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ABSTRACT

The crystal structure of normandite from Amdrup Fjord, Greenland and from Mont Saint-Hilaire, Quebec, was solved and
refined to a residud®; of 0.033 and 0.047, respectively. Normandite is a member of the cuspidine group and, more precisely, the
Ca-Ti-dominant analogue of lavenite. Consequently, its structure can be described in terms of “walls” of octahedra, intercon-
nected by corner-sharing and through disilicate groups. These structural “modules” are arranged with the same topology as in
cuspidine, hiortdahlite-Il, janhaugite and niocalite. EPMA and SEM studies of the Amdrup Fjord material show distinct chemical
zoning due to a wide variation of the major elements Na, Ca, Mn, Zr, and Ti, such that a “lavenitic’ core gives way to a
“normanditic” margin. From these data, the following ideal crystal-chemical formulae are derived: NaCa®hQrSfor
normandite and NaNWZrSi,O-F, (M = Mn, Fe, Ca, Ti) for lavenite.

Keywords normandite, lavenite, cuspidine group, crystal structure, Zr—Ti zoning.
SOMMAIRE

Nous avons résolu et affiné la structure cristalline de la normandite provenant du fiord Amdrugyrdar@ret du Mont
Saint-Hilaire, au Québec, jusqu’a un réskude 0.033 et 0.047, respectivement. La normandite fait partie du groupe de la
cuspidine; plus précisément, il s’agit de I'analogue de la l&venite avec dominance de Ca et de Ti. Par conséquent, io@ peut décr
sa structure en termes de parois d’octaedres, liés entre eux par partage de coins et par I'intermédiaire de groupeSe#silicatés
“modules” structuraux partagent la méme topologie que la cuspidine, la hiortdahlite-Il, la janhaugite et la niocaliteilloi@chant
du fiord Amdrup fait preuve de zonation impliquant une variation importante des éléments majeurs Na, Ca, Mn, Zr, et Ti (données
de microsonde électronique et de microscopie électronique a balayage), de sorte que le noyau est “lavenitique” et la bordure,
“normanditique”. D’apres ces données, nous proposons les formules cristallochimiques idéales suivantes: NaOaMATiSi
pour la normandite et NaN&rSi,O7F, (M = Mn, Fe, Ca, Ti) pour la lavenite.

(Traduit par la Rédaction)

Mots-clés normandite, lavenite, groupe de la cuspidine, structure cristalline, zonation Zr—Ti.
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INTRODUCTION bers of this group; moreover, possible twinning, struc-
tural disorder, and presence of more than one phase in
Highly alkaline igneous intrusions such as thosthe same crystal can also be revealed. Such a Weissen-
found at Mont Saint-Hilaire (Quebec), Kangerdlugssudogrg study indicated the presence of a single lavenite-
(East Greenland) and the Kola Peninsula (Russia) dilee phase with cell type | and space-group symmetry
characterized by a preponderance of alkali nioboP2,/a (Merlino & Perchiazzi 1988; see following dis-
titano- and zirconosilicates belonging to the astraussion). A similar study was not performed on the
phyllite, eudialyte and cuspidine groups. The neweMont Saint-Hilaire material.
member of the latter group is normandite, with an ideal
formula NaCa(Mn,Fe)(Ti,Nb,Zr)SO;0F; it was STRUCTURE DETERMINATION
recently described from the type locality at Mont Saint-
Hilaire, Quebec (Chao & Gault 1997), and subsequently The structure of normandite was determined inde-
found at Khibina Massif, Kola Peninsula (Men’shikowendently using crystals from Amdrup Fjord and Mont
et al. 1998). Reports of a phase with similar propertieSaint-Hilaire. A crystal from Amdrup Fjord was
and chemical composition have been noted previousglected from those studied by Weissenberg techniques
in the literature ¢.g, Kola Peninsula: Vlasov (1966), and mounted on a Siemens four-circle diffractometer.
Tenerife, Canary Islands: Ferguson (1978), Tamazeghitensity data were collected under the following
Haut Atlas, Morocco: Khadem Allah (1993)]. On theoperating conditions: 50 kV and 40 mA, graphite-
basis of preliminary studies (Chao & Gault 1997), it wasionochromatized Méu radiation. Aw—20 scan mode
proposed that normandite might form a solid solutiowas employed, with a scan width @y of 0.8 and a
with its potential Zr-dominant analogue, lavenite. scan speed of&nin. An absorption correction was per-
During a recent examination of specimens corfermed using the method of Noré¢t al. (1968), on the
taining the newly recognized eudialyte-group minerddasis of’-scan measurements on a set of 15 reflections.
kentbrooksite (Johnsest al. 1998) from the Kanger- The measured intensities were corrected for Lorentz and
dlugssuagq intrusion at Amdrup Fjord, East Greenlangplarization effects to give a set of 1884 independent
a new occurrence of normandite was identified. A studgquared structure amplitudeR( = 0.0241). Informa-
was initiated to resolve the crystal-structure of the mirtion pertinent to the data collection is provided in
eral and to investigate its crystal-chemical relationshipable 1.
with l&venite and other members of the cuspidine group. A crystal from Mont Saint-Hilaire was mounted on
Concurrently, a similar study had been initiated witlh Siemens three-circle diffractometer (University of
normandite from Mont Saint-Hilaire. Therefore we deNotre Dame) equipped with a SMART CCD detector
cided to join our efforts, and the results are provided

