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Abstract Two samples of bazzite, a very rare Sc analog
of beryl, from Tgrdal, Telemark, Norway and Kent, Cen-
tral Kazakhstan were studied by electron microprobe, opti-
cal absorption, and Mossbauer spectroscopies; the latter
sample was also studied by FTIR. Electron microprobe
results show that the Norway bazzite is composed of two
bazzites with slightly different FeO contents, viz. 5.66
and 5.43 wt%. The Kazakhstan sample consists of several
varieties of bazzite displaying strong differences in iron,
manganese, magnesium, and aluminum contents (in wt%):
FeO from 2.02 to 6.73, MnO from 0.89 to 2.98, MgO
from 0.37 to 1.86, and Al,O; from 0.30 to 1.30. Moss-
bauer spectroscopy shows different degrees of iron oxida-
tion. The Norway bazzite is completely Fe’*, while the
Kazakhstan sample contains roughly equivalent Fe** and
Fe?™ accommodated in the octahedral site. The difference
in iron oxidation causes strong variations in the intensity
of the broad optical absorption band around 13,850 cm™!,
which is assigned to Fe’* — Fe®* IVCT; as a result, there
are strong differences in the intensity of blue color. Dichro-
ism (Ellc> E1c) is much stronger in the Kazakhstan sam-
ple than in the Norway one. Intensities of the electronic
spin-allowed bands of /Fe** at ~8900 and ~10,400 cm™
are somewhat higher in the latter than in the former. FTIR

< Michail N. Taran
m_taran @hotmail.com

Institute of Geochemistry, Mineralogy and Ore Formation,
National Academy of Sciences of Ukraine, Palladin Avenue
34, Kiev-142 03680, Ukraine

Department of Astronomy, Mount Holyoke College, 50
College St., South Hadley, MA 01075, USA

Department of Earth, Environment and Planetary Sciences,
Brown University, 324 Brook St., Providence, RI 02912,
USA

spectra of the sample from Kent show the presence of only
water type II molecules with the H-H vector perpendicular
to the c-axis, in contrast to more typical beryls that always
show at least weak minor bands of H,O I. This result shows
that trapped water molecules in structural channels of stud-
ied bazzite occupy only sites next to or between six-mem-
bered rings centered by Na atoms. Definite structure can be
observed in the vicinities of v, and v; peaks. Peaks at 1621
and 3663 cm™! are assigned to “doubly coordinated” H,O
(IId), whereas maximums at 1633 and 3643 cm™! likely
represent “singly coordinated” H,O (IIs). Interpretation of
the third components in complex v, and v; bands needs fur-
ther investigations.

Keywords Bazzite - Optical spectra - Mossbauer spectra -
Composition - Color and pleochroism

Introduction

Bazzite, Be;(Sc,Al),Si40,g, a very rare Sc-bearing acces-
sory mineral, is the structural analog of beryl (Fig. la)
(e.g., Peyronel 1956; Armbruster et al. 1995) with nearly
half of the octahedral sites occupied by Sc**. There is also
extensive octahedral Fe?*, Fe’*, and Mg substitution, with
minor (<10%) Al (Armbruster et al. 1995). Charge bal-
ance for Fe?*, Mn, and Mg in the octahedral site is mainly
maintained by Na*, which likely enters into channels of the
structure (Armbruster et al. 1995).

Light blue bazzite from granite pegmatites in Tgrdal,
Telemark, Norway was described by Bergstrgl and Juve
(1988) as clear, well-formed crystals of fine hexagonal
habit (2-5 mm across) or irregular plates in microcline
feldspar. By a semi-quantitative electron microprobe deter-
mination, the scandium content was 20% Sc, 0.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00269-017-0877-2&domain=pdf

498

Phys Chem Minerals (2017) 44:497-507

b

Fig. 1 Fragments of the crystal structure of bazzite: a general view along c-axis; b a chain of octahedral sites and adjacent sixfold prismatic

interstices stretched along c-axis of the structure

Chistyakova et al. (1966) and Chistyakova (1968)
described dark blue bazzite from an occurrence near Kent
village in Central Kazakhstan, where it is found as inclu-
sions in zoned crystals of quartz and fluorite. Its crystal
chemical formula was calculated from wet chemical analy-
sis as Bes g5 (S¢y 26 Feg17. Alggs) (Fegs. Mng 13, Mgy 1)
(Sis g3, Begg7) Oy [Nay ss, K o3, Csp91-0.87H,0]. Platonov
et al. (1981) studied two blue and dark blue bazzite crys-
tals from this locality using optical absorption and Moss-
bauer spectroscopies. The actual compositions of the sam-
ples were not determined and, unfortunately, the crystals
were subsequently lost. Mdssbauer spectroscopy revealed a
rather complicated distribution, interpreted as Fe* in the
octahedral sites of the structure and Fe®* entering both the
octahedral structural sites and the adjacent trigonal prism
interstitial sites to form Fe**-Fe**pairs elongated along
c-axis of the structure (Fig. 1b). The electronic Fe’t —
Fe3* IVCT absorption band at around 15,000 cm™! was
found to be well resolved from the spin-allowed dd-band of
16JFe?* at ~11,200 cm™ .

