seven possible attachment points for the adjacemtf the HOH layer by combinations of symmetry
H-H layer. The mutual disposition of thi¢-H units  elements not evidenced in the triclinic structure.
over apical positionsHHO units) results in four Since the minerals of the astrophyllite group are de-
geometrically differenHHOHH units and 14 pos- fined as layered silicates composedfdH layers
sible polytypes with either triclinic, monoclinic or that are similar to th&OT layers in mica, the pre-
orthorhombic symmetry (Zvyagin & Vrublevska- sent polytype pair can similarly be described as var-
ya, 1976). Four of these 14 derived structures aritions in the stacking dfilOH layers. As such, the
based on the same triclinic subcell as the presefibuilding layer” chosen for this study is tHeOH
polytype pair. Only three of these arrangementsayer.
have been found in nature: monoclinic magnesium The structural make-up of tH¢OH layers in tri-
astrophyllite (#1; Peng & Ma, 1963; Skt al., clinic and monoclinic kupletskite differs only in the
1998), triclinic AGM (#3; Woodrow, 1967; Christi- designation of the single, albeit splf,site in tri-
ansenet al., 1998; Piilonenet al., 2000), and ku- clinic species ag\(1) andA(2) in the monoclinic
pletskiteMa2b2c (#6). It should be noted that species. In all other aspects, individtHDH layers
monoclinic magnesium astrophyllite and the otheiare structurally identical. Chemically, the two sam-
triclinic members of the astrophyllite group shouldples differ only slightly in Mn/(Mn+Fe): 0.87 (tri-
not be considered to be polytypic derivatives ofclinic), and 0.66 (monoclinic). Triclinic kupletskite
each other — structurally and chemically, magnefRUS12) also shows a slight enrichment in Na, Mg
sium astrophyllite is distinctly different in that the and depletion in Nb and Al with respect to mono-
H-sheet contains [5]-coordinated Ti@olyhedra clinic kupletskite (RUS9).
and theO-sheet hosts significant amounts of Na In the triclinic structure (Fig. 1), adjacertOH
and Mg. layers are related to each other by a center of sym-
Possible crystallographic mechanisms for themetry. Stacking can thus be described as either
formation of astrophyllite group polytypes include +HOH/+HOH/+HOH, or simply +++, with a layer-
cation ordering, changes in packing of coordinatingtacking period of one. This polytypic form is

Fig. 1. Crystal structure of triclinid?1,
kupletskite projected down [100] (unit
cell outlined).A = hatchedB = white,
O-sheet = stippled) = dark gray,T(1)

to T(4) = medium gray to light gray.
The fourT sites are numbered to illus-
trate the symmetry across the inter-
layer. bsiny
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equivalentto #3 derived by Zvyagin & Vrublevska-  In accordance with IMA guidelines for the no-
ya (1976). A displacement ef 5 A alongb exists menclature of polytypes, triclinic varieties of ku-
between adjacent layers, resulting in an offset opletskite should be referred to as kupletskite-1
the adjacent layers such that the apices ofdlyg  Monoclinic species, in which both theandc pa-
octahedra do not define an orthogonal arrangeameters extend over two periods respect to the tri-
ment. clinic primitive subcell, should be referred to as ku-
In monoclinic kupletskite (Fig. 2), adjacent pletskiteMa2b2c (Bailey et al., 1978; Nickel &
HOH layers are related by a two-fold axis parallelGrice, 1987).
to b, resulting in a stacking period alorgof two
differently orientedHOH layers herein defined as
+HOH and -HOH. In this way, neither attachment Discussion
points of theH-sheet nor first neighbor coordina-
tion spheres are compromised, and it@H layer  Aswith other 1:1 and 2:1 phyllosilicates, the physi-
is geometrically to that observed in triclinic spe-cal and/or crystal chemical mechanisms responsi-
cies. The resulting stackinsequence with a two- ble for polytype formation in AGM are unknown.
layer period can be described aBl@H/-HOH/  Astudy of 21 AGM from both over- and undersatu-
+HOH, or simply +—+—. This polytypic form is rated intrusions (P. Piilonen unpublished data)
equivalent to #6 derived by Zvyagin & Vrublevska- revealed only one monoclinic modification (kuk-
ya (1976). A more orthogonal configuration is pletskiteMa2b2c), suggesting that triclinic AGM
achieved such thdd-¢(16)-D polyhedral pairs lie are energetically more favorable under a wide
in planes perpendicular to (001). The resultant relarange of crystallization conditions. The presence of
tionship between the unit cell parameters of monoa splitA site in the kupletskite-A, a feature com-
clinic and triclinic kupletskite are as follows: mon to other triclinic AGM, and the lack of such
@monaclinic™ Slriclinics bmonoclinic: 2(bSinY)tricliniCI andcmo- disorder in kupletskiteMaZch may also SUQQGSt
noclinic SPans twoHOH layers. Figure 3 depicts the that kupletskite-A is more stable than that of the
stacking sequence differences between the two polynonoclinic polytype.

types.