herein.
TABLE 1. CRYSTAL DATA AND REFINEMENT DETAILS FOR
NORMANDITE FROM AMDRUP FIORD (AF)
OCCURRENCE AND MONT SAINT HILAIRE (MSH)

Normandite and lavenite from Amdrup Fjord ar€y, eum 071073 &

. . L A . AF normandite MSH normandite
macroscopically indistinguishable, both occurring as
yellow-brown crystals, platy on {100}, elongate on i

. . .Monoclinic, P2,/a

[001], and ranging in length from 0.1 to 1 cm. The MiNgyi_cel dimensions
eral occurs with other titano- and zirconosilicates such  « 10.798(1)2 10.799(1) A
as catapleiite, eudialyte, hiortdahlite, kentbrooksite and Yoo A ol
kupletskite in pegmatitic bodies of variable grain-size. B 108.08(3)° 108.075(2)°

i i i stal size 0.22 x 0.24 x 0.08 mm 0.06 x 0.04 x 0.02 mm
The pegmatites are |_nterpret_ed to have crystalllze_d frogﬂ a0 Tor dsta colcction oA s 36 59
Iate-st_age melts injected into already consolld_ata ex ranges d<h<ls dd<hell
plutonic rocks (Kempe & Deer 1970). At Mont Saint- -1gsk1s 193 -lgsllrs;3

. . . . H<ig 9<ig

Hilaire, normandite is found as aggregates of oranOgecions coflected / unique 2438 / 1884 4368 /1743
brown, acicular crystals up to 1 cm in length and as [Ryy = 0.0241] [Ryy = 0.0611}
patches of yellow, fibrous crystals occurring both gsortion cormection  y-scan on 15 reflections Gz‘s‘f:::;‘(;:e‘;i;‘:s)
phepocrysts i_n_ neph_e_line_ syenite a_nd free-s_tanding CIYt8mement method Full-matrix least-squares on F 2
tals in miarolitic cavities in nepheline syenite (Chao &/ restraints / parameters 1884/0/140 1743/0/139
Gault 1997) go;dige'ss&ff-ﬁt;;:fo(n] R 1'8‘1)2334 R 1.520272

. . ing indices” 1 =0, ;= 0.

To test for the possible presence of other phases of R, =0.0848 R, =0.0940

the cuspidine group in Amdrup Fjord material, seveiees: 4iff pezkandhole 0.71 and -1.1 /A 0.77 and -0.82 e/

crystals from two specimens were examined by single-

crystal Weissenberg techniques. As stressed by Merliffts: @ Goodness offt ~ e[tfriwﬁf"zﬁi’?’%‘fﬁﬁ}’?"f@ﬂ",’;‘f}? Ty;l;er:s
& Perchiazzi (1988), this is the MoSt apProPriat s - Far |/ S wF I m o 17 [0 (-3 +(0.03430)4 0. 570). where 0
technique to unambiguously identify the various mem{MAXF;0) +2F7] /3.
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_tO- i i TABLE 2. FINAL ATOMIC COORDINATES, ISOTROPIC
and a crystal-to-detector distance of 5 cm. Intensity data A0 A A o ok (A%) AND OCCUPANCIES

