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ABSTRACT

Five new polytypes of parisite-(Ce) [CaCe,(COs3)sF,] from a rare-earth-mineral deposit within an aegirine-bearing granite
pluton in Sichuan Province, southwestern China, were found by HRTEM: 6R,, 8H, 14H, 36R and 42R. These new polytypes are
all long-period ordered stacking structures, which may result from the distribution and the periodic variation in orientation of
[CO3] groups between the unit layers of parisite-(Ce). The observed microstructures may be affected by the rock-forming
environment. These new polytypes coexist with the very common polytype 6R;, disordered stacking series, and mixed-layer
structures developed in the host polytype, 6R;.

Keywords: parisite-(Ce), polytype, high-resolution transmission el ectron microscopy, aegirine granite, Sichuan Province, China.
SOMMAIRE

Nous avons découvert cing nouveaux polytypesde parisite-(Ce) [CaCey(CO3)3F2], 6R,, 8H, 14H, 36R et 42R, dans un gisement
deterresrares associéaun pluton de granite aaegyrine delaprovince de Sichuan, dans|le sud-ouest dela Chine, suiteaun examen
en microscopie é ectronique par transmission a haute résolution. Tous ces polytypes ont une longue périodicité. Lamise en ordre
dans leur séquence d’ empilement pourrait résulter de ladistribution et lavariation de |’ orientation des groupes de [COg3] entreles
couchesdelastructure delaparisite-(Ce). Les microstructures observées pourraient avoir été affectées par le milieu de croissance.
Ces nouveaux polytypes coexistent avec le polytype courant 6R;, des séries d’empilement désordonné, et des mélanges de
polytypes présents dans le polytype héte, 6R;.

(Traduit par la Rédaction)

Mots-clés: parisite-(Ce), polytype, microscopie électronique par transmission & haute résolution, granite a aegyrine, province de
Sichuan, Chine.

INTRODUCTION members, and the other minerals as ordered mixtures of
unit-layers of bastnéasite (B layer) and synchysite
(S layer) stacked along the c direction. For example,

parisite can be regarded as BS, and réntgenite as BS,.

There arefour minera speciesin the calcium —rare-
earth-element (Ca—REE, cerium-dominant) fluoro-

carbonate mineral series: bastnasite-(Ce) [Ce(CO3)F],
parisite-(Ce) [CaCey(CO3)3F;], rontgenite-(Ce) [CaxCes
(CO3)sF5] and synchysite-(Ce) [CaCe(COs),F]. Donnay
& Donnay (1953) and Van Landuyt & Amelinckx
(1975) studied the structural characteristics of the
bastnésite and synchysite by X-ray diffraction and trans-
mission electron microscopy (TEM). They considered
bastnésite-(Ce) and synchysite-(Ce) as two end-
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The structures of members of this series can be de-
scribed in terms of four layers parallel to (0001): a CeF
structural layer (d), alayer of CO3 groups between two
CeF layers (€), a layer of Ca (f), and a layer of CO3
groups between calcium and CeF layers (g). The stack-
ing sequences of bastnasite-(Ce) (B), parisite-(Ce) (BS),
réntgenite-(Ce) (BS,) and synchysite-(Ce) (S) can be
represented as de, dedgfg, dedgfgdgfg and dgfg respec-
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tively (Van Landuyt & Amelinckx 1975). Details of the
atomic arrangementsin bastnésite-(Ce) (Ni et al. 1993),
synchysite-(Ce) (Wang et al. 1994) and synchysite-(Y)
[YCa(COs),F] (Wang & Zhou 1995) have now been
established. According to recent studies, thirty-two
BmSh-type (m = n) new mixed-layer compounds and
polytypes have been observed (Van Landuyt &
Amelinckx 1975, Meng et al. 1995, 1996, 1997, 2001,
Wu et al. 1997, 19983, b, 2000). The formulae of these
mixed-layer compounds can be expressed as (m+n)Ce
(CO3)Fen CaCO3 (M= n). Here wereport the character-
istics of five new long-period polytypes of parisite-(Ce),
6R,, 8H, 14H, 36R and 42R, as established by selected-
area electron-diffraction (SAED) and high-resolution
transmission electron microscopy (HRTEM).

EXPERIMENTAL

The grains of parisite-(Ce) (0.08-0.2 mm in diam-
eter) are from a producing rare-earth-mineral deposit
within an aegirine-bearing granite pluton in Maoniuping
County, Sichuan Province, southwestern China (Fig. 1).
The grains were pulverized and suspended in absolute
alcohol. A drop of suspension was put on a copper grid
coated with aperforated carbon film, in turn coated with
gold, and then examined at 200 kV with a JEOL—
2000EX electron microscope equipped with atop-entry
goniometer stage (+10° tilt) and an ultra-high-resolu-
tion pole piece[Cs (spherical aberration) = 0.7 mm] with
an interpretable point-resolution of 0.21 nm. Electron-
diffraction patternswere observed at 120 kV on aPhilips
CM 12 (£45° tilt, Cs = 2.0 mm) transmission electron
microscope.

