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Abstract The chemical composition and the crystal

structure of pezzottaite [ideal composition Cs(Be2Li)

Al2Si6O18; space group: R3c, a = 15.9615(6) Å, c =

27.8568(9) Å] from the type locality in Ambatovita (central

Madagascar) were investigated by electron microprobe

analysis in wavelength dispersive mode, thermo-gravi-

metric analysis, Fourier-transform infrared spectroscopy,

single-crystal X-ray (at 298 K) and neutron (at 2.3 K)

diffraction. The average chemical formula of the sample

of pezzottaite resulted Cs1,Cs2(Cs0.565Rb0.027K0.017)R0.600
Na1,Na2(Na0.101Ca0.024)R0.125Be2.078Li0.922

Al1,Al2(Mg0.002

Mn0.002Fe0.003Al1.978)R1.985
Si1,Si2,Si3(Al0.056Si5.944)R6O18�

0.27H2O. The (unpolarized) IR spectrum over the region

3,800–600 cm-1 was collected and a comparison with the

absorption bands found in beryl carried out. In particular,

two-weak absorption bands ascribable to the fundamental

H2O stretching vibrations (i.e. 3,591 and 3,545 cm-1) were

observed, despite the mineral being nominally anhydrous.

The X-ray and neutron structure refinements showed: (a) a

non-significant presence of aluminium, beryllium or lith-

ium at the Si1, Si2 and Si3 sites, (b) the absence (at a

significant level) of lithium at the octahedral Al1, Al2 and

Al3 sites and (c) a partial lithium/beryllium disordering

between tetrahedral Be and Li sites.

Keywords Pezzottaite � Single-crystal X-ray and neutron

diffraction � Microprobe analysis � Infrared spectroscopy

Introduction

Pezzottaite is a rare Cs-bearing mineral with ideal composi-

tion Cs(Be2Li)Al2Si6O18 (Laurs et al. 2003; Hawthorne et al.

2004). It is considered as one of the members of the ‘‘beryl

group’’, along with beryl sensu scricto (Be3Al2Si6O18; Auri-

sicchio et al. 1988; Gatta et al. 2006), bazzite (Be3Sc2Si6O18,

Armbruster et al. 1995) and stoppaniite (Be3Fe2Si6O18,

Ferraris et al. 1998; Della Ventura et al. 2000).

Chemical and gemmological characteristics of pezzot-

taite from the Sakavalana granitic pegmatite located near

Ambatovita (Madagascar), along with a geological descrip-

tion of the deposit, were reported by Laurs et al. (2003) and

Hawthorne et al. (2004). Later, the crystal structure of pezz-

ottaite was solved and refined by Yakubovich et al. (2009) by

single-crystal X-ray diffraction, in the space group R3c with

the unit-cell parameters a * 15.9 and c * 27.8 Å. Pezzot-

taite is the only member of the beryl group with a rhombo-

hedral lattice, all the other members show a primitive lattice

(space group P6/mcc) with a * 9.2 Å and c * 9.2 Å.
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Yakubovich et al. (2009) provided a comparative study

of pezzottaite and ‘‘vorobyevite’’ (‘‘morganite’’, a Cs-rich

beryl) [chemical formula: (Cs0.08Na0.42)[Al2(Be2.35Li0.65)-

Si6O18]�0.18H2O, with the space group P6/mcc and unit-

cell parameters a = 9.2102(14) Å, c = 9.2179(14) Å]. The

crystal structure of pezzottaite and Cs-rich beryl are topo-

logically identical, though not iso-symmetric. The structure

consists of six-membered rings of SiO4 tetrahedra, perpen-

dicular to the [0001] axis, linked by AlO6 octahedra and (Li,

Be)O4 tetrahedra that form a three-dimensional ‘‘framework’’

(Fig. 1). Alkali cations (e.g. Cs, Rb, K, Na) and H2O mole-

cules represent the so-called ‘‘extra-framework’’ content,

which lies within the six-membered ring channels along

[0001]. The alkali cations compensate the positive charge

deficit due to Li? $ Be2? substitution (Černý 2002; Černý

et al. 2003). In pezzottaite, the Be/Li distribution in the tet-

rahedral sites was described as fully ordered (leading to a

lowering of the symmetry if compared with beryl), whereas in

‘‘vorobyevite’’ the Be/Li distribution was modelled as fully

disordered (Yakubovich et al. 2009). In addition, the Cs

content in pezzottaite was found being significantly higher

than that in ‘‘vorobyevite’’ (i.e. Cs2O * 18 wt% in pezzot-

taite, Cs2O \ 9 wt% in Cs-rich beryl). The pezzottaite

structure was modelled as completely anhydrous (though

evidence of H2O content was found up to*2 wt%; Laurs et al.

2003; Simmons et al. 2003; Hawthorne et al. 2004; Liu and

Peng 2005; Yakubovich et al. 2009), whereas ‘‘vorobyevite’’

was modelled with extra-framework H2O. The presence of

H2O (along with Na) is common as channel content in natural

beryls.

Some open questions concern the crystal chemistry of Cs-

rich beryl/pezzottaite. For example, the amount of Cs (and so

the Li/Be content) is still unknown at which the structure

transforms from P6/mcc to R3c. In pezzottaite, the Li/Be

distribution in the tetrahedral sites was modelled as com-

pletely ordered; however, the similar X-ray scattering factors

of Li and Be do not allow an unambiguous description of the

ordering. In addition, the chemical data of pezzottaite so far

reported show a systematic deficit of Li (*0.1 atoms per

formula unit, a.p.f.u.), coupled with an excess of Be, though

(Li ? Be) = 3 a.p.f.u. (Laurs et al. 2003; Simmons et al.

2003; Hawthorne et al. 2004; Yakubovich et al. 2009). If H2O

is also present in pezzottaite channels, the configuration of the

molecules is still unknown (Yakubovich et al. 2009).