As in isostructural beryl, different types of water mol-
ecules in bazzite can be recognized in channel cavities
using Raman and/or IR spectroscopy. Type I of H,O has its
H-H vector parallel to c-axis, while in molecules H,O (1),
the H-H vector is perpendicular to ¢ (e.g., Wood and Nas-
sau 1967). Hagemann et al. (1990) assumed on the basis of
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Raman spectroscopy study of bazzite from Furkabasistun-
nel (Switzerland) that water is represented mainly by type
IT H,O related to high Na content. A similar conclusion was
reached by Armbruster et al. (1995) on the basis of FTIR
spectra of bazzite from that locality. In the latter paper, IR
spectra showed only bands caused by water II, while some
bands were not assigned.

In this investigation, we undertake additional Mossbauer
and optical absorption spectroscopic studies of light blue
and blue bazzite from Tgrdal (Norway) and Kent (Kazakh-
stan), respectively, with the aim of tracing the relationship
of the broad Fe?* — Fe** IVCT band to the oxidation state
and structural positions of iron. We also use FTIR spectros-
copy for further, more detailed documentation of the state
of H,O in the structure of bazzite—a rare Na-rich beryl
analogous with strongly dominated or even exclusive H,O
(IT) molecules.

Samples

Bazzite from Tgrdal was available as a relatively large
(around 5 mm long) light blue semi-transparent, homoge-
neously colored crystal. A properly oriented transparent
sample~0.5 mm across was prepared for optical spectros-
copy study as a section parallel to the c-axis. The sample
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was glued with epoxy onto a glass plate parallel to a well-
formed prism face and polished on both sides to a thickness
of 0.12 mm, suitable for measuring optical absorption spec-
tra in two polarizations, Ellc and Elc. In transmitted polar-
ized light, the sample displays a slight dichroism: bluish at
Ellc and nearly colorless at ELc.

A crystalline bazzite aggregate from Kent ca. 0.5 cm in
size was also available for our study. Observation of the
gently cracked aggregate under a binocular microscope
revealed that most of the bazzite crystals were non-trans-
parent and displayed heterogeneous color varying from
light- to dark blue. A small prism (ca. 1.0x0.5 mm), elon-
gated along c-axis and mostly transparent, was selected
for optical absorption spectroscopy. It was prepared as an
oriented thin (0.19 mm) section as described above. Under
polarizing light, it shows strong dichroism that is dark blue
at Ellc and colorless at Elc. The color of the sample, espe-
cially well seen in Ellc-polarization, is quite variable with
an irregular distribution, varying from dark blue to light
blue to colorless.

Three Ellc-oriented polished self-supported platelets of
the thickness ~0.1 mm were prepared from tiny blue grains
of Kent bazzite for FTIR study. One small grain of Tgrdal
bazzite and two grains of Kent bazzite were selected for
electron microprobe analysis. Orientations of all samples
for optical absorption and FTIR studies were accomplished
using the well-developed prismatic habit of the crystals and
controlled by conoscopic observation under a polarizing
light microscope.

All remnant materials were examined and manually
cleaned under a binocular microscope from grains of other
minerals (mostly of colorless quartz and brown grains of
iron oxides in case of Kent bazzite), milled to fine powders,
and used for Mossbauer spectroscopy.

Experimental methods

Quantitative analysis of bazzites was performed on the
Brown University Cameca SX-100 electron microprobe.
Operating conditions consisted of a point beam, 15 kV
voltage, 20 nA current, and 30 s (on peak) counting times
for all elements using the PAP correction procedures (Pou-
chou and Pichoir 1991). One-sigma standard deviations
are <1% for major elements and 3-5% for minor elements.
Standards used for bazzite analysis included Wakefield,
Quebec diopside (Si, Ca); synthetic forsterite (Fogy;), Uni-
vesity of Rhode Island (Mg), Amelia albite, Purdue Uni-
versity (Na), Kakanui hornblende NMNH 143,965 (Al),
rhodonite, AMNH 104,738 (Mn), Rockport, Massachusetts
fayalite, NMNH 85,276 (Fe), synthetic orthoclase OR-1,
AMNH (K), ScPO4 NMNH 168,495 (Sc), rutile (Ti), and
synthetic MgCr,0O, (Cr). The electron microprobe was

equipped with extra-large diffracting crystals (LTAP, LLIF,
LPET) that generate roughly 5 X the count rate of standard-
sized diffracting crystals. Extra-large crystals were used in
the analysis of Si, Mg, Mn, Fe, K, Sc, Ca, and Ti. Standard-
sized crystals were used for Na, Al, and Cr. Na and K were
analyzed using a loss routine to account for any volatiliza-
tion of the elements under the beam. Beryllium was ana-
lyzed by difference, because its X-rays cannot be detected
directly by most electron microprobes.