BACKGROUND INFORMATION

In parisite-(Ce), the heavy atoms Ce and Ca consti-
tuterhombohedral planes, respectively, and lieverticaly
with respect to the trigonal or hexagonal axis, aterna-
tively. The trigonal planes formed by the CO3 groups
lie between the CeF layers and Ca layers, so that the
crystal structure of this mineral can be described in
terms of two basic unit layers, i.e., the CeF—CeF layer
and Ca—CeF layer. The CO;3 layers with two different
orientations lie between the CeF—CeF and Ca—CeF ba-
sic layers and constitute the parisite-(Ce) unit layers
(BS) 1.413 nm high (CeF—CO3—CeF-CO3—Ca—CO3).
The ordered stacking of the unit layers along the ¢ di-
rection and the periodic variation in orientation of the
[COg3] groups result in complex polytypic structures.
The crystal structure of parisite-(Ce) has not been de-
termined completely because of its complexity.

THE 6R1 PoLYTYPE OF PaRISITE-(CE)
The intense [000I] diffraction maximum can be ob-

served in SAED patterns of parisite-(Ce); some SAED
patterns and HRTEM imageswith different orientations
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were taken around this diffraction maximum. The dis-
tribution of the diffraction spots in the [1210] SAED
pattern (Fig. 2) are: rhombohedral symmetry, h—k+ =
3n(n= 0,1, £2%),c= 1.413nm X 6= 8478 nm, R3
or R3 space group, in accordance with the reflection
condition of the 6R; palytype. The projection position
of the unit cell in the [1210] direction is marked on the
HRTEM image (Fig. 2). The positions of thelayersd, e,
f, g and the unit layer dedgfg (BS, ¢" = 1.413 nm) were
obtained by the thickness of the different structural
layers (Ni et al. 1993), the projection position and the
spacing between the diffraction spots ¢'* (000 18) and
c"'* (0006) along the c* in the corresponding SAED
patterns. The analyses of the SAED patterns and
HRTEM images of the polytype parisite-(Ce)-6R;
with different characteristic orientations are listed in
Table 1.

THE 6R, PoLYTYPE oF PARISITE-(CE)

A new polytype of parisite-(Ce) was determined in
thisstudy. The characteristics of SAED patternsin some
orientations are similar to those of the 6R; polytype, but
different in other orientations. A series of SAED pat-
terns were taken around the [000I] direction. Figure 3
shows the SAED patterns and the indices of the diffrac-
tion_spots of zones [1210], [4510], [1100], [5410] and
[2110]. The diffraction spots such as 0003, 0009 and
000 15 on Figure 3c are formed by more intense
diffraction, and will_disappear as the transmission beam
moves away from [1100].

To get enough three-dimensional electron-diffrac-
tion information, the SAED pattern (Fig. 3c) of zone
[1100] in the same sample was selected, and a series of
SAED patterns were taken around the [1120] direction.
Figure 4 displays the SAED patterns of zones [1100],
[20 20 01], [11 11 01], [8801] and [7701]. From these
five SAED patterns and the relevant angles, a two-di-
mensional reciprocal lattice plane vertical to zone
[1120] was made, in accordance with the SAED pattern
of [1120] (Fig. 4f). In Figures 3a, 3e and 4f, the diffrac-
tion spots lie in layers parallel to the c* direction. The
distribution of the spots in the 0, £3, £6, ...(3n) layers
areidentical, but different inthe £1, +2, +4, ...(3n £ 1)
layers. Along c*, there are five extinction spots between
0000 and 0006, and the corresponding interplane dis-
tance dooos) IS 1.413 nm, and the cell height is1.413 nm
X 6 = 8478 nm. The spots lie in the form of a paral-
lelogram in Figures 3a, 3b, 3d and 3e, ahexagonin Fig-
ure 3f and a centered rectanglein Figures 4b, 4c, 4d and
4e. From the above, we can conclude that the reflection
conditions are: hkil, h-k+| = 3n (n = 0, +1, £2, ...);
hh2hl,_ | = 3n, and the possible space-groups are R3c
and R3c. The polytype can be described as 6R;, a new
polytype with rhombohedral symmetry. It can be seen
by comparing the SAED patterns of the polytypes 6R;
and 6R; that in the a*c* plane, the distribution spacing
of thespotsinthe3n+ 1 (n= 0, £1, +2, ...) layers par-
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Fic. 1. Thetectonic map of west Mianning (Li et al. 1992). Units: 1. Limestone, siltite and slate. 2. Crystalline limestone and
metamorphic sandstone. 3. Limestone, argillite and basalt. 4. Basalt, andesite and crystalline limestone. 5. Siltite, greenschist,
dlate and marble. 6. Feldspar-dominant and quartz-dominant sandstone, and carbonaceous date. 7. Moyite. 8. Aegirine-
bearing granite. 9. Granite. 10. Diorite and quartz diorite. 11. Reverse fault. 12. Unspecified type of fault.
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TABLE 1. THE SIX POLYTYPES OF PARISITE-(Ce)