In this light, the aim of the present study is a multi-meth-

odological investigation of a pezzottaite from Ambatovita,

central Madagascar, kindly provided by F. Pezzotta (Natural

History Museum of Milan), by means of electron microprobe

analysis in wavelength dispersive mode (EMPA-WDS),

thermo-gravimetric analysis (TG), Fourier-transform infrared

(FTIR) spectroscopy, single-crystal X-ray and neutron dif-

fraction, in order to describe (1) the Li/Be ordering in the

tetrahedral sites, and excluding the presence of Li in the

octahedral sites (see Yakubovich et al. 2009 and references

Fig. 1 The crystal structure of pezzottaite (viewed down [0001]) and the bonding configuration of the channel content based on the structure

refinement of this study
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therein), (2) the location of the oxygen and proton sites of the

H2O molecules, if present at a significant level, and of the

atomic relationship via the H bonds and (3) a comparison of

the IR spectrum of pezzottaite with that of beryl. Due to the

different scattering lengths of Li and Be (i.e. b(Li) = -

1.90 fm, b(Be) = 7.79 fm, Sears 1986), single-crystal neu-

tron diffraction represents the most appropriate experimental

technique that will allow us to answer the open questions

about the crystal structure of pezzottaite. This study follows a

series of our recent investigations on Cs-rich aluminosilicates

in search of potential nuclear waste disposal materials (Gatta

et al. 2008, 2009a, b, 2010).

Experimental methods

A gem-quality, transparent and bright pink crystal of pezzot-

taite (*5 cm3) was used for the present multi-methodological

study. The sample comes from the type locality in Ambatovita

(central Madagascar), and in particular from the Sakavalana

pegmatite, located in the northern part of the famous

Ampandramaika-Malakialina pegmatite district (Laurs et al.

2003). The crystal sample was cut into a few fragments in

order to perform EMPA-WDS, TG, FTIR, single-crystal

X-ray and neutron diffraction experiments.

Quantitative chemical analyses in wavelength dispersion

of a large fragment (1 mm2) were performed using a Jeol

JXA-8200 electron microprobe. The system was operated

with an accelerating voltage of 15 kV, a beam current of 15

nA and a counting time of 60 s on the peaks and 30 s on

the background. The following elements were measured

using a series of minerals as standards: Cs (pollucite), Rb

(pollucite), K (K-feldspar), Na (omphacite), Ca (wollas-

tonite), Mg (forsterite), Mn (rhodonite), Fe (fayalite), Si

(wollastonite), Al (anorthite) and Ti (ilmenite). The results

were processed for matrix effects using a conventional

UqZ routine in the Jeol suite of programmes (Armstrong

1988). The crystal was found to be chemically homoge-

neous. The proportional formula was calculated using the

protocol of Laurs et al. (2003) (i.e. with a normalization on

18 oxygen atoms, Be and Li assumed to be equal to 2 and 1

a.p.f.u., respectively, and H2O based on the TG analysis).

Thermo-gravimetric analyses were performed with a

NETZSCH STA449C thermoanalyser under a 20-mL min-1

air flux with a heating rate of 5 �C min-1, using a powdered

sample (crystallite diameter 2–5 lm) previously dried at

70 �C for 4 h. The experiment was conducted up to 1,370 K.

The weight loss was about 0.4 % within the T-range investi-

gated, which is ascribable to H2O loss. A representative

number of EMPA-WDS/TG analyses are listed in Table 1.

The infrared spectroscopic investigation in the mid-

infrared (3,800–600 cm-1) range was carried out using a

Nicolet Nexus FTIR spectrophotometer. The spectrum was

collected in transmission mode by KBr compressed pellet,

operating at a resolution of 4 cm-1.

Two crystals of approximately 2.8 9 2.4 9 2.0 mm3

and 0.36 9 0.31 9 0.18 mm3, free of zoning under a

polarized microscope, were selected for the neutron and

X-ray diffraction experiment, respectively. X-ray intensity

data were collected at 298 K and up to 2hmax = 72.4�
(with -21 B h B 21, -25 B k B 25 and -46 B l B 45,

Table 2) with an Xcalibur diffractometer equipped with

CCD and monochromatized Mo-Ka radiation and operated

at 50 kV and 40 mA. The data collection was performed

with a combination of u and x scans, fixing a step size of

1� and a time of 10 s/frame. A total number of 48,684

reflections were collected, giving a metrically rhombohe-

dral lattice (here in hexagonal setting) with a = 15.9615

(6) Å, c = 27.8568(9) Å and V = 6,146.2(4) Å3 (Table 2),

and the systematic absences suggested the space group

R3c, as previously reported for pezzottaite (Yakubovich

et al. 2009). The intensity data were then integrated with

the computer programme CrysAlis (Agilent Technologies

2012), and corrected for Lorentz-polarization effects. An

absorption correction was applied by Gaussian integration

based upon the physical description of the crystal (Cry-

sAlis, Agilent Technologies 2012). After the corrections,

the discrepancy factor amongst symmetry-related reflec-

tions (Laue class: 3m) was Rint = 0.0393 (Table 2).

The single-crystal neutron diffraction experiment was

performed on the hot single-crystal neutron diffractometer

HEiDi at the neutron source Forschungs-Neutronenquelle

Heinz Maier-Leibnitz (FRM II). The sample was wrapped

into aluminium foil and mounted to a closed cycle cryostat

to reach a minimum temperature of 2.3 K (±0.1 K accu-

racy). Due to the large unit cell and the requested large Q

range, a wavelength of 0.794 Å, in combination with a 150

collimation of the incoming beam, was chosen. This setup

allowed to measure all reflections in rocking scan mode

(x-scans) to suppress background modulation by powder

circles from the sample environment (e.g. aluminium caps)

and their contamination by neighbouring reflections. For

the data collection itself, the hexagonal setting of the

rhombohedral lattice was chosen. The lattice constants

were refined from about 30 centred strong reflections

(Table 2). At the beginning, a full data set without colli-

mation (corresponding to about 600 collimation) for the

primitive cell was taken up to 2h = 16�. From these 300

reflections, the profiles of a handful of them showed the

occurrence of neighbouring reflections in their background.

Switching to the 150 collimation of the incoming beam was

successfully tested to suppress this problem, and thus

chosen for the following data sets in spite of the loss of

neutron flux by a factor of four. The crystal was found to be

affected by twinning by reticular merohedry (i.e. ‘‘obverse/
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reverse’’ twinning). All reflections followed the extinction

rules expected for space group R3c (-h ? k ? l = 3n,

obverse; h - k ? l = 3n, reverse). Furthermore, only

those reflections with l = 2n ? 1 with l = 3n had signifi-

cant intensities with I [ 4r(I). The goal of this experiment

was to get as many significant non-symmetry-equivalent

reflections up to large Q as possible. Therefore, in a further

15 days data collection, 7,115 reflections up to sin(h)/

k = 0.91 Å-1 were measured (i.e. 1/6 shell, -h ? k ? l,

along with at least one or two symmetry equivalent

reflections), out of which 3,657 were unique for symmetry.

