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ABSTRACT

A clintonite-1M from Lago della Vacca, Adamello (Italian Alps), was investigated by
single-crystal neutron diffraction and by Mdssbauer spectroscopy. Cell dimensions are @ =
5.2037(9), b = 9.0126(5), ¢ = 9.8145(9) A, 8 = 100.26(1)°, space group C2/m. The chemical
composition is (Ca, ooNa o)(Mg; 20Al, 10Fe3 55 Tio 006)(Si1 20Al2.65F€37:1)01o(OH),. The refine-
ment with 558 unique reflections converged to R = 0.020 and R, = 0.020. No cation
ordering was detected in the tetrahedral sheet, whereas partial cation ordering was observed
in the octahedral sheet: M(1)-O, 2.046(1) A; M(2)-O, 2.020(1) A. The O-H dipole is per-
pendicular to (001), with an O-H distance of 0.943(2) A. The analysis of the Mdssbauer
spectrum of 3"Fe and the refinement of the neutron-scattering length of the T site revealed
an incorporation of Fe3+* in the tetrahedral site in competition with an excess of Al>*.

INTRODUCTION

The (Si,Al) distribution in brittle micas has been studied
by Farmer and Velde (1973) by infrared spectroscopy.
They proposed substantial tetrahedral ordering for mar-
garite, which contains equal amounts of Si and Al, but a
random distribution for clintonite with an Al to Si ratio
larger than 2. X-ray (Guggenheim and Bailey, 1975, 1978)
and neutron-diffraction studies (Joswig et al., 1983) con-
firmed the almost complete (Si, Al) ordering for margarite.
Loewenstein’s aluminum avoidance rule (Loewenstein,
1954) is therefore followed in margarite; in clintonite,
however, the chemical composition requires a violation
of this rule.

The neutron-diffraction study locates the O-H dipole
precisely and elucidates cation ordering in the octahedral
and tetrahedral sheet. However, as neutrons do not dis-
tinguish between Fe3+ and Fe?+, an additional Méssbauer
experiment was carried out on material from the same
source as the neutron study. A previous Méssbauer study
by Annersten and Olesch (1978) on several natural and
synthetic clintonites gave some evidence on the distri-
bution of these cations.

EXPERIMENTAL PROCEDURE
Neutron diffraction

About 80 clintonite crystals from different localities were ex-
amined by X-ray precession photographs in order to find a crystal
with a regular stacking sequence. Only a few specimens from
Lago della Vacca, Adamello (Italian Alps), showed periodicity
along c*. A crystal of 1.2 x 1.1 x 0.1 mm was selected, which,
even in overexposed (0k/)-precession photographs, showed no
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diffuse streaks parallel ¢* for reflections with k = 3n, ensuring a
complete stacking ordering of this clintonite-1M. The chemistry
as determined from electron-microprobe analysis is given in Ta-
ble 1. The lattice constants were obtained from X-ray four-circle
diffractometer data with high-order reflections using MoK« ra-
diation: @ = 5.2037(9), b= 9.0126(5), ¢ =9.8145(9) A, 8=
100.26(1)°. The neutron-diffraction experiment was performed
on the four-circle diffractometer D 8 at the HFR (high-flux re-
actor) of the Institute Lane-Langevin (ILL), Grenoble. About 850
reflections up to sin 6/A = 0.69 were collected in an w/xf scan
with a wavelength A = 1.2618 A from a Cu(200) plane monochro-
mator. The intensities of the 0k0 reflections were severely affected
by extinction, which was as high as 40% for 060. These reflections
were therefore measured by psi-scans to determine the position
of minimal extinction. Symmetry averaging yielded 637 inde-
pendent reflections. A total of 558 reflections with
| F,1? > 20, were used for the cryLsqQ link of the X-RAY SYSTEM
(Stewart et al., 1975). A weighting scheme of the form w(F,) =
[62 + 0.1 x 10-3F2%]-' was employed. The refinement in space
group C2/m was carried out on positional parameters of all at-
oms, the neutron-scattering lengths of the cations and the H, and
an isotropic extinction factor to produce 65 varied parameters.
A final agreement factor of R =0.020 and R, = 0.020 was
achieved. Final parameters are given in Table 2.