Polytype Cell and subcell (nm) Number Reflection conditions Possible
of unit space-
layers _ group

a a ¢ ¢ (dedgfg) kil hRO! 000/
6R* 0414 0717 2826 8478 6 h-k+l=3n 2hti=3n I=6n R3,R3
v a6 c=18¢""

6R** 0412 0.714 - 8.478 6 h—k+l=3n ~htl=3n I=6n R3¢, R3¢

c=18¢"" I=2n

BH** 0.416 0.720 - 11.304 8 - - I=8n P6,/mmc,

c=24c"" Péymnc,
P62¢c
14H** 0412 0713 - 19.782 14 - - 1=14n  P6ymmc,
c=42c"" Pé;me,
P62c
36R** 0415 0.719 16956 50.868 36 —h+ktl=3n htl=3n I=36n R3, ):
¢’ =36¢"" ¢c=108¢""

42R** 0416 0.720 19.782 59.346 42 ~h+ktl=3n hti=3n i1=42n R3,R3

¢ =42c"" c=126¢""

Note: a=a'v'3; H hexagonal, R rhombohedral; ¢’” =0.471 nm, ¢” = 1.413 nm (¢"=3¢"").

* known polytype; ** new polytype.

alel tothecdirectionisdifferent, revealing their differ-
ent symmetry, but identical in the 3n layers, proving that
these two polytypes have the same subcell (a'c", a'c”)
and supercell (ac) (Table 1).

The SAED patterns and HRTEM images of the new
polytype parisite-(Ce)-6R, corresponding to the crystal
zones[1210] and [1100] (Fig. 5) reveal polytypic struc-
tures. Figure 5a shows the arrangement of the layersin
the unit layer (d = 1.413 nm) of the polytype 6R;, the
repeat period of the unit layers and the supercell size. It
can be seen from the HRTEM images of the polytypes
6R; and 6R; that the arrangement and the orientation of
the COs structural layers between the unit layers are
different, proving that these two polytypes possess a
different symmetry.

PoLyTypPES 8H, 14H, 36R AND 42R oF ParisiTeE-(CE)

Different series of polytypes and the intergrowth
structures (or syntactic growth among different
polytypes) can be observed in single crystals of parisite-
(Ce) from the Maoniuping County locality. These
polytypes can be classified as types 2nH and 3nR (Figs.
5,6, 7, 8, Table 1). Thediffraction spots can be grouped
into strong and weak spots. Thedistribution of the strong
spotsin the 3n layersisidentical in each case, proving
that these polytypes have the same hexagona subcell
a'c" and a'c" (c" = 3c™). The distribution and the spac-
ing of the weak spotsin the 3n + 1 layers are different,
proving that these polytypes have adifferent symmetry.
The differences among the SAED patterns of the

parisite-(Ce) polytypesliein the distribution of the weak
spots (Fig. 8, Table 1).

In the SAED patterns of parisite-(Ce) polytypes 8H
and 14H, the spacing of the weak spotsin the 3n £ 1
layersiseight times (8H, i.e., seven extinction spotslie
between the 0000 transmission spot and the 0008 dif-
fraction spot) and fourteen times (14H, i.e., thirteen
extinction spots lie between 0000 and 000 14) that of
the strong spots in the 3n layers, respectively. The cor-
responding analyses are shown in Figures 6, 7a and 8.
The diffraction spots of the different zones of the
polytypes 8H and 14H lie with hexagonal symmetry,
i.e., the supercell ac has a hexagonal symmetry. For
example, the SAED patterns of [1210] (Figs. 6a, 8d)
display the strong spot (000 24) produced by the
smallest subcell (¢ = 0.471 nm), the medium-strength
spot (0008) produced by the subcell (" =c™ X 3=1.413
nm) and the weak spot produced by the supercell (c=c"
X 8= 11.304 nm). The corresponding HRTEM image
(Fig. 6b) reveals the ordered periodic repeat of the
stacked unit-layers (BS or dedgfg, ¢" = 1.413 nm) in the
new polytype parisite-(Ce)-8H along the c direction.
Each repeat period is made up of eight unit-layers
(dedgfg), i.e., the height of the supercell isc = 1.413
nm X 8 = 11.304 nm, so the new polytype 8H is aso
called the 8-layer polytype.