The integrated intensities were corrected for Lorentz effect.

Absorption correction was not applied because the weak

absorption coefficient for neutrons (i.e. \0.01 cm-1) in

pezzottaite. The discrepancy factor for the symmetry-

related reflections was Rint = 0.0523 (Table 2).

Structure refinement

The X-ray intensity data of pezzottaite were first processed

with a series of programmes implemented in the WinGX

package (Farrugia 1999), aimed to provide a valuable

check of the distribution statistics of the normalized

structure factors (E’s). The structure of pezzottaite was

found being centrosymmetric at 83.5 % likelihood. A

comparison of the equivalent reflections suggested the

space group R3c as highly likely. The structure refinement

Table 1 Chemical compositions of the pezzottaite sample here investigated obtained by EMPA-WDS, TG and single-crystal neutron structure

refinement

Oxide (wt%) 1 2 3 4 5 6 7 8 9 10 11 Average Average*

SiO2 58.08 58.01 58.00 58.02 58.21 57.92 57.84 57.75 58.27 58.79 57.84 58.07 58.07

Al2O3 16.85 16.79 16.78 16.69 16.98 16.76 16.94 16.74 16.87 17.24 16.87 16.86 16.86

FeO 0.05 bdl 0.05 bdl bdl bdl 0.04 bdl 0.05 0.10 bdl 0.03 0.03

CaO 0.23 0.21 0.19 0.23 0.21 0.21 0.22 0.19 0.25 0.22 0.25 0.22 0.22

TiO2 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl – –

MnO 0.03 0.03 bdl bdl 0.08 bdl 0.04 bdl 0.05 bdl 0.02 0.02 0.02

K2O 0.13 0.14 0.15 0.11 0.13 0.12 0.15 0.13 0.13 0.13 0.14 0.13 0.13

Na2O 0.59 0.52 0.48 0.60 0.60 0.55 0.44 0.47 0.53 0.37 0.49 0.51 0.51

MgO bdl bdl bdl 0.01 bdl 0.01 0.01 0.01 bdl bdl 0.02 0.01 0.01

Cs2O 12.78 12.85 13.17 12.79 12.96 13.01 12.93 12.80 13.11 12.61 13.02 12.91 12.91

Rb2O 0.38 0.37 0.38 0.38 0.37 0.40 0.40 0.41 0.51 0.43 0.43 0.41 0.41

BeO 8.12 8.10 8.10 8.09 8.14 8.09 8.10 8.06 8.14 8.22 8.09 8.11 8.45

Li2O 2.43 2.42 2.42 2.42 2.43 2.42 2.42 2.41 2.43 2.45 2.42 2.42 2.24

H2O 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40

Total 100.07 99.84 100.12 99.74 100.51 99.89 99.93 99.37 100.74 100.96 99.99 100.10 100.26

Numbers of ions in formula based on 18 oxygen atoms

Si 5.958 5.965 5.964 5.970 5.951 5.963 5.949 5.965 5.957 5.956 5.952 5.959 5.944

Al 2.037 2.035 2.034 2.024 2.046 2.033 2.054 2.038 2.033 2.059 2.046 2.039 2.034

Fe 0.004 bdl 0.004 bdl bdl bdl 0.003 bdl 0.004 0.008 bdl 0.003 0.003

Ca 0.025 0.023 0.021 0.025 0.023 0.023 0.024 0.021 0.027 0.024 0.028 0.024 0.024

Ti bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl – –

Mn 0.003 0.003 bdl bdl 0.007 bdl 0.003 bdl 0.004 bdl 0.002 0.002 0.002

K 0.017 0.018 0.020 0.014 0.017 0.016 0.020 0.017 0.017 0.017 0.018 0.017 0.017

Na 0.117 0.104 0.096 0.120 0.119 0.110 0.088 0.094 0.105 0.073 0.098 0.101 0.101

Mg bdl bdl bdl 0.002 bdl 0.002 0.002 0.002 bdl bdl 0.003 0.002 0.002

Cs 0.560 0.565 0.579 0.562 0.566 0.572 0.568 0.565 0.573 0.546 0.573 0.566 0.565

Rb 0.025 0.024 0.025 0.025 0.024 0.026 0.026 0.027 0.034 0.028 0.028 0.027 0.027

Be 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.078

Li 1.000 1.000 1.000 2.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.922

H2O 0.274 0.274 0.274 0.275 0.273 0.275 0.274 0.276 0.273 0.270 0.275 0.274 0.273

bdl below detection limit (*0.01 wt%). The proportional formula was calculated following the protocol of Laurs et al. (2003), based on (a) a

normalization on 18 anions, (b) Be and Li assumed to be equal to 2 and 1 a.p.f.u., respectively and (c) total iron oxide as FeO. The values listed in

the column Average* are recalculated using the Li and Be fractions deduced on the basis of the single-crystal neutron structure refinement (see

Table 6)
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(against F2) was then performed with the SHELX-97

software (Sheldrick 1997, 2008), using as starting atomic

coordinates those of the structural model of Yakubovich

et al. (2009). The neutral X-ray scattering curves of Cs, Na,

Li, Be, Al, Si and O were used according to the Interna-

tional Tables for Crystallography C (Wilson and Prince

1999). The secondary isotropic extinction effect was

modelled according to the Larson’s formalism (Larson

1970). The first cycles of refinement were conducted with

isotropic displacement parameters. According to the pre-

vious experimental findings, the Si1, Si2 and Si3 sites were

modelled using the scattering curve of silicon, the Al1 and

Al2 sites with the scattering curve of aluminium alone, the

Li site with the curve of lithium and the Be site with the

curve of beryllium, respectively. The channel content was

modelled with the scattering curve of caesium at the Cs1

and Cs2 sites, and the curve of sodium at the Na1 and Na2

sites. The last cycles of refinement were conducted with

anisotropic displacement parameters; only the Na1 and

Na2 sites were modelled as isotropic, due to the signifi-

cantly low site occupancy factor (s.o.f., Tables 3, 4 and 5).