were collected using monochromatic Kte radiation FOR NORMANDITE

and frame widths of 0°2n w, with 30 s used to acquire

each frame. More than a hemisphere of data was x y z u, occupancy
collected; the data were then analyzed for peaks used.in

the determination of unit-cell dimensions. The latter data Amdrup Fjord

were subsequently refined by least-squares techniques

to produce the values given in Table 1. The data wefé ~ %%°() 01039 00BLM 0015@) T 0026)

reduced and corrected for Lorentz, polarization anstn  043743(5) 036943(5) 085858(8) 0.0139(1) Mn 1
background effects using the Siemens program SAINF: ~ 0302240)  0.10885(8) 05255(1)  0.0158G) Ca  066(1)

L . . . . N 0.34
Additional information related to the data collection isxa  o04256(1)  03786(1) 0.33982)  0.0206(5) Na 0.83(1)
Ca 0.17
given in Table 1. dg 0.62168(9)  0.16485(9) 0.2136(1)  0.0107(2)
The structure solution using the Amdrup Fjor 062051(9) 0.16633(9) 0.6705(1)  0.0106(2)
material employed the atomic coordinates of Iavenlte1 8;3“;?8; g%gg; 8;3238; ggﬁgg
(Mellini 1981) as a starting model, including thega 0748003)  025120) 0.8020(4) 0.0166(5)
assumption that the four independent “octahedral” sites 0653703 0.0111?; 0.163322 oomg;
H : 0.6300(3) 0.0088(3 0.7400(4; 0.0186
are each occupied by Zr, Fe, Ca e_lnd Na. Reflnementﬁf 04784() 022090 00959(4)  0.0145(5)
the structure was carried out using the SHELXL—937  048523) 02392(3) 06538(4) 0.0172(5)
i i i i~08 0.6235(3)  04755(3) 0.9577(4)  0.0179(5)
(Sheldrlck 1993) program. In five cycles Qf |s_otrop|cO 038812)  050502) 05998(4)  0.0226(5)
refinement,R converged to 0.09, thus validating the
initial structural model. To complete the structure Mont Saint-Hitaire
refinement, we took into account the displacement  oas342n 0101687 00210(1) 000543) Ti  0.876(5)
parameters, the peak heights in the Fourier maps, bond m 8%22
lengths and angles, and calculations of bond-valend® 43676 036665 035877011 0.00926(3) Mn - 07842)

sums. The latter made it possible to identify the sitea  0.300008(10) 0.10778(12) 0.52449(16) 0.00955(41) Ca  0.72(1)

N 0.28
occupled predominantly by F and to assess the oc 042432)  037R1(2) 033T23)  0.0089(4) N1

pancies of the octahedrally coordinated cations, as 0.6206(1)  0.1645(1) 0.2106(2)  0.0060(3)

reported m Table 2. 512 0.620%(1) 0.1660(1)  0.6704(2) 0.0060(3)
0.6431(3)  0.1601(4) 0.4516(5)  0.0147(8)
The structure of the Mont Saint-Hilaire material wasn 0.7395(3)  0.2647(4) 02014(5)  0.0102(7)

solved through direct methods using the program3 0-722;(2) 83?33(? grlsggg(g) ggi?g(;)
SHELX-90 (Sheldrick 1990) and refined by means ofs oo ososes ormie  ooiten
the SHELXL-93 package (Sheldrick 1993). Scatterings  04765(3)  0.2206(4) 0.0967(5)  0.0095(7)
curves for neutral atoms and anomalous dispersi b o oo oo
corrections were taken from Cromer & Mann (1968) and 0.3896(3)  0.5054(3) 0.5992(4)  0.0167(7)
Cromer & Liberman (1970), respectively.

Table 2 includes the final positional coordinates and
equivalent isotropic-displacement parameters for

normandite from both Mont Saint-Hilaire and Amdrugopological types exist, corresponding to ten distinct

Fjord. ways in which the silicate groups can be connected to
the framework of octahedra, and they can be distributed
DESCRIPTIONAND DISCUSSIONOF THE STRUCTURE among four types of unit cells (Table 2 in Merlino &

Perchiazzi 1988).