Maossbauer spectra were acquired at 295 K using a
source of 40 mCi *’Co in Rh on a SEE Co. model WT302
spectrometer (Mount Holyoke College). Experimental time
was 3-4 days, and results were calibrated against a-Fe
foil. About 10 mg of sample were diluted with sucrose and
deposited without packing into a holder backed by Kapton®
polyimide film tape. Data were collected over a+4 mm/s
velocity range in 1024 channels. Spectra were corrected
for nonlinearity via interpolation to a linear velocity scale,
which is defined by the spectrum of the 25-um Fe foil
used for calibration. All data were corrected to remove the
fraction of the baseline due to the Compton scattering of
122 keV gamma rays by electrons inside the detector.

Spectra were fitted with Lorentzian doublets using the
MEX_FielDD program acquired from the University of
Ghent courtesy of E. DeGrave. Isomer shifts (IS, or d)
and quadrupole splittings (QS, or A) of the doublets were
allowed to vary, and widths (full width at half amplitude) of
all peaks were coupled to vary in pairs. Widths were con-
strained to vary as pairs, and both isomer shift and quad-
rupole splitting were unconstrained. Errors are estimated
as +0.02 mm/s for 8, A, and peak width (T'); and +1-3%
(absolute) for doublet areas.

Optical absorption spectra were measured in the range
350-2000 nm (ca. 28,570-5000 cm_l) with a single-beam
microspectrophotometer constructed on basis of a Spec-
traPro-275 triple grating monochromator, highly modi-
fied polarizing mineralogical microscope MIN-8, and PC.
Ultrafluars 10xserve as objective and condenser. Two
changeable photoelectric multiplying tubes and cooled PbS
cells were used as photodetectors. A mechanical highly
stabilized 300-Hz chopper and lock-in amplifier were
applied to improve the signal/noise ratio. Spectra were
scanned with steps AA=1, 2, 5 nm in the ranges 330-450,
450-1000, and 1000-2000 nm, respectively. The spectral
slit width did not exceed 1 nm in the whole range studied.
The diameter of the measuring spot was less than 200 pm.
The spectra were normalized to 1.0 cm thickness. The
resultant linear absorption coefficient was then plotted ver-
sus the wavenumber.

The spectrum of Kent bazzite was analyzed by a curve-
fitting procedure using the Peakfit 4.11 (Jandel Scientific)
software. The high-energy absorption edge was approxi-
mated by a combination of Gaussian and Lorenzian forms,
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Fig. 2 Backscattered electron microprobe image of bazzite from
Tgrdal, Norway. It contains bazzites of two different compositions,
light and dark, slightly differing by the mean iron content, 5.66 and
5.43 wt% FeO, respectively

whereas for the fitting of component absorption bands, pure
Gaussians were applied.

Polarized, single-crystal IR absorption spectra of Kent
bazzite were measured at room temperature in the near- and
middle-IR region in the spectral range 9000-1000 cm™'
using a Bruker FTIR spectrometer IFS 66 equipped with an
IR-microscope at TU Berlin. Spectra were scanned using a
60-um-diameter spot at a spectral resolution of 2 cm™!. The
time-averaged signal was collected over 200 scans. Refer-
ence spectra were measured in air. The spectra obtained
were normalized to 1.0 cm thickness.

Results
Bazzite from Terdal, Norway

Electron microprobe data suggest that the sample is homo-
geneous. However, there are two types of bazzite, discerned
in backscattered images (Fig. 2), seen as light and dark
zones. The compositions of these two varieties are found to
be rather close, except for a slight difference in iron con-
tent: the mean FeO concentrations in the light and dark
bazzites are 5.66 and 5.43 wt%, respectively. The crystal
chemical formula calculation, averaged over 10 points for
light [Be is taken as 3.00 atoms per formula unite (a.p.f.u.)],
gives  Besgy (Sciz, Al Feg§3f eﬁj@ Mny 3,
Mg 02)s =206 1504015 [Nag 30, Ky o]- The dark area, aver-
aged over 15 points, gives Be; o (Sc, 33, Al 1o, Feg %, Fel*

347 ©0.14°
Mng 3, Mgopo)s=206 Sis04O15 [Nagz, Kopol. These
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Fig. 3 Mossbauer spectrum of the bazzite from Tgrdal, Norway, fit-
ted by three octahedral Fe** distributions. Parameters of the fit are
given in Table 1

electron microprobe compositions, with the exception of Cs
that was not determined in our samples,' are nearly identi-
cal to another Tordal occurrence of blue bazzite, also from
Tgrdal, Norway. That cesian bazzite (ca. 3 wt% Cs,0) was
found by Juve and Bergstgl (1990) as tiny sky-blue crystals
grown on faces of larger beryl crystals. Our sample seems
similar.