When convergence was achieved, the variance–covariance

matrix showed no significant correlations amongst the

refined parameters. At the end of the refinement, no peak

larger than -0.5/?0.8 e-/Å3 was present in the final dif-

ference-Fourier map of the electron density (Table 2). We

obtained a final agreement index R1 = 0.0419 for 145

refined parameters and 2,155 unique reflections with

Fo [ 4r(Fo) (Table 2). Atomic coordinates are listed in

Table 3, and the displacement parameters are given in

Tables 4, 5. A series of further test refinements were

conducted with a different ordering scheme as follows:

Table 2 Details pertaining to the data collections and refinements of pezzottaite

X-ray Neutron

Crystal size (mm3) 0.36 9 0.31 9 0.18 2.8 9 2.4 9 2.0

Cell parameters a = 15.9615(6) Å a = 15.95(1) Å

c = 27.8568(9) Å c = 27.86(2) Å

V = 6,146.2(4) Å3 V = 6,138(7) Å3

Space group R 3c R 3c

Z 18 18

T (K) 298 2.3

Radiation (Å) MoKa 0.7940(2)

Scan type, steps and width

Type x/u-scan 31 steps, pure x-scan

Time per step (s) 10 5

Width; u, v, q 1� 5.4, -12.0, 16.3

Max. 2h (�) 72.42 90.54

-21 B h B 21 -28 B h B 23

-25 B k B 25 -9 B k B 28

-46 B l B 45 0 B l B 48

No. of measured reflections 48,684 7,115

No. of unique reflections 3,055 3,657

No. of ‘‘observed’’ unique reflections 2,155 1,818

No. of refined parameters 145 70

Rint 0.0393 0.0523

R1 (observed reflections) 0.0419 0.0595

wR1 (observed reflections) – 0.0649

wR1 (all reflections) – 0.0703

wR2 (all reflections) 0.0537 –

Weighting scheme w r

Residuals -0.56/?0.76 e-/Å3 -2.0/?2.5 fm/Å3

The neutron structure refinement was conducted using the more accurate and precise unit-cell parameters based on the X-ray data collection (i.e.

the lengths of the unit-cell edge differ within 1r)

Rint = R|F2
obs - F2

obs(mean)|/R[F2
obs]; R1 = R||Fobs| - |Fcalc||/R|Fobs|; wR2 = [R[w(F2

obs - F2
calc)2]/R[w(F2

obs)
2]]0.5; w = 1/[r2(F2

obs) ? (0.01*P)2];

P = (Max (F2
obs, 0) ? 2*F2

calc)/3; neutron x-scan width = (u ? v*tanh ? q*tan2h)0.5
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1. A mixed scattering curve of lithium ? aluminium at

the octahedral Al1, Al2 and Al3 sites.

2. A mixed scattering curve of lithium ? beryllium at the

tetrahedral Li and Be sites.

However, no improvement in the figure of merit of the

refinement was observed with lithium at the octahedral

sites (i.e. the refinement converged with aluminium alone

at the octahedral sites), and neither with a disordered

Table 3 Refined fractional

atomic coordinates, site

occupancy factors and

equivalent isotropic temperature

factors (Å2) based on the X-ray

structure refinement

Ueq is defined as one-third of the

trace of the orthogonalised Uij

tensor

Uiso(Na1) = Uiso(Na2)

Site Wyckoff pos. Site occupancy x y z Ueq/Uiso

Al1 18e 1 2/3 0.00046(4) 1/12 0.0053(1)

Al2 18e 1 -0.00541(4) 1/3 1/12 0.0047(1)

Si1 36f 1 0.04509(3) 0.21954(3) -0.00098(1) 0.0045(1)

Si2 36f 1 0.21989(3) 0.05039(3) 0.16545(1) 0.0040(1)

Si3 36f 1 0.04999(3) -0.17009(3) 0.16639(1) 0.0042(1)

Be 36f 1 0.33791(15) 0.17045(15) 0.08404(7) 0.0083(3)

Li 18e 1 0.5031(3) 0.5031(3) 3/4 0.0074(7)

Cs1 12c 0.694(1) 0 0 -0.08208(1) 0.0223(1)

Cs2 6a 0.764(1) 0 0 1/4 0.0294(1)

Na1 6b 0.198(6) 0 0 0 0.003(1)

Na2 12c 0.083(3) 0 0 -0.1625(4) 0.003(1)

O1 36f 1 0.27627(8) 0.06425(8) 0.21526(4) 0.0104(2)

O2 36f 1 0.07013(8) 0.28069(8) -0.05060(4) 0.0101(2)

O3 36f 1 0.06050(8) -0.22828(9) 0.12297(4) 0.0148(3)

O4 36f 1 0.28879(8) 0.07412(8) 0.11922(4) 0.0094(2)

O5 36f 1 0.05203(8) 0.28245(8) 0.04471(4) 0.0134(3)

O6 36f 1 0.06834(8) -0.20446(8) 0.21767(4) 0.0100(2)

O7 36f 1 -0.05907(8) 0.12006(8) -0.00504(4) 0.0116(2)

O8 36f 1 -0.05343(8) -0.17373(8) 0.16592(4) 0.0112(2)

O9 36f 1 0.12653(8) -0.05597(8) 0.16037(4) 0.0124(3)

Table 4 Refined displacement

parameters (Å2) in the

expression: -2p2[(ha*)2U11

? ��� ? 2hka*b*U12

? ��� ?2klb*c*U23], based on

the X-ray structure refinement

U11 U22 U33 U12 U13 U23

Al1 0.0050(3) 0.0057(2) 0.0048(2) 0.0025(2) 0.0001(3) 0.0001(1)

Al2 0.0053(2) 0.0037(3) 0.0046(2) 0.0019(2) 0.0001(1) 0.0001(3)

Si1 0.0042(2) 0.0037(2) 0.0052(2) 0.0018(2) 0.0004(2) 0.0001(2)

Si2 0.0032(2) 0.0035(2) 0.0048(2) 0.0013(2) -0.0002(1) 0.0001(1)

Si3 0.0040(2) 0.0042(2) 0.0048(2) 0.0022(2) -0.0006(2) -0.0003(1)

Be 0.009(1) 0.009(1) 0.008(1) 0.005(1) 0.001(1) -0.001(1)