The crystal structure of normandite is represented in Normandite, along with cuspidine, lavenite,
Figure 1, in terms of octahedra and tetrahedra (the actnacalite, hiortdahlite-1l and janhaugite, exhibits cell
coordination of Ca cations, which present two addition&pe | and structure type 1, with topological symmetry
long bond distances, will be discussed later). The heiglit®;/a (Merlino & Perchiazzi 1988). The distribution of
in ¢/8 with respect to the plane normal to the [001the cations in the walls of octahedra leads to the different
direction and passing through the origin are reported fapochemical symmetry (following the terminology of
both the cations and the bridging oxygen atoms of tieB. Moore, in Smith 1970) achieved in each phase. In
diorthosilicate groups. particular, the topochemical symmetry coincides with

As discussed by Merlino & Perchiazzi (1988), théhe topological one in cuspidine, lavenite and norman-
crystal structures of minerals belonging to the cuspidirtite, whereas it is reduced Ba in niocalite, and té1
group can be most easily described in terms of twn hiortdahlite-1l; in janhaugite, the ordering of the cat-
“modules™ first, “walls” of edge-sharing octahedra fouions results in a doubling of theparameter and in a
columns wide and running along and second, space-group symmetB2;/n.
diorthosilicate groups, which are corner-linked to the With the exception of cuspidine, which contains only
walls. Each wall is connected by corner-sharing to fowalcium cations in the walls of octahedra, all the above-
other walls, and each &); group to three walls. Ten mentioned minerals have in the outer columns of



644 THE CANADIAN MINERALOGIST

Fic. 1. The crystal structure of normandite as seen along [001]. The connections between
the diorthosilicate groups and the octahedra are given by the heights of both the “octahe-
dral” cations and the bridging oxygen 0$Gj groups. These heights are giverc/g,
with respect to the plane normal to the [001] direction and passing through the origin.

the walls an alternation along [001] of large polyhedrdion of Ca sites (with disilicate groups bridged on both
with disilicate groups linked on both sides, and “freesides of the corresponding polyhedron) and Ti sites; in
polyhedra, hosting small-radius high-charge cationthe inner columns of octahedra Mn and Na sites alter-
Figure 2 illustrates the wall of octahedra in the structureate regularly.

of normandite; the outer columns present the alterna- In a structural study of a synthetic Lu-doped
cuspidine, NaCa.uSi,O7F,, Fleet & Pan (1995)
emphasized its relationships with the other phases of the
cuspidine group, and described the cation distribution
in the walls of octahedra. In the inner columns of the
walls, Ca(1) and Ca(2), with occupancies MaCa 155

and Ca.gsfNag 155 respectively, regularly alternate
alongc. The Lu cations are hosted in the Ca(3) and
Ca(4) sites, which regularly alternate alarig the outer
columns of the walls, with occupanciesplgyCa 155

and C@gad-Uo 155 respectively. The Ca(4) polyhedron
exhibits disilicate groups linked on both sites, whereas
Ca(3), in which Lu is the dominant cation, is “free”,
therefore adopting the same structural scheme as in
lavenite and normandite.

Fleet & Pan (1995) maintained that the rare earths
can be accommodated in the cuspidine structure accord-
ing to the substitution &= Na + REE*, which,
however, is limited in extent to the composition
NaCaREESi,O;F,. Moreover, they discussed another
possible extensive substitution,2Ca St = Na" + P*,
which would lead to the end member,Ra(P,0;)F,.

Fic. 2. The crystal structure of normandite as seen along [100]his compound has been recently synthesized by
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TABLE 3. BOND DISTANCES AND ANGLES OF THE DIORTHOSILICATE GROUPS (A, °) IN NORMANDITE
FROM AMDRUP FJORD (AF) AND MONT SAINT HILAIRE (MSH)

AF MSH AF MSH AF MSH

Sil —01  1.6323) 1641(4) 01-02 2527(5) 2528(6) O1-Sil-02 101.8(1) 101.0(2)
~02  1626(3) 16344) O1-04 2568(4) 2559(5) Ol-Sil-04 1045(1) 103.7(2)
~04  1616(3) 16134) O1-06 2641(3) 2.657(4) O1-Sil-06 109.1(1) 109.6(2)
-06  16103) 16103) 02-04 2632(3) 2644(5) 02-Sil-04 1086(1) 109.0(2)