The Mossbauer spectra was fitted with a variety of dou-
blet combinations until the fit, shown in Fig. 3 and Table 1,
was chosen as most suitable. No evidence of the highly dis-
torted Fe?*/Fe* hybrid distribution was found. Contrary to
the crystal chemical formula, which shows a predominant
Fe3* content (see above), the final fit consists of three Fe?*
octahedral distributions and none of Fe®*. Although beryl
normally has a quite high isomer shift (IS) value for Fe?*,
9, near 1.4 mm/s (e.g., Viana et al. 2002), this is seen in
only one distribution, viz. ['Fe**(Il) (Table 1). The other
two distributions have smaller parameters, where the low-
est IS value is paired with the highest QS distribution. It is
unclear whether they represent three distinct sites, or if this
is a part of the asymmetry, as is typical for beryl spectra
(e.g., Price et al. 1976; Platonov et al. 1979; Viana et al.
2002). Although this sample can also be additionally fitted
with 4.5% of octahedral Fe**, it is difficult to justify this
feature because the un-accounted area at the upper right
side of the low velocity peak is mirrored on its right side
(Fig. 3), and may just be a remnant of the typical asymmet-
ric broadening.

The polarized optical absorption spectrum of bazzite
from Tgrdal, recalculated to the thickness of 1 cm, is shown

! Cs in the EDS peaks were not certainly discerned at preliminary
scans of the sections of both bazzites, Norwegian and Kazakh. It
might be present at the less than 1 wt% level.
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Table 1 Mésst?auer pa{ameter § Tgrdal, Telemark, Norway Kent, Kazakhstan
of the two bazzites studied
COlFe?+(1)  Ope?*n  Olpe?ram  Olpe?t (1)  Oee2ran  OEeam Rt
5, mm/s 1.21 1.38 1.11 1.28 1.44 1.18 0.28
A, mm/s 2.60 2.27 2.84 245 2.12 2.66 0.87
I', mm/s 0.26 0.40 0.40 0.31 0.40 0.32 1.01
Area, % 54 16 30 16 8 18 49
7 3.7 1.1
Wavelength, nm
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Fig. 4 Polarized optical absorption spectrum of bazzite from Tgrdal,
Norway. The colored labels display the HTML colors, calculated
from the spectra measured at the actual thickness of the sample
(0.12 mm) for illumination by polarized light of the standard CIE
illuminant C

in Fig. 4 in the spectral range from 350 to 1800 nm (ca.
28,500-5600 cm™"). It consists of a nearly isotropic high-
energy absorption edge partly superimposing a broad
dichroic (Ellc>ELlc) envelope, labeled as ¢, with a maxi-
mum around 14,500 cm™!. On its low-energy wing, there
is a distinct doublet of absorption bands, labeled as a
and b (Ellc>ELc), with maxima at around 10,510 and
9000 cm™'. A weak but distinct narrow doublet peak of
absorption is clearly seen at ~7040 and 7190 cm™' in both
polarizations (ELc> Ellc). A stronger single ELc-polarized
absorption line appears at around 5260 cm~'. No signs of
spin-forbidden absorption bands of Fe?* are seen in the vis-
ible or near UV ranges.

Bazzite from Kent, Kazakhstan

Electron microprobe data obtained on two grains show
strong variations of bazzite composition within each
samples studied. The backscattered image of sample #1
(Fig. 5) shows that the bazzite crystal consists of at least
three types of bazzite of different composition, A, B, and

Fig. 5 Backscatter electron microprobe image of Kent bazzite grain
#1. It contains bazzite of at least three different compositions, A, B,
and C, Ca-La-Ce-Th phosphates, quartz and what appears to be ber-
trandite or phenakite

C. In addition, there are inclusions of other phases includ-
ing quartz, Ca-La-Ce-Th phosphates, and bertrandite or
phenakite. Each type of bazzite displays strong variations
of iron, manganese, magnesium, and aluminum contents
(in wt%): FeO from 2.02 to 6.73, MnO from 0.89 to 2.98,
MgO from 0.37 to 1.86, and Al,O5 from 0.30 to 1.30. The
titanium content scarcely amounts to ~0.2, i.e., 0.01 a.p.f.u.
The average composition was recalculated to the following
crystal chemical formula:

bazzite A: Besgy (Scypg Algyy, Fept, Feot
Mg 13)5=2.04 Si5.95015 [Nag 36, Ko 115

bazzite B: Besqy (Scn. Tigor, Feghe Alg s Mngoy
Mg 20)5=2.08 S5 95015 [Nag 3915

bazzitt C: Bejy, (Scys; Fegls, Alggs Mng,,
Mg 33)5=2.00 Sis.00015 [Nag 3g]-

Grain #2 consists of bazzite only. Intergrowths of two
bazzites of different average compositions, D and E are
seen:

bazzite D: Besyy (Scis, Fept,,
Mg 32)5-204 Sis 53015 [Nag 4sl;

bazzite E: Besq, (Sc; oy, Feit, Aly,e Mng,,, Felt

: 0.26’ 0.07
Mgy 17)5=2.12 Si5.99015 [Nag 44].