Li 0.006(1) 0.006(1) 0.006(1) 0.001(2) 0.001(1) 0.001(1)

Cs1 0.0239(1) 0.0239(1) 0.0190(1) 0.0120(1) 0 0

Cs2 0.0338(2) 0.0338(2) 0.0209(2) 0.0169(1) 0 0

O1 0.0118(6) 0.0101(6) 0.0072(4) 0.0040(5) -0.0035(4) 0.0012(4)

O2 0.0093(6) 0.0097(6) 0.0095(5) 0.0035(5) -0.0005(4) 0.0039(4)

O3 0.0174(7) 0.0199(7) 0.0121(5) 0.0132(6) -0.0049(5) -0.0093(5)

O4 0.0104(6) 0.0093(6) 0.0083(5) 0.0047(5) 0.0045(4) 0.0006(4)

O5 0.0167(6) 0.0083(6) 0.0116(5) 0.0035(5) 0.0052(5) -0.0027(4)

O6 0.0059(6) 0.0134(6) 0.0089(5) 0.0036(5) 0.0010(4) 0.0049(4)

O7 0.0064(5) 0.0077(6) 0.0192(6) 0.0025(5) 0.0012(4) -0.0002(5)

O8 0.0060(5) 0.0112(6) 0.0173(5) 0.0049(5) -0.0007(4) 0.0015(5)

O9 0.0076(6) 0.0054(5) 0.0213(6) 0.0011(5) -0.0009(5) 0.0015(4)
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lithium/beryllium distribution at the two tetrahedral

sites.

The neutron intensity data were processed with the same

protocol used for the X-ray refinement. The preliminary

data treatment suggested that the structure is centrosym-

metric at 90.5 % likelihood. The structural refinement

(against F) was then performed with Jana2006 software

(Petricek et al. 2006), starting from the X-ray structural

model previously refined. The neutron scattering lengths of

Cs, Na, Li, Be, Al, Si and O according to Sears (1986) were

used. The secondary isotropic extinction effect was cor-

rected according to the formalism of Becker and Coppens

(1974), as implemented in Jana2006. As the crystal was

found to be affected by twinning (by reticular merohedry),

the refined volume fractions of the two individuals

(obverse/reverse) were 46.5(5) and 53.5(5) %, respec-

tively. The neutron refinement was conducted using iso-

tropic displacement parameters for all the atomic sites.

Only the channel Cs1 and Cs2 sites were refined aniso-

tropically. The use of anisotropic displacement parameters

for the other atomic sites did not improve the figures of

merit of the refinement. Likely, the low T at which the

neutron diffraction data were collected (i.e. 2.3 K) leads to

an appropriate description of the atomic thermal motion

with an isotropic vibrational model. However, with a fully

ordered distribution of lithium and beryllium at the tetra-

hedral Li and Be sites, respectively, the refinement did not

achieve the convergence, with significant minima/maxima

at the site coordinates of the Li and Be sites. Further

refinement cycles were then performed assuming a

disordered distribution of lithium and beryllium at both Li

and Be sites. With such a configuration, convergence was

rapidly achieved. No evidence of lithium/aluminium dis-

ordering at the octahedral sites was observed. A careful

inspection of the difference-Fourier map of the nuclear

density did not show evidence of oxygen or hydrogen sites,

ascribable to H2O molecules, as channel content. At the

end of the refinement, no peak larger than *-2.0/

?2.5 fm/Å3 was present in the difference-Fourier map of

the nuclear density (Table 2), and the variance–covariance

matrix showed no significant correlation amongst the

refined parameters. The final agreement index (R1) was

0.0595 for 70 refined parameters and 1,818 unique reflec-

tions with I [ 3r(I) (Table 2). The refined atomic positions

and displacement parameters are listed in Table 6.

Bond lengths obtained by the X-ray and neutron struc-

ture refinements are given in Table 7.

IR spectroscopy

The infrared spectrum of the pezzottaite here analyzed

shows two weak absorption bands at 3,591 and

3,545 cm-1, which can be assigned to the fundamental

H2O stretching vibrations (Fig. 2), as previously observed

by Hawthorne et al. (2004) and Liu and Peng (2005). On

the basis of the H2O frequencies in beryl, the first

absorption band can be assigned to m1 (symmetric

stretching) mode of H2O molecules, whose H���H vector is

normal to [0001] (‘‘type II’’) (Wood and Nassau 1967,

Table 5 Principal mean-square

atomic displacements (U1, U2

and U3, 9104 Å2) and root-

mean-square components (R1,

R2 and R3, 9102 Å) based on

the X-ray structure refinement

U1 U2 U3 R1 R2 R3 R1/R3

Al1 60(4) 50(3) 48(2) 7.7(2) 7.1(2) 6.9(1) 1.12

Al2 58(4) 46(2) 37(2) 7.6(3) 6.8(1) 6.1(2) 1.25

Si1 54(2) 42(3) 37(2) 7.3(1) 6.5(2) 6.1(2) 1.21

Si2 49(2) 39(4) 31(2) 7.0(1) 6.2(3) 5.6(2) 1.26

Si3 51(2) 40(2) 36(3) 7.1(1) 6.3(2) 6.0(3) 1.19

Be 98(9) 79(7) 72(22) 9.9(5) 8.9(4) 8.5(13) 1.17

Li 124(38) 55(15) 43(12) 11.1(17) 7.4(10) 6.6(9) 1.70

Cs1 239(2) 239(2) 190(1) 15.46(6) 15.46(6) 13.78(4) 1.12

Cs2 338(1) 337(3) 209(2) 18.38(3) 18.36(8) 14.46(7) 1.27

O1 166(11) 98(5) 47(7) 12.9(4) 9.9(3) 6.9(5) 1.88

O2 155(8) 91(5) 54(7) 12.4(3) 9.5(3) 7.3(5) 1.69

O3 269(5) 120(11) 54(8) 16.4(2) 10.9(5) 7.3(5) 2.23

O4 146(7) 93(6) 44(6) 12.1(3) 9.6(3) 6.6(5) 1.82

O5 248(11) 96(4) 57(8) 15.7(3) 9.8(2) 7.5(5) 2.09

O6 180(8) 64(8) 54(5) 13.4(3) 8.0(5) 7.3(3) 1.83

O7 194(6) 91(12) 61(4) 13.9(2) 9.5(6) 7.8(3) 1.78

O8 179(5) 108(7) 49(10) 13.4(2) 10.4(3) 7.0(7) 1.91

O9 218(6) 106(12) 48(4) 14.8(2) 10.3(6) 6.9(3) 2.13
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1968; Aines and Rossman 1984; Aurisicchio et al. 1994;

Charoy et al. 1996; Fukuda and Shinoda 2011). On the

contrary, the 3,545-cm-1 band was never reported for

beryl. Its assignment is still dubious, though likely

ascribable to a further stretching mode of H2O. Four dis-

tinct and pronounced absorption bands occur between

1,120 and 920 cm-1 (i.e. 1,117, 1,040, 952 and 924 cm-1,

Fig. 2), which can be assigned to Si–O stretching modes

(Farmer 1974; Hofmeister et al. 1987; Aurisicchio et al.