02-06 2723(3) 2.738(5) 02-8il-06 1150(1) 115.1(2)

Average 1.621 1.624 04-06 2740(4) 2.743(5) 04-Sil-06 1163(1) 116.6(2)

Si2 - 01 1.635(3) 1635(4) 01-03 2553(4) 2542(5) O1-Si2-03 102.8(1) 102.1(2)
—03  1633(3) 16334) O1- 05 2578(4) 2.566(5) O1-Si2-05 1048(1) 104.1(2)
—05  1619(3) 16194) 01-07 2629(5) 262905 O1-Si2—07 1088(1) 109.0(2)
—07  15993) 1.593(4) 03-05 2675(4) 2683(5) 03-Si2-05 1107(1) 111.2(2)

03 -07 27706(4) 2701(5) 03-Si2-07 1137(1) 113.7(2)

Average 1.621 1.620 05-07 2713(4) 2714(5) 05-Si2-07 1149(1) 1154(2)

Si1 - Si2 3243(2)  3.242(2) Sil-01-Si2 1664(2) 163.5(2)

Piotrowskiet al. (1999), who showed that it is a mem-2.798 A to Ca), and 0.021 A in normandite from Mont
ber of the cuspidine group. Whereas cuspidine, l&veniaint-Hilaire (and two weak bonds, 2.688 and 2.792 A,
niocalite, hiortdahlite-1l, janhaugite, normandite andto Ca), respectively.
Lu-doped cuspidine adopt structure type 1 of Merlino Bond-valence calculations, reported in Table 4,
& Perchiazzi (1988), N&a(P,0O;)F, displays the struc- indicate that in normandite, as in all the other phases of
ture type 5, which confirms the soundness and useftite cuspidine group, O(br) is overbonded. This aspect
ness of that classification scheme. has been already discussed by Mellini (1981), who
maintained that the systematic overbonding of the O(br)
Structural details
. . . TABLE 4. BOND-VALENCE SUMS (vu), CALCULATED ON THE BASIS OF

Diorthosilicate groupsBond distances and angles SITE OCCUPANCIES DERIVED FROM STRUCTURAL DATA
for the diorthosilicate groups present in normandite are FOR NORMANDITE FROM
given in Table 3. Average and individual distances are ~ “MPRUPFIORD (AF) AND MONT SAINT HILAIRE (MSH)
very close for normandite from the two localities. In

normandite from Mont Saint-Hilaire, individual dis- 5! W Moo G NaoSsIS2 By
tances vary from 1.593 A (for Si2—07, the bond with

the only oxygen atom not linked to the Ti site) to®! o 0955 0971 2151
1.641 A (for the Si1-01 brldglng bond), whereas i, 0.657 0212 0208 0973 2.050
normandite from Amdrup Fjord, the extreme value$3 0566 0282  0.173 0.976  1.997
were found for Si2-07, 1.599 A, and Si2-01 bridgingg;1 o gﬁz 1030 Lol Low
bond, 1.641 A. The Si-O-Si angles vary from 16815 06 0277 0434 0157 1.039 1.907
normandite from Mont Saint-Hilaire to 166.4n 97 e o 03 0148 1087 2068
normandite from Amdrup Fjord. These are close to the ' 0316 ‘ '
value of 172 observed in lavenite (Mellini 1981). Rela-* 0271 0333 02 0.993
tive to lavenite, the smaller Si-O-Si angles in normand- '

ite are related to their highexd values [difference Z» 4052 2112 1803 1070 3997 4.048
between the averages of the bridging and non-bridging

bond-lengths: Louisnathan & Smith (1970), O’'Keefferr Ti Mo Ca  Na  Sil Sz Ly
& Hyde (1978)].