Mny 3,

Alygs Mng s,
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Fig. 6 Mossbauer spectrum of the bazzite from Kent. Parameters of
the fit are given in Table 1, and are consistent with those of beryl tab-
ulated by Groat et al. (2010)

The Mossbauer spectrum and its fit chosen as the most
suitable one after the fitting with a variety of doublet com-
binations, is shown in Fig. 6. Again, as in case of Norwe-
gian sample (see above), there is no evidence of highly
distorted Fe**/Fe** hybrid distribution. All distributions
are iron in octahedral coordination and the final fit con-
sists of three Fe’*and one Fe** distribution (Table 1). The
Fe3* distribution is very broad, but has standard octahe-
dral parameters. No set of IS and QS values of Fe’* in
either of the samples studied (Table 1) corresponds to the
quadrupole doublet of octahedral Fe?, I1S=1.47 mm/s,
and QS=2.55 mm/s, derived by Platonov et al. (1981),
who assigned the only defined Fe** quadrupole dou-
blet in the bazzite spectrum to Fegz. Moreover, they esti-
mated the parameters of quadrupole doublet of Fef):t as
IS=0.61 mm/s and QS =0.82 mm/s, which are also quite
different, especially the IS value, from what is compiled in
Table 1 for 'Fe®* distribution in the sample studied here.
Note also that although the electron microprobe data sug-
gest a rather low Fe’* content (see above), the Fe**: Fe**
ratio of around 1:1 (Table 1) from Mossbauer spectroscopy
is close to that measured by Platonov et al. (1981).

The polarized optical absorption spectrum of bazzite
from Kent is shown in Fig. 7. Like the bazzite from Tgrdal,
it consists of a practically isotropic high-energy absorp-
tion edge. The edge is partly superimposed upon a broad,
strongly dichroic (Ellc>> Elc) absorption envelope with
a maximum ¢ at around 14,500 cm™'. On the low-energy
wing of the envelope, two shoulders, a and b, at ~9200 and
~11,000 cm™" can be distinguished. Also as in the sam-
ple from Norway, there is a doublet absorption peak at
7040 and 7190 cm™! in both polarizations, Ellc and Elc,
and a stronger Elc-polarized absorption line appears at
~5260 cm™!. On the whole, the polarized spectrum of this
bazzite is quite similar to that of the pale blue bazzite from
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Fig. 8 Polarized single-crystal FTIR spectra of bazzite from Kent

Natters, Switzerland studied by Rossman (2016), but sig-
nificantly differs from those described by Platonov et al.
(1981).

Polarized IR spectra of bazzite from Kent in the range
6000—1000 cm™" are shown in Fig. 8. The spectrum meas-
ured in polarization Ellc is dominated by two very intense
narrow bands at 3594 and 1621 cm™'. The former is sur-
rounded by two weak satellites at 3663 and 3519 cm™!,
while the latter is a complex envelope that reveals three
peaks at 1631, 1621, and 1614 cm~!. In this polarization,
a strong broad band at ~1900 cm™!, bands of medium
intensity at 4003 and 3228 cm™!, and very weak bands at
5605 and 3327 cm™! are observed. The spectrum meas-
ured in polarization Elc consists of very strong and broad
envelope centered at ca. 3665 cm™!, a strong broad band
near 1890 cm_l, and medium and weak bands at 5266,
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2352, 1697, 1633, 1620, and 1548 cm™'. The main enve-
lope near 3665 cm™! includes narrow peaks at 3681, 3663,
and 3643 cm™!, its long wavelength slope is complicated
by smaller bands and shoulders at 3620, 3594, 3545, and
3519 cm™! (Fig. 8).

In general, the main features of single-crystal IR spectra
of Kent bazzite, namely the strongest bands in both polari-
zations, are similar to spectra of bazzite from Switzerland
(Armbruster et al. 1995). At the same time, many important
details of these spectra including the main band’s struc-
ture and intensity, number and positions of smaller peaks,
are different. Bands at 3735, 3650, 3475, and 3270 cm™’,
reported in Switzerland sample, are absent in spectra of
Kent bazzite. Absorption maxima centered at 3681, 3643,
3620, 3519, 2352, 1697, 1633, 1614, and 1548 cm™!
(Fig. 8), as seen in the Kent sample, were not detected in
bazzite from Switzerland. This can be caused by differ-
ences in crystal chemistry of the two samples as well as by
the high noise/signal ratio and distortion of intensity pro-
portions between main bands in the case of bazzite from
Switzerland, for which spectra were measured in an unpol-
ished, relatively thick crystal (Armbruster et al. 1995).