1994). The 1,117-cm-1 absorption band is shifted towards

lower frequencies with respect to the co-respective one in

beryl (i.e. *1,200 cm-1) upon the replacement of beryl-

lium by lithium, according to Yakubovich et al. (2009).

The absorption bands observed between 840 and 700 cm-1

(i.e. 831, 751 and 700 cm-1, Fig. 2) can be tentatively

assigned to the Be–O and Li–O stretching modes, coupled

with O–Si–O bending modes (Farmer 1974; Hofmeister

et al. 1987, Aurisicchio et al. 1994; Prencipe et al. 2006). In

their comparative study on the crystal chemistry and IR

spectra of natural beryls, Aurisicchio et al. (1994) high-

lighted how the absorption band at 700 cm-1 is strongly

influenced by the presence of lithium, which replaces

beryllium in tetrahedral coordination (i.e. the higher the Li

content, the higher the absorption), coupled with a shift

towards higher frequencies of the band at *800 cm-1.

Two-weak absorption bands are observed at 638 and

624 cm-1, and can be assigned to O–Be–O and O–Al–O

bending modes (Prencipe et al. 2006).

Discussion and conclusions

In this study, the crystal structure and crystal chemistry of

pezzottaite were investigated, for the first time, by single-

crystal X-ray and neutron diffraction, IR spectroscopy,

EMPA-WDS and TG analysis.

The EMPA-WDS analysis shows a chemical homoge-

neity of the sample of pezzottaite used in this study

(Table 1), without evidence of zoning. The average

chemical formula of the pezzottaite sample (assuming the

Li and Be fraction deduced on the basis of the single-

crystal neutron structure refinement) is the following:

Cs1;Cs2 Cs0:565Rb0:027K0:017ð ÞR0:600
Na1;Na2 Na0:101Ca0:024ð ÞR0:125

Be2:078Li0:922
Al1;Al2ðMg0:002Mn0:002Fe0:003Al1:978ÞR1:985

Si1;Si2;Si3 Al0:056Si5:944ð ÞR6O18 � 0:27H2O:

We expect that (a) rubidium and potassium can share the

Cs1 and Cs2 sites along with caesium, (b) calcium can

share the Na1 and Na2 channel sites with sodium and (c)

Table 6 Refined fractional atomic coordinates, site occupancy factors and isotropic temperature factors (Å2) based on the neutron diffraction

data

Site Site occupancy x y z Uiso

Al1 1 2/3 0.0001(5) 1/12 0.0018(3)

Al2 1 -0.0073(4) 1/3 1/12 0.0018(3)

Si1 1 0.0452(2) 0.2198(2) -0.0008(1) 0.0016(3)

Si2 1 0.2192(2) 0.0502(1) 0.1647(1) 0.0015(3)

Si3 1 0.0503(2) -0.1704(2) 0.1667(1) 0.0019(4)

Be Be 0.965(6), Li 0.035(6) 0.3383(8) 0.1706(2) 0.08428(4) 0.0038(2)

Li Li 0.852(6), Be 0.148(6) 0.50362 0.50362 3/4 0.0038(2)

Cs1 Cs 0.95(2) 0 0 -0.0820(1) 0.0077(5)

Cs2 Cs 0.98(3) 0 0 1/4 0.0103(8)

Na1 Na 0.19(4) 0 0 0 0.006(2)

Na2 Na 0.12(4) 0 0 -0.1612(11) 0.006(2)

O1 1 0.2763(1) 0.0643(1) 0.21556(7) 0.0016(2)

O2 1 0.0707(1) 0.2803(1) -0.05097(7) 0.0017(3)

O3 1 0.0608(1) -0.2301(1) 0.12359(7) 0.0056(3)

O4 1 0.2912(1) 0.0761(1) 0.11939(7) 0.0042(3)

O5 1 0.0493(1) 0.2826(1) 0.04384(7) 0.0045(3)

O6 1 0.0686(1) -0.2023(1) 0.21810(7) 0.0038(3)

O7 1 -0.0591(1) 0.1197(1) -0.00610(7) 0.0053(3)

O8 1 -0.0533(1) -0.1730(1) 0.16554(9) 0.0036(2)

O9 1 0.1275(1) -0.0557(1) 0.15937(7) 0.0044(2)

Uiso(Al1) = Uiso(Al2); Uiso(Be) = Uiso(Li); Uiso(Na1) = Uiso(Na2). Cs1 and Cs2 were refined anisotropically, with Cs1:

U11 = U22 = 0.0076(8), U33 = 0.008(1), U12 = 0.0038(4) and Cs2: U11 = U22 = 0.011(1), U33 = 0.0092(18), U12 = 0.0054(7)
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magnesium, manganese and iron share the Al1 and Al2

sites along with aluminium. In all the chemical analyses of

pezzottaite previously reported, the Cs content appears

being systematically lower than 1 a.p.f.u. (Laurs et al.

2003; Simmons et al. 2003; Yakubovich et al. 2009). Also

in this case, we observe partial site occupancy of the

channel Cs1 and Cs2 sites.