Low values ofAd are due to the presence of shorb: 0.109 0979 0971 2151
Si~O(br) bonds, which leads to charge oversaturatigy 0672 023 0995 2107
of the bridging oxygen atom, which in turn can onlyos 0587 0250 0155 ' 0976 1977
weakly bond to any associated octahedrally coordinat&dl g;ﬁ; g;gg 1.022 Lot f‘;ﬁi
cation. In l&venite, witthd = 0.002 A and Si—O-Si angle ¢¢ 0336 0361 0158 1039 1.894
of 171°, O(br) is weakly bonded to the cations in N&7 0414 0362 0155 1070 2.001
site, at distances of 2.835 and 2.840 A. The small&f Rt o7 e
Si—-O-Si angles in normandite from Amdrup Fjordg 0260 0316 0241 0.989
166.4 and from Mont Saint-Hilaire, 1635relate well 0172
with their higherAd values: 0.016 A in normandite 5, 4088 1945 1705 1140 4035 4031

from Amdrup Fjord (and two weak bonds, 2.737 and
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anions may be “due to the use of a correlation betweand differences between the long distance and the mean
bond distance and bond strength which does not tasieort distance of 0.25 A and 0.31 A, respectively. In
account of other parameters, like bond angles, mutuavenite, theZr polyhedron, occupied by Zr with very
screening among anions and so on.” In the cases her@or niobium, displays a larger mean bond-distance
discussed, the bridging oxygen atom of the diorth@2.083 A) and a smaller off-center displacement (mean
silicate group is actually screened by the non-bridgirghort distance 2.117 A, long distance 2.224 A).
oxygen atoms, and it is conceivable that this results in a The MnQ; octahedron is distorted, with a pattern of
weaker interaction with Ca than expected on the badiend distances ranging from a minimum for Mn—-O7
of the measured distance. (2.116 A in Amdrup Fjord normandite and 2.136 A

Walls of octahedraBond distances for the four in-in Mont Saint-Hilaire nhormandite) to a maximum for
dependent cation sites are given in Table 5. The Ti®IN-03 (2.290 A in Amdrup Fjord normandite and
octahedron is defined by five oxygen atoms belongiry305 A in Mont Saint-Hilaire normandite). A similar
to the diorthosilicate groups and by one “free” O®attern of bond distribution is presented by Mn octahe-
oxygen, the latter forming the shortest Ti—-O bond in thédra in janhaugite, as well as by the Fe octahedron in
octahedron.

As may be seen in Table 5, a pattern with one long
and five short bonds is present both in normandite from e S O O o
Amdrup Fjord (mean short distance 1.979 A, long
distance 2.271 A) and from Mont Saint-Hilaire (mean
short distance 1.943 A, long distance 2.303 A). In fact,

as discussed by Megaw (1968a, b), small cations with
Na,O wt% 926 11.20 9.78 1073 1040 11.85 1220 1237 12.63