In order to test for a possible tetrahedral and/or octahedral
M(1), M(2) and M(3) ordering, refinements in subgroups C2 and
Cm (only for tetrahedral ordering) were carried out. No conver-
gence for the parameters, especially of the scattering lengths of
the tetrahedral and octahedral cations, was obtained. The space
group C2/m is therefore the correct space group for clintonite-
iM.

Maossbauer spectroscopy

Two Mdéssbauer spectra were taken with the absorber at room
and liquid N temperature, respectively, using conventional tech-
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Table 1. Electron-microprobe analysis of clintonite
(wt%)  Calculation for 22 positive charges
SiO, 17.05 Si 1.20
AlLO, 40.90 Al 2.69 4.00 (IV)
Fe,0. Fe3+* 0.11
gees } totalFe) 290 po. Ol
Al 0.70

TiO, 011 T 0.006 ( 3046(VD
MgO 2190 Mg 2.29
MnO 0.03
Ca0 13.13 Ca 1.00
Na,0 005 Na 0.007 } 1007 0ty
K0 n.d.

Total 96.24

* By Mdssbauer spectroscopy.

niques: 20 mCi "Co/Pd source, constant acceleration with sym-
metric triangular velocity wave form, 5-mg Fe/cm? absorber den-
sity, refrigerator cryostat. The two simultaneously recorded spectra
(512 channels each) were folded and then fitted by least-squares
method assuming Lorentzian lines. The angle between the inci-
dent gamma-ray and the absorber was kept at 54.7° in order to
avoid texture effects (Ericsson and Wippling, 1976).

RESULTS

The structure thus refined is similar to the one reported
by Takéuchi and Sadanaga (1959, 1966) using X-ray film
data. The results, however, provide more details on the
clintonite structure type. Also the investigations of natural
and synthetic clintonite by Olesch (1975) show that only
the 1M polytype is realized for the brittle mica clintonite.
The structure is characterized, as in phlogopite (Joswig,
1972), by nearly ideal trigonal symmetry within the sheets.
Characteristic structural features are listed in Table 3 and
the bond lengths and angles in Table 4. Similar to phlog-
opite (Joswig, 1972) and the talc-like sheet in penninite
(Joswig et al., 1980), the O-H dipole in clintonite is per-
pendicular to (001), the O-H bond length being 0.943(2)
A. The thermal vibration of the H atom describes an
oblate ellipsoid with the short axis parallel c*.

The Mossbauer spectrum of 5’Fe in the clintonite taken
at room temperature is shown in Figure 1. The Mossbauer
parameters evaluated from both spectra are listed in Table
5. The spectrum in Figure 1 exhibits three lines with de-
creasing peak heights at higher velocities. The liquid N
spectrum looks quite similar. Best-fit values of both spec-
tra could be obtained assuming two quadrupole doublets.
The doublet with the larger area, the smaller quadrupole
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Table 3. Characteristic features of the

structure
Rotation angle of the tetrahedra («,) 23.1°
Sheet thickness
Tetrahedral 2.322A
Octahedral 2.103 A
Interlayer 2911 A
Basal oxygen AZ,, “corrugation” 0.013A

splitting, and smaller isomer shift is assigned to Fe?+; the
doublet with the smaller area, the larger quadrupole split-
ting, and larger isomer shift to Fe?+. Assuming similar
recoil-free fractions of Fe?+ and Fe3* at 77 K, about one-
third of the iron is Fe2+. Attempts to fit three doublets (2
Fe?+, 1 Fe*+ or 2 Fe*+, 1 Fe?+) or four doublets (2 Fe+,
2 Fe**) could only be achieved by constraining the line
width of all the doublets to be equal. However, such a
fitting procedure is not justified because of the different
next-nearest-neighbor environment of Fe?* and Fe** at
the different lattice sites of this natural clintonite, resulting
in a different distribution of electric-field gradients at the
different positions, respectively. In addition, the goodness
of fit parameter chi squared increased compared to the
two doublet fit.
DiscussioN

The results presented above are a base for the discussion
of an ordering pattern for the octahedral sheet. The neu-
tron diffraction gave clear evidence that the (trans) oc-
tahedron M(1) is larger than the two equivalent (cis) oc-
tahedra M(2). The average distances are M(1)-0, 2.046(1)
A and M(2)-O, 2.020(1) A. This clintonite is therefore no
exception of the general rule: M(1) = M(2) given by Bailey
(1984). The scattering-lengths refinement gave by, =
5.17(4), bye, = 4.97(3) for the two sites, an indication for
a preference of Fe2+ for M(1) that is in agreement with
the larger site.