Discussion

The optical absorption spectrum of the Norway bazzite
(Fig. 4) is typical of Fe’*-bearing silicates with Fe** in
octahedral structural position that is consistent with the
Mossbauer spectroscopy data (Fig. 3; Table 1). The dou-
blet bands @ and b at ~10,510 and ~9100 cm™! should be
assigned to split electronic ” Ty, — 5Eg dd-transition of octa-
hedral [Fe’**. As seen in beryl, they are polarized in Ellc.
Considerable red shifts of these bands, when compared
with those in iron-bearing blue beryls (cf., e.g., Wood and
Nassau 1968; Taran and Rossman 2001), are undoubtedly
caused by a relatively large octahedral site, because the
M-O distances in bazzite and beryl are 2.080 and 1.904 A,
respectively (Armbruster et al. 1995). Because by theory
Dq%, where Dq is crystal field strength and R is average
metal-oxygen distance in Fe:2+06 octahedron (e.g., Burns
1993), this causes a lower value of Dq of [6JFe2* in bazzite.
Thus, energies of the spin-allowed crystal field bands of
[6IFe>* are lower in the bazzite spectrum compared with
beryl. The splitting of the electronic 5Eg state, which is
not expected by the selection rules for D; symmetry of the
octahedral site in both beryl and bazzite, may be due to the
dynamic Jan—Teller effect on the degenerated ground state.
Theory suggests that the ° T, level splits to two sublevels,
A and °E at the point symmetry D; (e.g., Marfunin 1979).
The observed splitting of the excited 5Eg level (bands
a and b) requires that the lower (ground) state of Fe’* in

i Ellc

-1

Linear absorption coefficient, cm

25000 20000 15000 10000 5000

Wavenumber, cm™

Fig. 9 Results of the curve-fitting analysis of the Ellc-polarized spec-
trum of bazzite. The dots are experimental data obtained by the sin-
gle-beam procedure of the spectra registration

the distorted [compressed along c-axis (Armbruster et al.
1995)] octahedral site is ’F, evoking the Jan Teller effect.

A very broad and relatively weak absorption envelope
with a maximum at around 14,500 cm™' (b and ¢) is most
likely caused by electronic intervalence charge-transfer
(IVCT) transition of Fe?™ + Fe** — Fe’* + Fe?* type. Its
low intensity, compared with the spin-allowed bands a and
b, is consistent with very low Fe>* content in the sample, as
it observed in the Mdssbauer results (see above).

The high-energy absorption edge is usually assigned as a
wing of very intense UV absorption bands, caused by elec-
tronic ligand-metal charge-transfer transitions mostly of
0?~ — Fe**, Fe?* type (e.g., Burns 1993). It is much higher
in the Kentthan in the Tgrdal bazzite, and is also consist-
ent with much higher oxidation degree of iron in the former
comparing with the latter. The polarization of the Fe?*/Fe**
IVCT c-band and to a lesser extent, the near-infrared spin-
allowed 5T2g — 5Eg bands a and b, Ellc>>FElc, cause the
distinct dichroism of the sample, bluish at Ellc and nearly
colorless at ELc (Fig. 4).

The relatively weak absorption lines at ~7040 and
7190 cm™!, seen in spectra of both samples studied in
both polarizations, Ellc and Elc, are obviously those tab-
ulated by Armbruster et al. (1995) as combined 2v; and
v,v3 vibrations, respectively. Accordingly, the much more
intense single E_Lc-polarized line at ~5260 cm™' must be a
V,V5 vibration (all H,O type II).

By the curve-fitting procedure, the envelope in Ellc-
polarized spectrum of bazzite from Kazakhstan can be well
approximated by three Gaussians a, b, and ¢ (Fig. 9), simi-
lar to those in the Norwegian sample. This can be seen in
the parameters’ linear intensity a, energy v and half-width
oy, data compiled in Table 2. A noticeable deviation of the
fitted curve from the experimental one in the spectral range
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Table 2 Parameter of the main absorption bands a, b, and ¢ in Ellc-
polarized optical absorption spectrum of bazzite from Kent, Kazakh-
stan derived by the curve-fitting procedure

v, cm”! !

Band Assignment a, cm Wy, CM~
a Spin-allowed dd-band of [®Fe** 5.2 8905 1743
b Spin-allowed dd-band of ®'Fe** 8.9 10,395 2198
c Fe?™ — Fe** IVCT 50.6 13,846 7970

from ca. 17,000 to 27,000 cm™! might be due to a com-
plex character of the absorption edge, which can be poorly
represented as a combination of Gauss and Lorentz func-
tions. We assume that this is mainly caused by electronic
ligand—metal charge-transfer transitions of O*~ — Fe’™,
Fe" type. If several different structural types of Fe** and
Fe?* participate [octahedral, tetrahedral, or even channel
(Armbruster et al. 1995)] to cause a set of UV bands of var-
ious intensities, energies, and widths, then the shape of the
edge may be significantly influenced, causing its deviation
from the combination of single Lorentz and Gauss forms.

The values of half-width, ®,,, of @ and b components of
the curve fitting are typical for spin-allowed dd-transition
of Fe?* (Table 2). In Tordal bazzite, their intensities o are
somewhat higher, ~10 and ~15 cm™!, respectively, than in
bazzite from Kent (Table 2). This is an evidence that in
the actual samples studied by optical absorption spectros-
copy, the iron content in the former is very likely somewhat
higher than in the latter. This, in principle, fairly agrees
with the electron microprobe data, which show that bazzite
from Terdal contains more Fe?* than that from Kent (see
the crystal chemical formulae above).