The (unpolarized) IR spectrum over the region 3,800–

600 cm-1 collected in this study is similar to those previ-

ously reported (Hawthorne et al. 2004; Liu and Peng 2005;

Table 7 Relevant bond

distances (Å) based on the

X-ray (at 298 K) and neutron (at

2.3 K) structure refinements

* Bond distance corrected for

‘‘rigid body motions’’ following

Downs et al. (1992) and Downs

(2000)

X-ray X-ray* Neutron Neutron*

Si1–O5 1.591(2) 1.599 1.577(4) 1.580

Si1–O2 1.623(2) 1.628 1.630(4) 1.630

Si1–O7 1.630(2) 1.637 1.639(3) 1.642

Si1–O7’ 1.627(2) 1.634 1.631(5) 1.634

\Si1–O[ 1.618 1.625 1.619 1.622

Si2–O1 1.608(2) 1.614 1.637(4) 1.637

Si2–O4 1.611(2) 1.616 1.616(4) 1.618

Si2–O9 1.610(2) 1.618 1.596(3) 1.599

Si2–O8 1.616(2) 1.623 1.609(4) 1.611

\Si2–O[ 1.611 1.618 1.615 1.616

Si3–O3 1.584(2) 1.594 1.593(4) 1.596

Si3–O6 1.609(2) 1.614 1.595(4) 1.597

Si3–O9 1.617(2) 1.625 1.629(3) 1.631

Si3–O8 1.623(2) 1.629 1.633(4) 1.635

\Si3–O[ 1.608 1.616 1.613 1.615

Be–O6 1.636(3) 1.638 1.631(4) 1.631

Be–O2 1.642(3) 1.644 1.637(4) 1.635

Be–O4 1.653(3) 1.654 1.632(3) 1.632

Be–O1 1.661(3) 1.663 1.650(3) 1.648

\Be–O[ 1.648 1.650 1.635 1.637

Li–O3 (92) 1.877(4) 1.883 1.899(41) 1.891

Li–O5 (92) 1.882(4) 1.887 1.916(44) 1.921

\Li–O[ 1.850 1.885 1.905 1.906

Al1–O3 (92) 1.834(2) 1.842 1.823(6) 1.826

Al1–O1 (92) 1.932(2) 1.936 1.932(6) 1.932

Al1–O2 (92) 1.931(2) 1.935 1.939(1) 1.939

\Al1–O[ 1.899 1.904 1.898 1.899

Al2–O5 (92) 1.844(2) 1.851 1.849(5) 1.851

Al2–O4 (92) 1.927(2) 1.931 1.926(1) 1.928

Al2–O6 (92) 1.933(2) 1.937 1.930(5) 1.932

\Al2–O[ 1.901 1.906 1.902 1.904

Na1–O7 (96) 2.527(1) 2.525(3)

Na2–O8 (93) 2.462(2) 2.453(2)

Na2–O9 (93) 2.586(1) 2.597(3)

\Na2–O[ 2.524 2.525

Cs1–O7 (93) 3.313(1) 3.290(3)

Cs1–O9 (93) 3.382(1) 3.373(3)

Cs1–O8 (93) 3.392(1) 3.378(3)

Cs1–O7’ (93) 3.501(1) 3.519(3)

\Cs1–O[ 3.397 3.390

Cs2–O8 (96) 3.397(1) 3.397(2)

Cs2–O9 (96) 3.594(1) 3.622(1)

\Cs2–O[ 3.495 3.509
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Yakubovich et al. 2009), and shows two weak absorption

bands ascribable to the fundamental H2O stretching

vibrations (i.e. 3,591 and 3,545 cm-1, Fig. 2). It appears,

therefore, that the H2O content in our pezzottaite is modest,

as reflected by the TG results (0.4 wt%, 0.27 m.p.f.u.,

Table 1). If we compare the IR spectrum of pezzottaite

with those of Cs/Li-free beryl previously reported, we find

that several of the bands ascribable to the tetrahedral Si–O

and Be–O stretching and O–Si–O bending modes are sig-

nificantly affected by the lithium/beryllium replacement in

tetrahedral coordination (Farmer 1974; Hofmeister et al.

1987; Aurisicchio et al. 1994; Prencipe et al. 2006).

The single-crystal X-ray and neutron structure refine-

ments show a general structure model of pezzottaite in

agreement to that of Yakubovich et al. (2009). In our

pezzottaite, the X-ray and neutron structure refinements

show the presence of four independent channel sites (i.e.

Na1, Na2, Cs1 and Cs2, Tables 3 and 6) mainly populated

by monovalent cations. No significant evidence of H2O

sites was observed. This reflects the low amount of H2O

deduced on the basis of the TG analysis. Without H2O

sites, the bonding configuration of the extra-framework

population is summarized in Table 7: Cs1 and Cs2 sites are

coordinated by 12 framework oxygen atoms (6 above and 6

below the cation), whereas the coordination shell of both

Na1 and Na2 is represented by 6 oxygen sites almost co-

planar with the cations (Fig. 1). The bonding configuration

of the channel cations leads to a ‘‘pillar’’ running along

[0001], as shown in Fig. 1.

The significantly different neutron scattering lengths

of lithium (bc(Li) = -1.90 fm), beryllium (bc(Be) = 7.79

fm), silicon (bc(Si) = 4.1507 fm) and aluminium (bc(Al) =

3.449 fm) provide a clear picture about the site population

at the tetrahedral (i.e. Li, Be, Si1, Si1, Si2 and Si3) and

octahedral (i.e. Al1, Al2 and Al3) sites. The neutron

refinement showed, unambiguously, (a) a non-significant

presence of aluminium, beryllium or lithium at the Si1, Si2

and Si3 sites, (b) the absence (at a significant level) of lithium

at the octahedral Al1, Al2 and Al3 sites, (c) a partial lithium/

beryllium disordering between tetrahedral Be and Li sites

Fig. 2 The FT infrared

spectrum of pezzottaite in the

regions 600–1,200 cm-1

(above) and 3,400–3,800 cm-1

(below), in transmission mode

by KBr pellet. Note the different

vertical scale
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(Table 6). In particular, the neutron structure refinement

converges with a population of the Be site represented by

(96.5(6)% Be ? 3.5(6)% Li), whereas the population of

the Li site is represented by (14.8(6)%Be ? 85.2(6)%Li)

(Table 6). This finding is not surprising if we consider that

Cs/Li-rich beryls (e.g. ‘‘vorobyevite’’, Yakubovich et al.

2009) have a disordered Be/Li distribution.

The neutron structure refinement provides a total

amount of beryllium and lithium of 2.078(18) and

0.922(18) a.p.f.u., respectively (Table 6). This small, but

significant, deficit of lithium was actually reported in all

the chemical analysis of pezzottaite previously published

(Laurs et al. 2003; Simmons et al. 2003; Hawthorne et al.