The isomer shift of the Fe?* doublet in the Mossbauer
spectra shows that Fe?* is located at the octahedral sites,
although this value is within the lower range usually mea-
sured for Fe+ at octahedrally coordinated sites in silicates.
As already mentioned, it was not possible to fit two Fe2+
doublets for M(1) and M(2). The most probable expla-
nation for this failure is the low Fe2+ content of this sam-
ple.

The cation-ordering pattern in the octahedral sheet is

Table 2. Neutron-scattering lengths, atomic coordinates, and anisotropic thermal parameters (U; x 10-?) of clintonite

Atom  b(10-'5m) x y z Uy, U, Us, U Us Us
Ca 4.61(4) 0.50 0.50 0.00 1.00(7) 0.77(7) 0.70(7) 0.00 0.23(5) 0.00
M(1) 517(4)  0.00 0.50 0.50 034(5) 03755 072(6)  0.00 0.124)  0.00
M(2) 497(3) 050 0.329829) 050 0.48(4)  047(4)  073(4)  0.00 0.143)  0.00
T 3.82(2) 0.57049(14) 0.16705(8) 0.20976(7) 0.61(4) 0.47(4) 0.61(4) —0.04(2) 0.12(3) 0.01(3)
o) 5.803  042771(16) 000 0.15161(9) 1.224)  1.07(4)  1.05@4)  0.00 0.05@)  0.00
0@) 5803  086158(11) 0.18853(6)  0.15029(6) 1.13@2)  117(3)  1.093) —0.12(2) 0312) —0.102)
0@) 5803  0.63088(10) 0.16856(6) 0.38782(6) 1.08(3)  093(3) 0852 -0.01(2) 0.16@)  0.05@2)
0O4) 5.803 0.62827(14) 0.50 0.39774(8) 1.04(3) 1.35(4) 0.68(4) 0.00 0.13(3) 0.00
H —3.60(4) 0.5966(4) 0.50 0.3001(2) 5.16(13) 6.07(15) 0.99(9) 0.00 0.25(8) 0.00
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Table 4. Interatomic distances (A) and bond angles (°) of
clintonite
Tetrahedron
Edge lengths Bond angles
T-0(1) 1.730(1) 0O(3)-0(1) 2.815(1) 109.40(5)
T-0(2) 1.729 0O(3)-0(2) 2.812 109.25
T-0(2) 1.729 0(3)-0(2) 2.810 109.10
T-0(3) 1.720 0(2)-0(1) 2.828 109.68
0(2)-0(2) 2.828 109.74
0O(1)-0(2) 2.828 109.66
Mean 1.727 2.820 109.47
Octahedra
M(1) M(2)
M(1)-0(3) 2.062(1) x4 M(2)-0(3) 2.014(1) x2
M(1)-0(4) 2.014 x2 M(2-0(3)  2.037 x2
M(2-0(4)  2.011 x2
Mean 2.046 2.020
Shared edges
O(4)-0(4) 2.601(1)
O(3)-0(3) 2.751
0(3)-0(3) 2.788
O@R)}-0(4) 2715
Mean 2.713
Unshared edges
M(1) M(2)
0O(3)-0(4) 3.041(1) x4 0O(3)-0(3) 2.987(1) x2
0O(3)-0(3) 3.038 x2 0O(3)-0(4) 2.989 x2
0O(3)-0(4) 2.988 x2
Mean 3.040 2.988
Ca polyhedron
Inner Outer
Ca-0(1) 2.447(1) x2 3.558(1) x2
Ca-0(2) 2.441 x4 3.551 x4
Mean 2.443 3.553
OH dipole
O(4)-H 0.943(2) OH A (001) 89.7°(1)

rather ambiguous because three different cations are in-
volved. A comparison with well-refined trioctahedral mi-
cas—phlogopite (Joswig, 1972) and biotite-3T (Joswig et
al., in prep.)—suggests a preferential occupation of the
larger cation Fe>+ in M(1). We therefore propose the fol-
lowing site occupation based on the neutron-diffraction
results: M(1) = Mg, ,;Al, ,Fedss; M(2) = Mg, 7,Alg 53 Tig o3
It may be concluded that the partial ordering is due to