The w,, value of the ¢ component in Kent bazzite is
much higher, about 8000 cm~!, than those of a- and
b-bands (Table 2). This is an evidence in favor of the
electronic intervalence charge-transfer (IVCT) nature of
the ¢-band (e.g., Burns 1993). In fact, its w,, value better
corresponds to Fe’* + Ti*t — Fe** 4+ Ti** IVCT tran-
sition, though the very low Ti content in the samples
studied (see above), as well as the energy of the band,
which is more appropriate for Fe?*/Fe*, than Fe>*/Ti**
IVCT (Burns 1993), does not support such interpretation.
Therefore, we assume that the c-band is caused by Fe**
+ Fe3* — Fe3* + Fe?* IVCT transition. However, much
stronger intensity of the IVCT bands in the Kent rather
than the Tgrdal bazzite agrees with the much higher oxi-
dation state of iron admixture in the former, than in the
latter. The probability of formation of IVCT Fe?*, Fe’*
pairs in the case of disordered distribution of the cations
is proportional to the product of Fe’* and Fe** concentra-
tions in samples. Judging from Mdssbauer data, it should
be much higher in Kent bazzite than in the Tgrdal one.
In beryls, this band is certainly related to '“/Fe?* content
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(Goldman et al. 1978). Its spectral positions, shape, and
width are typical of IVCT transition. Moreover, tem-
perature dependence of it also evidences in favor of such
interpretation (Taran et al. 1989; Taran and Rossman
2001).

The polarization of the c¢-band, Ellc>>ELlc, suggests
that the IVCT transition may take place between Fe** and
Fe** accommodated in positions aligned along the crystal
axis ¢. As assumed for beryls (e.g., Platonov et al. 1979;
Taran and Rossman 2001; Groat et al. 2010), these may be
the structural octahedral sites and trigonal prism intersti-
tions that alternate with each other along c-axis (Fig. 1b).
Because the exact position of Fe*™ accommodated in the
interstitial site is not known, we can only assume that
Fe?*—Fe®* vectors may have weak ELlc components that
are quite in accord with the polarization properties of the
c-band (Fig. 1b). Taking the same calculation that Groat
et al. (2010) applied for blue beryl, we evaluate the amount
of ~1.5 wt% Fe involved in the electronic IVCT transition
in the dark blue part of Kent bazzite. This is, probably, too
low in concentration to confirm that ¢-band does relate to
iron in the trigonal interstition of the structure by other
methods, first of all by structure refinement. As mentioned
by Groat et al. (2010), structure refinements on Fe-con-
taining beryl-group minerals have never shown a residual
electron density at the supposed trigonal site. Also, the
repulsive cation—cation distances for the trigonal site of
bazzite seem to be too short for interstitial Fe’™ or Fe’*.
All this makes the probability Fe?* and Fe** in the intersti-
tial sites relatively low. Nevertheless, it is difficult to figure
out any structural position that can satisfy all above-men-
tioned properties of the optical absorption band ¢: relation
to [®)Fe’* content, energy, width, polarization, and tem-
perature response, assuming that it is indeed the Fe**/Fe’*
IVCT band. Therefore, we still assume that a small part of
Fe enters the trigonal interstices. The local charge balance
in this case may be maintained by substitutions such as
3OIAPH — 3I6IFe* 4 [6ilFe3* where 6i denotes the trigo-
nal interstition. This involves only a small portion of the
overall amount of [/Fe>*. The larger part of Al — ©/Fe?*
substitution must be balanced by Na* and K* cations in the
channels.

Platonov et al. (1981) found a well-resolved Fe*t/Fe*
IVCT band in bazzites from Kent at around 15,000 cm™".
However, at such fixed energy of the Gaussian component,
the curve fitting of the Ellc-polarized spectrum in Fig. 9
gives an even higher, unrealistic ®,, value~9800 cm™' for
it. Use of two IVCT bands (one of them at 15,000 cm™)
also does not improve the situation, still giving a large
@y, value (~9000 cm™") for the latter band. Perhaps strong
overlap of the components composing the envelope and
the complicate shape of the absorption edge, which can-
not be well approximated by the functions available in the
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Table 3 Position, relative intensity, polarization and assignments of
H,O0 vibrational bands in IR spectra of bazzite samples

Kent Intensity Assignments Polarization Switzerland
(Armbruster
et al. 1995)

6456 Very weak  4v, (II) Ellc -

5605 Very weak  v,+v; (II) + vy, Elle -

5266 Medium v, +v3 (D) Elc 5262

4003  Strong vy (ID) + vy, Ellc 4003

- ? Ellc 3735 very weak

3681 Very strong v; (I) Elc -

3663 Very strong v;(11d) (1) Elc 3670

3663 Medium vidD + vy, () Elle 3650

3643 Very strong  v5(Ils) Elc -

3620 Shoulder ? Elc -

3594  Very strong v, (II) Elle>>Elc 3593

3545 Shoulder ? Elc 3542

3519 Medium v D — vy Elle>Elc -

- ? Ellc 3475 very weak

3327 Weak v3(ID) - vy Ellc 3330

- ? Elc 3270 shoulder

3228 Strong 2v, (I Ellc 3227.5

1697 Medium VD) + vy Elc -

1633 Very strong  v,(Ils) Ellc>>Elc -

1621 Very strong v,(1Id) Elle>>Elc 1625

1614  Very strong  v,(II) Ellc -

1548 Medium V(1) — vy, Elc -

software applied, prevents any considerable improvement
of the curve-fitting result.