2004; Yakubovich et al. 2009). On this basis, a Li/Be

disorder between Be and Li sites in pezzottaite structure is

expected. It appears, therefore, that the change in sym-

metry between beryl (i.e. P6/mcc) and pezzottaite (i.e. R3c)

cannot be ascribed only to the Li/Be ordering, but more

likely to the nature and bonding configuration of the

channel content. On the basis of our experimental finding,

we suggest that the general formula of pezzottaite should

be written as: (Cs,Na)1-x(Be2?xLi1-x)Al2Si6O18 (with

x \ 0.2).

The discrepancy between the X-ray and neutron struc-

ture refinement about the occupancy factor of the Cs1 and

Cs2 sites (Tables 3 and 6) is likely due to the multi-element

population of the channel sites. Using the scattering curve

of caesium alone, the X-ray refinement converges with

s.o.f.(Cs1) = 0.694(1) and s.o.f.(Cs2) = 0.764(1) (i.e. total

of 0.72 a.p.f.u.), whereas the use of caesium neutron

scattering length leads the neutron refinement to converge

with s.o.f.(Cs1) = 0.95(2) and s.o.f.(Cs2) = 0.98(1) (total

of 0.96 a.p.f.u.). Such a discrepancy could be explained by

the use of scattering curve/length of caesium alone to

model the Cs1 and Cs2 sites: the presence of lighter ele-

ments (i.e. Rb, K or Ca) would make the ‘‘aggregate’’

X-ray s.o.f. higher than those we obtained. However, the

discrepancy between the chemical analysis, in which

(Cs ? Rb ? K) = 0.61 a.p.f.u. (Table 1), and the results

of the refinements is significant. But if we consider the

possibility that H2O molecules replace Cs (along with Rb

and K) at Cs1 at Cs2 sites or Na (and Ca) at Na1 and Na2

sites, we obtain a total number of electrons for the channel

populations, deduced on the basis of the chemical analysis,

of 36.2 e- p.f.u. vs. 41.1 e- p.f.u. by X-ray structure

refinement. In this case, the difference in electrons is

reduced to *12 %. In other words, we cannot exclude a

disordered distribution of cations and H2O molecules

between the Cs1,Cs2, Na1 and Na2 sites. A further evi-

dence of the presence of H2O at the aforementioned cation

sites is provided by the neutron structure refinement: the

Cs1–Na1, Cs–Na2 and Cs2–Na2 distances are all shorter

than 2.5 Å. Thus, Cs1 and Na1, Cs1 and Na2 and Cs2 and

Na2 are mutually exclusive, if we consider only a cationic

population. However, the refined s.o.f. using the scattering

lengths of caesium at Cs1 and Cs2 and that of sodium at

Na1 and Na2, respectively, led to unrealistic: s.o.f.

(Cs1) ? s.o.f.(Na1) = 1.14(6), s.o.f.(Cs1) ? s.o.f.(Na2) =

1.07(6) and s.o.f.(Cs2) ? s.o.f.(Na2) = 1.10(7) (Table 6).

If H2O partially substitutes Cs, the corrected s.o.f. would

lead to a realistic bonding scenario with, for example,

NaO6OH2 polyhedra. The similar neutron scattering length

of Cs and O (i.e. bc(Cs) = 5.42 fm, bc(O) = 5.805 fm) did

not allow an unambiguous refinement of the O and Cs

fraction at the Cs1 and Cs2 sites. However, a ‘‘virtual’’

excess of caesium (or sodium, i.e. bc(Na) = 3.63 fm) can

be easily explained by the presence of oxygen sharing the

same site.

The anisotropic X-ray structural refinement shows that

the displacement ellipsoids are only slightly pronounced

for all the atomic sites (Table 5). Only for the O3, O5 and

O9 sites, a slightly pronounced anisotropy is observed. This

is not surprising if we consider that O3 and O5 are both

coordinated by the Li site, and so the displacement around

the centre of gravity can be due to the lithium/beryllium

disorder. The O9 site is the bridging oxygen between the

Si2 and Si3 tetrahedra, and it belongs to the coordination

shell of Cs1 and Cs2 as well. Such a complex bonding

configuration can explain its slightly pronounced dis-

placement anisotropy.

Despite the beryllium/lithium disorder at the Be and

Li sites, the coordination tetrahedra appear to be only

slightly distorted (Table 7), as shown by the D(T–O)max

(i.e. the difference between the longest and the shortest

bond distances) in both X-ray and neutron refinement:

D(Li–O)max * 0.005 Å and D(Be–O)max * 0.025 Å for

X-ray data, D(Li–O)max * 0.017 Å and D(Be–O)max

* 0.019 Å for neutron data.

The tetrahedral and octahedral bond distances were

corrected for ‘‘rigid body motions’’ following the protocol

of Downs et al. (1992) and Downs (2000) (Table 7). If we

consider the X-ray structure refinement, based on data

collected at 298 K, the difference between the average

(uncorrected) polyhedral bond distances and the co-

respective corrected for ‘‘rigid body motion’’ is all less than

0.008 Å, reflecting a modest magnitude of the site dis-

placement parameters as previously discussed. The only

exception is represented by the Li tetrahedron, for which

the difference is 0.035 Å, somehow reflecting the pro-

nounced displacement regime of the coordinated oxygen

sites (i.e. O3 and O5). In general, the difference between

the uncorrected and corrected bond distances for ‘‘rigid

body motion’’ is reduced in the neutron refinement, based

on data collected at 2.3 K.
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D, Cooper MA, Grobéty B (2003) Pezzottaite from Ambatovita,

Madagascar: a new gem mineral. Gems Gemol 39:284–301

Liu SI, Peng MS (2005) A new gem mineral. The vibrational

spectroscopic characterization of pezzottaite. Acta Mineral Sin

25:60–64

Petricek V, Dusek M, Palatinus L (2006) Jana2006. The crystallographic

computing system. Institute of Physics, Praha, Czech Republic

Prencipe M, Noel Y, Civalleri B, Roetti C, Dovesi R (2006)

Quantum-mechanical calculation of the vibrational spectrum of

beryl (Al4Be6Si12O36) at the C point. Phys Chem Minerals

33:519–532

Sears VF (1986) Neutron scattering lengths and cross-sections. In:
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