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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 residual R1 of 0.033 and 0.047, respectively. Normandite is a member of the cuspidine group and, more precisely, the
Ca–Ti-dominant analogue of låvenite. Consequently, its structure can be described in terms of “walls” of octahedra, interconnected by corner-sharing and through disilicate groups. These structural “modules” are arranged with the same topology as in
cuspidine, hiortdahlite-II, 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 “låvenitic” core gives way to a
“normanditic” margin. From these data, the following ideal crystal-chemical formulae are derived: NaCaMnTiSi2O7OF for
normandite and NaNaMZrSi2O7F2 (M = Mn, Fe, Ca, Ti) for låvenite.
Keywords: normandite, låvenite, cuspidine group, crystal structure, Zr–Ti zoning.

SOMMAIRE
Nous avons résolu et affiné la structure cristalline de la normandite provenant du fiord Amdrup, au Groµnland, et du Mont
Saint-Hilaire, au Québec, jusqu’à un résidu R1 de 0.033 et 0.047, respectivement. La normandite fait partie du groupe de la
cuspidine; plus précisément, il s’agit de l’analogue de la låvenite avec dominance de Ca et de Ti. Par conséquent, on peut décrire
sa structure en termes de parois d’octaèdres, liés entre eux par partage de coins et par l’intermédiaire de groupes disilicatés. Ces
“modules” structuraux partagent la même topologie que la cuspidine, la hiortdahlite-II, la janhaugite et la niocalite. L’échantillon
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 à balayage), de sorte que le noyau est “låvenitique” et la bordure,
“normanditique”. D’après ces données, nous proposons les formules cristallochimiques idéales suivantes: NaCaMnTiSi2O7OF
pour la normandite et NaNaMZrSi2O7F2 (M = Mn, Fe, Ca, Ti) pour la låvenite.
(Traduit par la Rédaction)
Mots-clés: normandite, låvenite, groupe de la cuspidine, structure cristalline, zonation Zr–Ti.
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INTRODUCTION
Highly alkaline igneous intrusions such as those
found at Mont Saint-Hilaire (Quebec), Kangerdlugssuaq
(East Greenland) and the Kola Peninsula (Russia) are
characterized by a preponderance of alkali niobo-,
titano- and zirconosilicates belonging to the astrophyllite, eudialyte and cuspidine groups. The newest
member of the latter group is normandite, with an ideal
formula NaCa(Mn,Fe)(Ti,Nb,Zr)Si 2 O 7 OF; it was
recently described from the type locality at Mont SaintHilaire, Quebec (Chao & Gault 1997), and subsequently
found at Khibina Massif, Kola Peninsula (Men’shikov
et al. 1998). Reports of a phase with similar properties
and chemical composition have been noted previously
in the literature [e.g., Kola Peninsula: Vlasov (1966),
Tenerife, Canary Islands: Ferguson (1978), Tamazeght,
Haut Atlas, Morocco: Khadem Allah (1993)]. On the
basis of preliminary studies (Chao & Gault 1997), it was
proposed that normandite might form a solid solution
with its potential Zr-dominant analogue, låvenite.
During a recent examination of specimens containing the newly recognized eudialyte-group mineral
kentbrooksite (Johnsen et al. 1998) from the Kangerdlugssuaq intrusion at Amdrup Fjord, East Greenland,
a new occurrence of normandite was identified. A study
was initiated to resolve the crystal-structure of the mineral and to investigate its crystal-chemical relationship
with låvenite and other members of the cuspidine group.
Concurrently, a similar study had been initiated with
normandite from Mont Saint-Hilaire. Therefore we decided to join our efforts, and the results are provided
herein.

bers of this group; moreover, possible twinning, structural disorder, and presence of more than one phase in
the same crystal can also be revealed. Such a Weissenberg study indicated the presence of a single låvenitelike phase with cell type I and space-group symmetry
P21/a (Merlino & Perchiazzi 1988; see following discussion). A similar study was not performed on the
Mont Saint-Hilaire material.