Aside intense high-energy edge, spectra of both samples
studied in E Lc-polarization (Figs. 4, 7) display weak broad
absorption features, which appear to be E.Llc-polarized
components of the above-described bands a, b, and c,
strong in polarization Ellc. In the Elc-polarization, there
is no evidence of a broad band at around 12,000 cm™,
which by analogy with beryl (e.g., Taran and Rossman
2001) could have been assigned to electronic spin-allowed
dd-transitions of tetrahedral Fe*. This result is in accord
with the conclusions of Platonov et al. (1981) and with
our Mossbauer spectroscopy data, which, as shown above,
revealed the quadrupole doublets of only sixfold coordi-
nated Fe?* and Fe>* ions (Figs. 3, 6; Table 1).

Maxima of the detected absorption bands of H,O mole-
cules in the FTIR spectra measured in three separate grains
of bazzite from Kent, their polarizations, and assignments
are listed in Table 3. Broad bands near 1900 cm™! in both
polarizations represent first overtones of Si-O vibrations,
they are always present also in beryl. The same result was
reported for bazzite from Furkabasistunnel, Switzerland
(Armbruster et al. 1995; Hagemann et al. 1990). Infrared
spectra of all samples from Kent show the presence of

type I
type 11
@ cation
type 11
cation

DOE]

Fig. 10 General schematic of the bazzite channel showing struc-
tural oxygen atoms surrounding possible channel constituents (modi-
fied after Fukuda and Shinoda 2008). The constituents in bazzite are
II H,O (type I is shown for comparison). The cation in this figure is
assumed to be Nat or K*

only water type II molecules with the H-H vector perpen-
dicular to the c-axis (Fig. 10). Bands of three fundamental
modes of H,O II at ~1620 cm™! (bending v,), ~3660 cm™!
(antisymmetric stretching vs), both in polarization Elc, and
3594 cm™! (symmetric stretching v,, Elic) are the main fea-
tures in the bazzite spectra (Fig. 8). In all bazzite samples
studied so far by IR spectroscopy, the Na content was less
than 0.5 a.p.f.u., namely 0.32 Na in the sample from Swit-
zerland (Armbruster et al. 1995) and 0.36-0.45 in the stud-
ied grains of bazzite from Kent. Thus the absence of any
signals from H,O I molecules in any IR spectra leads to an
important conclusion about ordered distribution of trapped
water molecules in structural channels. They should occupy
only sites next to or between six-membered rings centered
by Na atoms. To our knowledge, in contrast to the bazzites,
there have been no published spectra of natural beryl with-
out at least weak minor bands of H,O L.

Definite structure can be observed in the vicinities of
v, and v; peaks. Both maxima are represented by enve-
lopes formed from at least three overlapped separate nar-
row bands. Their maxima are located at 1614, 1621 and
1633 cm™! in the case of v, (Fig. 11) and 3643, 3663,
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Fig. 11 Fine structure of the absorption envelope caused by v, bend-
ing vibration of type II H,O molecules

3681 cm™! for v;. For the symmetric stretching v; band,
we detected four-peak structure in spectra measured at low
temperature (80 K). Fukuda and Shinoda (2008) found that
Na-associated molecules H,O (II) may exist in beryl chan-
nels in two configurations, namely as H,0-Na-OH, (“dou-
bly coordinated,” IId) and H,O-Na (“singly coordinated,”
IIs) (Fig. 10). H,O (IId) molecules are characterized by a v,
band at 1620-1624 cm™" and v; at 3660-3664 cm™', while
the same bands of configuration H,O (IIs) are centered at
16331637 and 3643 cm™', respectively (Fukuda and Shi-
noda 2008; Fridrichova et al. 2016). The vibrations of H,O
(IId) and H,O (IIs) in bazzite are very close to those in
beryl, as is the case for all other bands of water molecules
in IR spectra of these two minerals. Thus, we can assign
peaks at 1621 and 3663 cm™' to “doubly coordinated”
H,O (IId), whereas maxima at 1633 and 3643 cm™! can
be assigned to “singly coordinated” H,O (IIs) (Table 3).
Peaks of H,O (IId) in spectra of Kent bazzite are a bit more
intense than those of H,O (IIs) (Figs. 8, 10). We conclude
that configuration H,O-Na-OH, is most abundant (but not
predominant) for water molecules in structural channels
of the samples studied. This is in general agreement with
chemical compositions of the samples. Interpretation of the
third components in the complex v, and v; bands needs fur-
ther investigations. From their polarization, it is clear that
they also belong to water type II.

In addition to the discussed fundamental bands of type
IT H,0, their overtones and combination bands as well as
satellites due to combining with libration modes are present
in the spectra (Table 3). Assignments of these bands were
done on the basis of interpretation given by Wood and Nas-
sau (1967).
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