MSHN MSHL 1 2 3 4 5 6 7

high charge, like niobium and titanium, may give ris@,o 1538 694 12.63 1074 1042 897 859 845 806
to off-center displacement. The definitely higheiso nd.  nd 004 006 005 013 014 015 011
titanium content of th&i site in normandite from Mont 0 b T S B M A
Saint-Hilaire, relative to that from Amdrup Fjord, ex-reo 613 239 277 236 213 254 262 3.16 3.13
plains both the shorter mean Ti-O distance and t@éoa nd. 004 nd 005 nd nd nd nd  nd
h . . Y50, nd. nd nd 014 020 028 020 027 026
larger off-center displacement in the corresponding,d, nd  nd nd nd nd 014 018 nd 016
TiOg octahedron. The TiQoctahedron in normandite ;irgz 1;2; zéﬂ 1;;‘3 1;22 ng 1;;; zgii 2313 z;g
is quite similar to that in janhaugite (Annehetdal g nd  nd. 056 072 079 109 124 113 112
1985), both in terms of bond distances and extent of offe.0, 389 763 152 352 379 405 399 405 425
center displacement. In fact, the two independent Ti sit&4: o s e
in janhaugite, Til and Ti2, with cation occupancies 511 371 479 527 504 559 566 529 5.63
Ti0.67 Zr0.33 and Tb.73 Zr0.27' respectively’ have mean -O=F 215 156 202 222 212 235 238 223 237
Ti—O bond lengths of 2.014 and 2.010 A, respectively,, 98.99 9836 99.17 99.83 97.94 99.65 99.47 99.48 100.04
Na'apfu 1125 1485 1205 1332 1325 1.51 1572 1.593 1617
Ca?' 1.03 051 086 0737 0733 0632 0612 0601 0570
TABLE 5. BONDDISTAN&‘%\IS O(A)INL?T‘SE CATION POLYHEDRA = 2155 1.995 2.065 2.060 2.058 2.142 2.184 2.194 2.187
FROM AMDRUP FJORD (AF) AND MONT SAINT-HILAIRE (MSH) s 0 0 0001 0.002 0.002 0.005 0.005 0.006 0.004
Mg 0 0015 0024 0022 0021 0.021 0024 0025 0.025
Mn? 0495 0.6 0795 0777 0.735 0.564 0.508 0.474 0.487
AF MSH AF MSH Fe* 032 0.135 0.147 0.126 0.117 0.14 0.146 0.176 0.173
= 0815 075 0967 0927 0875 0.73 0.683 0.681 0.689
Ti- 08 1.863(3) 1.781(3) Mn- 07 2116(3) 2.136(8)  Apr ¢ 00050 0040 0 0 0 0
0s* 1.9753)  1.953(3) 06" 2.167(3)  2.145(4) Ve 0 0 0 0.005 0.007 0.01 0.007 0.01 0.009
04 1981(3) 1.960(3) 08 2178(3) 2216(4)  ce 0 0 0o 0 0 0003 0004 0 0.004
02" 2014(3) 1.984(3) F o 2196(3) 221004 0.825 0.095 0.833 0636 0.585 0372 0309 0305 0284
03 2.064(3)  2.039(3) 08* 2.234(3) 2.262(5) 7% 0.08 087 0173 0302 0379 0618 0718 0.718 0.722
06 2271(3)  2303(3) o3 2.2903) 2305(3) HFY 0 0 0.01 0013 0015 002 0024 0.021 0.021
mean 2.028 2.003 mean  2.197 2.212 Nb** 0.11 0235 0.044 0102 0113 012 012 0.122 0.127
) Ta% 0 0 0001 0002 0001 0.002 0001 0.002 0.001
Ca— F* 22192)  2.203(2) Na- F* 2-237(3; 2-2338; = 1.015 1.205 1.061 1.064 1.1  1.145 1.183 1.178 1.168
07 2203(3) 2.289(3) F 2360(3) 2354
04 2.416(3)  2.428(4) 02" 2373(3) 2381(4) g+ 2 1.985 1973 198 1977 1979 1952 1977 1.975
02v  2502(3) 2.502(3) 08™ 2-468?) i;“;ggg Z aions 5985 5935 6.066 6.041 6.009 5995 6.001 6.029 6020
ost 2.505(3)  2.490(4) 06 2517(3) 2.
03" 2.607(3)  2.573(4) o7 2.522(3)  2.506(4) F 101 08 0963 1068 1.047 1.162 1.19 1111 1176
mean 2.423 2414 mean 2413 2.401 o* 799 82 8037 7.932 7953 7.838 7.81 7.889 7.824

ort 2.737(3)  2.688(4)
o1 2.798(3) 2.788(4)

Crystal-chemical formulae, expressed in atoms per formula unit (apfiz), recalculated
on the basis of (O + F) = 9, for normandite and lavenite from Mont Saint Hilaire

i atom at % Yy o ozl v atom at x y 2+l (MSHN and MSHL), from Chao & Gault (1997) and Amdrup Fjord (1-7, present
ii atom at lx e 1z vi atom at I« 1y 2z work). The composition in column 2 pertains to chemically homogeneous crystal
iii atom at I—x > -z viiatomat  Vex  y-% 1z fragment of normandite from Amdrup Fjord used in the determination of the

iv atom at Ya—x Yoy z viii atom at 1—x 1y 1z structure.
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WMargin-core series |

AMargin-core scrics 2

>>.