S s
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Fig. 2. Crystal structure of monoclini€2/
¢, kupletskite, projected down [100] (unit

esinf ‘ ‘ AV‘“‘ ‘ A A“ cell outined) A() = hatchedA (2) = diago-
R T T T e one S ey o
light gray. The fourT sites are numbered to
illustrate the symmetry across the inter-

b layer.
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-HOH layer

Fig. 3. Monoclinic and triclin- ~ Kupletskite-Ma2ble
ic kupletskite polytypes pro-

jected down [100]. Unit cells

for both structures are out-

lined. In kupletskiteMa2b2c, L
+HOH and-HOH layers are Kupletskite-14
related to each other by the

two-fold rotation aroundb.

Arrows depict stacking se-

quence.

+HOH layer

It has been suggested (Zvyagin & Vrublevskastreaking observed in precession photographs, sug-
ya, 1976) that the degree of uniformity in the distri-gest the possibility of additional polytypic inter-
bution of DO, or DO; polyhedra may be responsi- growths or stacking disorder in the astrophyllite
ble for the formation of AGM polytypes. Attach- group, in agreement with electron diffraction stud-
ment of Ti cations to th®-sheet results in an im- ies performed by Zvyagin & Vrubleskaya (1976).
balance in charge distribution and bond valence as-urther work by high resolution TEM may be re-
sociated with the O(2) apical oxygen and the threguired to elucidate these problems.
octahedral sites to which it is bonded(1), M(2)
and M(3); the most favorable arrangement of TiAcknowledgements. The authors thank Mr. M.
cations is such that this imbalance is distributedCooper and Dr. F.C. Hawthorne of the Department
uniformly over the entire structure so as to avoidof Geological Sciences, University of Manitoba,
charge overloading. In monoclinic magnesiumfor use of the 4-circle X-ray diffractometer, Mr. L.
astrophyllite DOg polyhedra are related by a two- Horvath for providing the sample from Mount
fold axis and are located on either side of MEl)  Kuivchorr, Mr. D. Belakovskiy of the Moscow
octahedron in planes parallel to [001]. As a resultMineralogical Museum for providing a sample of
two of the oxygens coordinating tid(1) octahe- holotype kupletskite, Mr. R.A. Gault of the Canadi-
dron are underbonded. This charge imbalance is aen Museum of Nature for the electron microprobe
counted for by the dominance of Na, a large monoanalyses, and Dr. T.S. Ercit for insightful discus-
valent cation, irM(1). In triclinic modifications of sions. The comments by Mr. C.C. Christiansen, an
AGM, theDOg polyhedra are uniformly distributed anonymous review, an associate editor and Dr. A.
such that charge imbalance is minimized and doelslottana are greatly appreciated. Financial support
not occur repeatedly in any given part of the strucwas provided by the Natural Sciences and Engi-
ture. In kupletskiteMa2b2c, the distribution of neering Research Council of Canada in the form of
DO, octahedra is closer to that observed in triclinica scholarship to PCP and grants to AMM and AEL,
species: pairs of octahedra in alternate layers are land by the University of Ottawa and Laurentian
cated in planes perpendicular to (001), resulting irniversity.
only partial uniformity and therefore long-range
overloading of electrical charge on tlesheet oc-
tahedra. Unlike magnesium astrophyllite, kuplets-
kite-Ma2b2c does no.t have a QOmlnance of Na mBaiIey, S.W., Frank-Kamenetskii, V.A., Goldsztaub, S.,
M(1) to overcome this charge imbalance. Kato, A., Pabst, A., Schultz, H., Taylor, H.F.W., Flei-

The highRvalues (> 4.0 %) observed inmany of  gcher, M., Wilson, A.J.C. (1978): Report of the Interna-
the structure refinements, coupled with extensive tional Mineralogical Association (IMA)-International
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