The characteristics of the new polytypes 36R and
42R are: the smallest subcell (a'c") and the subcell (a'c”,
a'c) have hexagona symmetry, whereas the supercell
(ac) has rhombohedral symmetry (Figs. 7, 8). The dif-
fraction spots occur in accordance with the reflection



NEW POLYTYPES IN PARISITE-(Ce)

1717

[00

%,

R

017} i

Fic. 2. SAED pattern (a) and HRTEM image (b) of the 6R; polytype in parisite-(Ce) corresponding to the zone [IZIO].

law —h+k+l = 3n or h-k+| = 3n (n = 0O, +1, £2, ..)
(Table 1). Inthe SAED pattern of the polytype 36R cor-
responding to the zone [1210], the spacing of the weak
spots corresponding to rhombohedral symmetry in the
3n £ 1 layersistwelve timesthat of the strong spotsin
the 3n layers (Figs. 7b, 8c), so the nearest strong spot to
the transmission spot along c* was indexed as 000 36.
This polytype was determined as a 36-layer polytype.
The heights of the subcell and supercell of the new
polytype parisite-(Ce)-36R are ¢' = 1.413 nm X 12 =
16.956 nm and ¢ = ¢' X 3 =50.868 nm, respectively. A
new polytype parisite-(Ce)-42R (or 42-layer polytype)

was determined in the same way. The spacing of the
weak spotsin the 3n + 1 layersis fourteen times that of
the strong spots in the 3n layers, but there are forty-one
reflection spots between 0000 and 000 42, so the
polytype was determined as 42R. In the different
polytypes of parisite-(Ce), the distribution of the strong
spotsin the 3n layersisidentical, showing that the unit
layer and the subcell are identical in the different poly-
types, the distribution, spacing and positions of theweak
spots in the 3n + 1 layers are different, reflecting the
changes of the stacking period and the arrangement of
the unit layers in the long-period stacking sequences.
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Fic.3. a-e. SAED patternsof the 6R, polytype obtained by tilting the crystal about [0001]. f. SAED pattern of the 6R; polytype

in parisite-(Ce) corresponding to the zone [0001].

CONCLUSIONS

The results show that the polytypism of parisite-(Ce)
is very complex. The most common polytype in nature
is6R;. Five new polytypes 6R;, 8H, 14H, 36R and 42R
were determined. The six polytypes are al long-period
ordered stacking structures; the cell sizes (a = b =
0.713~0.720 nm) are similar parald to the unit layer
(dedgfg), whereas the range in cell height is 8.478—
59.346 nm, and the number of unit layersis between 6
and 42 (Fig. 8, Table 1). The five new polytypes are
formed mainly because of the ordered stacking of the
unit layers (dedgfg) along the c direction, and the peri-
odic changesin orientation of the[CO3] groups between
the unit layers.

The diffraction spots appear in layers in the SAED
patterns of different polytypes of parisite-(Ce) corre-
sponding to the diagnostic zones (such as[1210], [2110]
and [1120]). For different polytypes of parisite-(Ce), the
distribution of the strong spotsin the 3n layersareiden-

tical, whereas the distribution, spacing and positions of
the weak spotsin the 3n + 1 layers differ. Among these
six polytypes, 6R; is most widespread, the five new
polytypes are rare, and the long-period stacking
polytypes (8H, 14H, 36R and 42R) are especialy rare.
The crystal grains (0.2-0.8 um) of the five new
polytypes coexist in the same natural crystal of parisite-
(Ce) asthe 6R; polytype, disordered stacking sequences,
mixed layer-structure by syntaxy, constituting the mi-
cro-polycrystal with local order and integral disorder.
Thisassemblage may have been produced by hydrother-
mal activity during the cooling of the pluton (Zhang et
al. 1998). The inhomogeneity of the structure reflects
changes in the physicochemical environment, such as
therate of crystallization and of cooling. The polytypes
of parisite-(Ce) result not only from the periodic changes
of the unit layer stacking and the orientation of the[CO3]
groups, but also from the variations of the conditions of
formation such as the temperature, pressure, and me-
dium of growth.
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Fic. 6. a-b. SAED pattern and HRTEM image of the 8H polytypesin parisite-(Ce); the view is parallel to [IZIO].
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Fic. 7. a—c. SAED patterns of the 14H, 36R and 42R polytypes in parisite-(Ce); the view is paralel to [IZIO].
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