STRUCTURE DETERMINATION
The structure of normandite was determined independently using crystals from Amdrup Fjord and Mont
Saint-Hilaire. A crystal from Amdrup Fjord was
selected from those studied by Weissenberg techniques
and mounted on a Siemens four-circle diffractometer.
Intensity data were collected under the following
operating conditions: 50 kV and 40 mA, graphitemonochromatized MoK␣ radiation. A –2 scan mode
was employed, with a scan width (in ) of 0.8° and a
scan speed of 2°/min. An absorption correction was performed using the method of North et al. (1968), on the
basis of ⌿-scan measurements on a set of 15 reflections.
The measured intensities were corrected for Lorentz and
polarization effects to give a set of 1884 independent
squared structure amplitudes (Rint = 0.0241). Information pertinent to the data collection is provided in
Table 1.
A crystal from Mont Saint-Hilaire was mounted on
a Siemens three-circle diffractometer (University of
Notre Dame) equipped with a SMART CCD detector

OCCURRENCE
Normandite and låvenite from Amdrup Fjord are
macroscopically indistinguishable, both occurring as
yellow-brown crystals, platy on {100}, elongate on
[001], and ranging in length from 0.1 to 1 cm. The mineral occurs with other titano- and zirconosilicates such
as catapleiite, eudialyte, hiortdahlite, kentbrooksite and
kupletskite in pegmatitic bodies of variable grain-size.
The pegmatites are interpreted to have crystallized from
late-stage melts injected into already consolidated
plutonic rocks (Kempe & Deer 1970). At Mont SaintHilaire, normandite is found as aggregates of orangebrown, acicular crystals up to 1 cm in length and as
patches of yellow, fibrous crystals occurring both as
phenocrysts in nepheline syenite and free-standing crystals in miarolitic cavities in nepheline syenite (Chao &
Gault 1997).
To test for the possible presence of other phases of
the cuspidine group in Amdrup Fjord material, seven
crystals from two specimens were examined by singlecrystal Weissenberg techniques. As stressed by Merlino
& Perchiazzi (1988), this is the most appropriate
technique to unambiguously identify the various mem-
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and a crystal-to-detector distance of 5 cm. Intensity data
were collected using monochromatic MoK␣ radiation
and frame widths of 0.2° in , with 30 s used to acquire
each frame. More than a hemisphere of data was
collected; the data were then analyzed for peaks used in
the determination of unit-cell dimensions. The latter data
were subsequently refined by least-squares techniques
to produce the values given in Table 1. The data were
reduced and corrected for Lorentz, polarization and
background effects using the Siemens program SAINT.
Additional information related to the data collection is
given in Table 1.
The structure solution using the Amdrup Fjord
material employed the atomic coordinates of låvenite
(Mellini 1981) as a starting model, including the
assumption that the four independent “octahedral” sites
are each occupied by Zr, Fe, Ca and Na. Refinement of
the structure was carried out using the SHELXL–93
(Sheldrick 1993) program. In five cycles of isotropic
refinement, R converged to 0.09, thus validating the
initial structural model. To complete the structure
refinement, we took into account the displacement
parameters, the peak heights in the Fourier maps, bond
lengths and angles, and calculations of bond-valence
sums. The latter made it possible to identify the site
occupied predominantly by F and to assess the occupancies of the octahedrally coordinated cations, as
reported in Table 2.
The structure of the Mont Saint-Hilaire material was
solved through direct methods using the program
SHELX–90 (Sheldrick 1990) and refined by means of
the SHELXL–93 package (Sheldrick 1993). Scattering
curves for neutral atoms and anomalous dispersion
corrections were taken from Cromer & Mann (1968) and
Cromer & Liberman (1970), respectively.
Table 2 includes the final positional coordinates and
equivalent isotropic-displacement parameters for
normandite from both Mont Saint-Hilaire and Amdrup
Fjord.