P @ Margin-core series 3

Zr/Ti

Fic. 3. Ca/NaversusZr/Ti trend in normandite from Amdrup Fjord.

lavenite. In all cases, the distortion of the octahedradations, hosted in the (Ti,Zr) site. As regards Me
dictated by the requirements of balance in bond valengite, it is always underpopulated, and the occupancy by
As regards Ca and Na sites, the first is dominantMn and Fe clearly decreases from normandite to
occupied by calcium (occupancies GdNag 4 and lavenite: as the Fe content is practically constant, the
Cay.7Nag.2g in Amdrup Fjord and Mont Saint-Hilaire drop in the occupancy is related to the Mn content.
material, respectively), the second is exclusivelyhese considerations clearly point to a scheme in which
or dominantly occupied by sodium (occupanciethe full occupancy in the Mn site is restored by the
Nag.sfa 17 and Na oo in Amdrup Fjord and Mont cations in excess in the Na, Ca and Ti structural sites,
Saint-Hilaire material, respectively). The Na site is omamely major Ca and some Ti.
tahedrally coordinated, whereas the Ca site shows aThese natural phases could therefore be considered
6 + 2 coordination, with six ligands forming an octaheas intermediates in a series with end members having
dral coordination with a mean bond-distance of 2.42 the ideal formulae NaCaMnTig;OF, corresponding
and two additional, more distant ligands, correspondirig normandite, and NaN&ZrSi,O;F, (whereM is a
to the two O(br) of the 8D; groups chelating this poly- mixed site hosting major Mn with Fe, Ca, Ti), corres-
hedron on both sides. Wherever this last situatiqggonding to lavenite.
occurs in other members of the cuspidine group, the In Figure 3 and Table 7, the results of a semi-
same 6 + 2 coordination is present. guantitative analysis by energy-dispersion spectrometry

Crystal chemistry of normandite and lavenite
o . i TABLE 7. CORE-TO-MARGIN TRENDS OF SELECTED CATIONS
Compositional data for lavenite and normandite from  FOR NORMANDITE AND LAVENITE FROM AMDRUP FJORD
Mont Saint-Hilaire and Amdrup Fjord were obtained by
electron-probe micro-analysis (EPMA) and are reported Series 1
in Table 6. A detailed set of chemical data for lavenite

was given in Mellini (1981). Normandite  core margin
A wide variation in composition can be noticed botlz;//Tg 250 257 230 1.79 037

H H i 0.69 0.72 0.71 0.74 1.2

in the datalof.TabIe 6 anq in thpse of Tab]e 2 of Mellnﬁm,.;; Log 04 195 71 1.2;

(1981). This is not surprising, if we consider the large

variety of octahedrally coordinated cations that are Series 2

found in the various members of the cuspidine groufermandite core margin

Recorded in Table 6 are some remarkable peculiaritie/sT_ ’so . ,

in the crystal chemistry of normandite. In fact, the N&x, o 075 oo T8 "

and Ca cations filling the “mixed” Na and Ca site arewTi 1.98 1.83 1.47 122 124

always in excess with respect to the expected value of
2 atoms per formula unigpfu, with the exception

Series 3

of l&venite from Mont Saint-Hilaire. Lavenite core margin
In this set of data, two distinct antithetic trendg,m 141 L19 0.85 0.65 044
are present for Na and Ca,; in going from “normanditicta/Na 0385 0385 0.98 1.02 1.05

to “lvenitic’ compositions, the occupancy by Na™™ 1.67 L6l 147 138 1.26

increases, together with the amount of cations in excess.

A constant excess is present also for the hi gh-ch arﬁg:::lpcylata acquired by energy-dispersion spectroscopy with scanning electron
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(with scanning electron microscopy) of crystals oKempg D.R.C. & DEer, W.A. (1970): Geological investiga-
normandite and lavenite from Amdrup Fjord are tions in East Greenland. IX. The mineralogy of the
reported. Similar patterns were found in Mont Saint- Kangerdlugssuagq alkaline intrusion, East Greenlsiedld.
Hilaire normandite, suggesting similarities in the chemi- ©r@nland190@3).
cal _processesﬂ?t Wbork '3 these tWO. Ee;‘alkég,\r)fg?wsmmm, S.J. & $tH, J.V. (1970): Crystal structure of
environments. € above "’}ta agree with the ™ tilleyite: refinement and coordinatioZ. Kristallogr.
data of Table 6, clearly showing evidence for a chemi- B}

_ f rly sha ch 132, 288-306.
cal zoning, with a “lavenitic” core gradually shifting

toward a “normanditic” margin. Mecaw, H.D. (1968a): A simple theory of the off-center dis-
placement of cations in octahedral environmeAtgta
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