Table 5. Mdssbauer parameters of 5’Fe in clintonite

Fer Fe* Fesr Fe
77K 295 K

I1S* (mm/s) 0.32 1.19 0.28 1.06

AE,™ (mmys) 0.73 2.60 0.66 2.34

T+ (mmys) 0.34 0.23 0.33 0.23

A} (%) 68.1 31.9 705 295

X2 0.51 1.05

* Isomer shift relative to a-Fe at 295 K (+0.01 mm/s).
** Quadrupole splitting (+0.01 mm/s).

1 Half width (+0.01 mm/s).

I Referred to the total resonant absorbtion area = 100% (+1.0%).
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Fig. 1. Mdssbauer spectrum of ’Fe in clintonite taken at 295
K and fitted by two quadrupole doublets.

the Fe?*, whereas Mg and Al are randomly distributed
over M(1) and M(2).

The refined neutron-scattering length of the tetrahedral
site is by = 3.82(2), which is significantly larger than the
value b, = 3.66 calculated from the composition T =
Si, 20AL g With by, = 3.449 and by, = 4.149. This value is,
however, matched by the presence of Fe (bg, = 9.54) in
the tetrahedral site. (All neutron-scattering lengths are giv-
en in units of 10~ m; Koester, 1977).

In the Mdssbauer spectra the observed isomer shifts
indicate that Fe3* is at the tetrahedral site even though
the shifts are at the upper limit of tetrahedral Fe3+ isomer
shifts in silicates. For comparison, in a garnet with the
composition Ca,Fe,Ti, ,,Si,550,,, the octahedral isomer
shift of Fe*+ is 0.40 mm/s at 295 K and 0.51 mm/s at 77
K and the tetrahedral isomer shift of Fe*+ is 0.20 mm/s
at 295 K and 0.30 mm/s at 77 K (Amthauer et al., 1976).
A more complicated example is the mineral sapphirine,
where Fe3+ is found to occupy preferentially the tetra-
hedral sites with isomer shifts of 0.29 and 0.30 mm/s at
295 K and 0.34 and 0.37 mm/s at 77 K (Steffen et al,,
1984). These values are even higher than those observed
in clintonite and are referred to the large tetrahedral cat-
ion—anion distances in sapphirine. A similar explanation
may be valid for the high value of the isomer shift of
tetrahedral Fe3+ in the clintonite, where the averaged tet-
rahedral cation-anion distance is rather high.

Therefore, it is concluded that Fe** occupies prefer-
entially the tetrahedrally coordinated Al sites in clintonite.
Annersten and Olesch (1978) reported an additional ferric
doublet with a distinctly smaller area, which they assigned
to octahedral Fe3+. In our spectrum this fit could not be
reproduced without applying unjustified constraints. Be-
cause of the unresolved spectra, it cannot be completely
excluded that a small amount of Fe*+ (=<10%) may also
occupy octahedral sites.

In many silicates with Si*+ deficiency, Fe** enters the



JOSWIG ET AL.: NEUTRON DIFFRACTION OF CLINTONITE

tetrahedral sites also in competition with Al*+, for in-
stance, in natural schorlomite garnets (Amthauer et al.,
1977; Huggins et al., 1977). Similar to that case there is
very often a distribution of AI’+ and Fe** over the tet-
rahedral and octahedral sites with a stronger tetrahedral
site preference of Al’**. On the other hand in minerals
such as sapphirine, a strong tetrahedral site preference of
Fe’+ is observed. This may occur if Fe*+ substitutes for
tetrahedral AI** and not for tetrahedral Si*+.

Based on the evidence from both techniques, neutron
diffraction and Mdssbauer spectroscopy, it can be con-
cluded that in the clintonite of this study, the Fe2* is
incorporated into the octahedral site, whereas the Fe’+,
although in competition with an excess of AI**, is almost
completely at the tetrahedral site: T = Si, ,0Al, o Feds,.
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