DESCRIPTION AND DISCUSSION OF THE STRUCTURE
The crystal structure of normandite is represented in
Figure 1, in terms of octahedra and tetrahedra (the actual
coordination of Ca cations, which present two additional
long bond distances, will be discussed later). The heights
in c/8 with respect to the plane normal to the [001]
direction and passing through the origin are reported for
both the cations and the bridging oxygen atoms of the
diorthosilicate groups.
As discussed by Merlino & Perchiazzi (1988), the
crystal structures of minerals belonging to the cuspidine
group can be most easily described in terms of two
“modules”: first, “walls” of edge-sharing octahedra four
columns wide and running along c, and second,
diorthosilicate groups, which are corner-linked to the
walls. Each wall is connected by corner-sharing to four
other walls, and each Si2O7 group to three walls. Ten
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topological types exist, corresponding to ten distinct
ways in which the silicate groups can be connected to
the framework of octahedra, and they can be distributed
among four types of unit cells (Table 2 in Merlino &
Perchiazzi 1988).
Normandite, along with cuspidine, låvenite,
niocalite, hiortdahlite-II and janhaugite, exhibits cell
type I and structure type 1, with topological symmetry
P21/a (Merlino & Perchiazzi 1988). The distribution of
the cations in the walls of octahedra leads to the different
topochemical symmetry (following the terminology of
P.B. Moore, in Smith 1970) achieved in each phase. In
particular, the topochemical symmetry coincides with
the topological one in cuspidine, låvenite and normandite, whereas it is reduced to Pa in niocalite, and to P1̄
in hiortdahlite-II; in janhaugite, the ordering of the cations results in a doubling of the c parameter and in a
space-group symmetry P21/n.
With the exception of cuspidine, which contains only
calcium cations in the walls of octahedra, all the abovementioned minerals have in the outer columns of
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FIG. 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 “octahedral” cations and the bridging oxygen of Si2O7 groups. These heights are given in c/8,
with respect to the plane normal to the [001] direction and passing through the origin.

the walls an alternation along [001] of large polyhedra,
with disilicate groups linked on both sides, and “free”
polyhedra, hosting small-radius high-charge cations.
Figure 2 illustrates the wall of octahedra in the structure
of normandite; the outer columns present the alterna-

FIG. 2. The crystal structure of normandite as seen along [100].
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tion of Ca sites (with disilicate groups bridged on both
sides of the corresponding polyhedron) and Ti sites; in
the inner columns of octahedra Mn and Na sites alternate regularly.
In a structural study of a synthetic Lu-doped
cuspidine, NaCa 2 LuSi 2 O 7F 2 , 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 Na0.845Ca0.155
and Ca0.845Na0.155, respectively, regularly alternate
along c. The Lu cations are hosted in the Ca(3) and
Ca(4) sites, which regularly alternate along c in the outer
columns of the walls, with occupancies Lu0.845Ca0.155
and Ca0.845Lu0.155, 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
låvenite and normandite.
Fleet & Pan (1995) maintained that the rare earths
can be accommodated in the cuspidine structure according to the substitution Ca2+ = Na+ + REE3+, which,
however, is limited in extent to the composition
NaCa2REESi2O7F2. Moreover, they discussed another
possible extensive substitution, Ca2+ + Si4+ = Na+ + P5+,
which would lead to the end member Na2Ca2(P2O7)F2.
This compound has been recently synthesized by

27/07/00, 11:18

645

THE STRUCTURE OF NORMANDITE

Piotrowski et al. (1999), who showed that it is a member of the cuspidine group. Whereas cuspidine, låvenite,
niocalite, hiortdahlite-II, janhaugite, normandite and
Lu-doped cuspidine adopt structure type 1 of Merlino
& Perchiazzi (1988), Na2Ca2(P2O7)F2 displays the structure type 5, which confirms the soundness and usefulness of that classification scheme.

2.798 Å, to Ca), and 0.021 Å in normandite from Mont
Saint-Hilaire (and two weak bonds, 2.688 and 2.792 Å,
to Ca), respectively.
Bond-valence calculations, reported in Table 4,
indicate that in normandite, as in all the other phases of
the cuspidine group, O(br) is overbonded. This aspect
has been already discussed by Mellini (1981), who
maintained that the systematic overbonding of the O(br)

Structural details
Diorthosilicate groups. Bond distances and angles
for the diorthosilicate groups present in normandite are
given in Table 3. Average and individual distances are
very close for normandite from the two localities. In
normandite from Mont Saint-Hilaire, individual distances vary from 1.593 Å (for Si2–O7, the bond with
the only oxygen atom not linked to the Ti site) to
1.641 Å (for the Si1–O1 bridging bond), whereas in
normandite from Amdrup Fjord, the extreme values
were found for Si2–O7, 1.599 Å, and Si2–O1 bridging
bond, 1.641 Å. The Si–O–Si angles vary from 163.5° in
normandite from Mont Saint-Hilaire to 166.4° in
normandite from Amdrup Fjord. These are close to the
value of 171° observed in låvenite (Mellini 1981). Relative to låvenite, the smaller Si–O–Si angles in normandite are related to their higher ⌬d values [difference
between the averages of the bridging and non-bridging
bond-lengths: Louisnathan & Smith (1970), O’Keeffe
& Hyde (1978)].
Low values of ⌬d are due to the presence of short
Si–O(br) bonds, which leads to charge oversaturation
of the bridging oxygen atom, which in turn can only
weakly bond to any associated octahedrally coordinated
cation. In låvenite, with ⌬d = 0.002 Å and Si–O–Si angle
of 171°, O(br) is weakly bonded to the cations in Na
site, at distances of 2.835 and 2.840 Å. The smaller
Si–O–Si angles in normandite from Amdrup Fjord,
166.4° and from Mont Saint-Hilaire, 163.5°, relate well
with their higher ⌬d values: 0.016 Å in normandite
from Amdrup Fjord (and two weak bonds, 2.737 and
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anions may be “due to the use of a correlation between
bond distance and bond strength which does not take
account of other parameters, like bond angles, mutual
screening among anions and so on.” In the cases here
discussed, the bridging oxygen atom of the diorthosilicate group is actually screened by the non-bridging
oxygen atoms, and it is conceivable that this results in a
weaker interaction with Ca than expected on the basis
of the measured distance.
Walls of octahedra. Bond distances for the four independent cation sites are given in Table 5. The TiO6
octahedron is defined by five oxygen atoms belonging
to the diorthosilicate groups and by one “free” O8
oxygen, the latter forming the shortest Ti–O bond in the
octahedron.
As may be seen in Table 5, a pattern with one long
and five short bonds is present both in normandite from
Amdrup Fjord (mean short distance 1.979 Å, long
distance 2.271 Å) and from Mont Saint-Hilaire (mean
short distance 1.943 Å, long distance 2.303 Å). In fact,
as discussed by Megaw (1968a, b), small cations with
high charge, like niobium and titanium, may give rise
to off-center displacement. The definitely higher
titanium content of the Ti site in normandite from Mont
Saint-Hilaire, relative to that from Amdrup Fjord, explains both the shorter mean Ti–O distance and the
larger off-center displacement in the corresponding
TiO6 octahedron. The TiO6 octahedron in normandite
is quite similar to that in janhaugite (Annehed et al.
1985), both in terms of bond distances and extent of offcenter displacement. In fact, the two independent Ti sites
in janhaugite, Ti1 and Ti2, with cation occupancies
Ti0.67 Zr0.33 and Ti0.73 Zr0.27, respectively, have mean
Ti–O bond lengths of 2.014 and 2.010 Å, respectively,
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and differences between the long distance and the mean
short distance of 0.25 Å and 0.31 Å, respectively. In
låvenite, the Zr polyhedron, occupied by Zr with very
minor niobium, displays a larger mean bond-distance
(2.083 Å) and a smaller off-center displacement (mean
short distance 2.117 Å, long distance 2.224 Å).
The MnO6 octahedron is distorted, with a pattern of
bond distances ranging from a minimum for Mn–O7
(2.116 Å in Amdrup Fjord normandite and 2.136 Å
in Mont Saint-Hilaire normandite) to a maximum for
Mn–O3 (2.290 Å in Amdrup Fjord normandite and
2.305 Å in Mont Saint-Hilaire normandite). A similar
pattern of bond distribution is presented by Mn octahedra in janhaugite, as well as by the Fe octahedron in
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FIG. 3. Ca/Na versus Zr/Ti trend in normandite from Amdrup Fjord.

låvenite. In all cases, the distortion of the octahedra is
dictated by the requirements of balance in bond valence.
As regards Ca and Na sites, the first is dominantly
occupied by calcium (occupancies Ca0.66Na0.34 and
Ca0.72Na0.28 in Amdrup Fjord and Mont Saint-Hilaire
material, respectively), the second is exclusively
or dominantly occupied by sodium (occupancies
Na0.83Ca0.17 and Na1.00 in Amdrup Fjord and Mont
Saint-Hilaire material, respectively). The Na site is octahedrally coordinated, whereas the Ca site shows a
6 + 2 coordination, with six ligands forming an octahedral coordination with a mean bond-distance of 2.42 Å
and two additional, more distant ligands, corresponding
to the two O(br) of the Si2O7 groups chelating this polyhedron on both sides. Wherever this last situation
occurs in other members of the cuspidine group, the
same 6 + 2 coordination is present.

cations, hosted in the (Ti,Zr) site. As regards the Mn
site, it is always underpopulated, and the occupancy by
Mn and Fe clearly decreases from normandite to
låvenite: as the Fe content is practically constant, the
drop in the occupancy is related to the Mn content.
These considerations clearly point to a scheme in which
the full occupancy in the Mn site is restored by the
cations in excess in the Na, Ca and Ti structural sites,
namely major Ca and some Ti.
These natural phases could therefore be considered
as intermediates in a series with end members having
the ideal formulae NaCaMnTiSi2O7OF, corresponding
to normandite, and NaNaMZrSi2O7F2 (where M is a
mixed site hosting major Mn with Fe, Ca, Ti), corresponding to låvenite.
In Figure 3 and Table 7, the results of a semiquantitative analysis by energy-dispersion spectrometry

Crystal chemistry of normandite and låvenite
Compositional data for låvenite and normandite from
Mont Saint-Hilaire and Amdrup Fjord were obtained by
electron-probe micro-analysis (EPMA) and are reported
in Table 6. A detailed set of chemical data for låvenite
was given in Mellini (1981).
A wide variation in composition can be noticed both
in the data of Table 6 and in those of Table 2 of Mellini
(1981). This is not surprising, if we consider the large
variety of octahedrally coordinated cations that are
found in the various members of the cuspidine group.
Recorded in Table 6 are some remarkable peculiarities
in the crystal chemistry of normandite. In fact, the Na
and Ca cations filling the “mixed” Na and Ca site are
always in excess with respect to the expected value of
2 atoms per formula unit, apfu, with the exception
of låvenite from Mont Saint-Hilaire.
In this set of data, two distinct antithetic trends
are present for Na and Ca; in going from “normanditic”
to “låvenitic” compositions, the occupancy by Na
increases, together with the amount of cations in excess.
A constant excess is present also for the high-charge
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(with scanning electron microscopy) of crystals of
normandite and låvenite from Amdrup Fjord are
reported. Similar patterns were found in Mont SaintHilaire normandite, suggesting similarities in the chemical processes at work in these two peralkaline
environments. The above data agree with the EPMA
data of Table 6, clearly showing evidence for a chemical zoning, with a “låvenitic” core gradually shifting
toward a “normanditic” margin.
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