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Summary

Two infrared (IR) spectral types are discerned in cassiterites with OH defect
concentrations ranging from several wt. ppm H,O in synthetic melt-grown samples
up to 0.017wt.% in natural samples of hydrothermal origin. Spectrum type I is
characterised by one sharp band centred at 3255cm™!, type II spectra reveal an ad-
ditional band group centred around 3340cm~!, which is clearly correlated with the
presence of Ti. Both OH band groups are strongly polarised with maximum ab-
sorption perpendicular to the c-axis. Type I spectra prevail in nearly colourless
samples, type II spectra typically occur in light to dark brown cassiterites, bearing
essentially higher amounts of minor elements, especially Ti, Nb, Ta, W, Zr, and Fe.
The total amount of water is not significantly correlated with the minor element
content. It is concluded that different OH concentrations reflect different water
activities prevalent during the formation of cassiterite crystals in different geological
environments.

Introduction

The presence of OH defects in nominally anhydrous minerals (NAMS) can
strongly influence their physical and chemical properties (e.g. Rossman, 1990).
The OH concentration may vary as a function of the geological environment
(Ingrin and Skogby, 2000). It is suggested that also crystal chemical or composi-
tional factors control the incorporation of OH groups (Andrut et al., 2003). The
recognition of OH defects in natural cassiterite was initially based on measure-
ments of the electrical conductivity by Kohnke (1962). Beran and Zemann (1971)
and Katiyar et al. (1971) established the presence of OH groups in cassiterites from
natural occurrences by polarised infrared (IR) spectroscopy. OH groups in cassit-
erite were also reported by Rhein (1972) on the basis of electron paramagnetic
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resonance (EPR) measurements. Extended EPR studies revealed the presence of
four paramagnetic centres, one of them, the I centre, is connected with the sub-
stitution process Sn** + 0%~ =Fe** +OH™, (Dusausoy et al., 1988; Ruck et al.,
1989). This substitution mechanism was also proposed by Moller et al. (1988) on
the basis of Mossbauer spectroscopic results on the oxidation state of Fe.

Infrared (IR) spectroscopy provides an extremely sensitive method for detect-
ing trace hydrogen bonded to oxygen in the structure of various NAMS (Beran and
Libowitzky, 2003). The structural information is evaluated from the energy of
the OH stretching vibrations, as these depend on the hydrogen bond lengths and
strengths and consequently on the cations to which the OH groups are coordinated.
Additional information is obtained by using polarised IR radiation. The pleochroic
scheme allows to impose defined constraints on the orientation of the OH dipoles.
The intensity of IR absorption bands provides information on the OH defect
concentration.

Cassiterites from different localities show different absorption patterns. A
doublet band with maxima around 3250 and 3350cm™~! was reported by Beran
and Zemann (1971) in cassiterite crystals cut parallel to the c-axis from Cinovec,
Czech Republic and Araca, Bolivia. Katiyar et al. (1971) presented a polarised IR
spectrum measured at 100 K with significant bands at 3223, 3264, 3279, 3338 and
3358cm~!. Polarised single-crystal spectra of a sample from Vietnam were
presented by Bréhat et al. (1990) showing bands at 3170, 3260 and 3345cm™!.
Cassiterites from Cinovec, Czech Republic and Cornwall, England studied by
Maldener et al. (2001) are characterised by bands centred around 3250 and
3350cm~!. The OH absorption bands of all cassiterite samples are strongly pleo-
chroic. Maximum absorption occurs when the electric vector of the polarised
radiation vibrates perpendicular to the c-axis, thus indicating OH groups at the
oxygen site of the tetragonal rutile-type structure, oriented approximately perpen-
dicular to the plane of the three coordinating Sn atoms (Beran and Zemann, 1971;
Katiyar et al., 1971).

The aim of this paper is to establish the presence and quantity of OH defects in
cassiterites from different localities by FTIR microspectroscopy and to characterise
their structural incorporation mechanisms related to chemical composition and
geological provenance.

Experimental

Samples

Cassiterite single-crystals of gem-quality were isolated, and oriented plates cut and
polished parallel to the c-axis were prepared. Only samples of excellent optical
quality that proved to be free of microscopic inclusions and impurities were used
for the measurements. The accurate thicknesses of the investigated crystal slabs,
ranging around 0.05cm are given in Table 1. Cassiterite samples originate from
localities in the Czech Republic, Portugal, France, England, Russia, Mongolia,
Bolivia and Brazil, representing also different geological environments and genetic
types. Additionally, two synthetic cassiterite crystals grown on native Sn were
studied. The sample characteristics are summarised in Table 1.
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Table 1. Localities, genetic type, thickness and colour of the crystal slabs. H,O contents were calculated
on basis of Beer’s law using the integral molar absorption coefficient ;=65 0001-mol~" H,0 - cm™>
(Maldener et al., 2001)

Sample Locality Genetic type Thickness Colour! H,O content
no. (in cm) (in wt.%)
4 Krupka, Greisen 0.045 light brown 0.0049
Czech Republic
6 Cinovec, Greisen 0.049 light brown 0.0110
Czech Republic
10 Modoto, Mongolia Greisen 0.049 light brown 0.0093
11 Panasqueira, Hydrothermal 0.053 dark brown 0.0120
Portugal vein deposit
12 La Villedas, ? 0.052 colourless 0.0032
France
13 Potosi, Bolivia Cassiterite- 0.053 yellow 0.0170
sulphide type
deposit
14 Synthetic cassiterite Tin melt 0.053 colourless 0.0002
15 Synthetic cassiterite Tin melt 0.054 yellow 0.0008
16 Horni Slavkoyv, Greisen/ 0.053 reddish brown 0.0090
Czech Republic quartz vein
17 Bahia, Brazil ? 0.111 yellow 0.0032
cut gemstone
18 Russia ? 0.061 light brown 0.0082

! Observed under the microscope in regions used for the FTIR spectroscopic water determination

Under the microscope, some samples show a distinct colour zoning, ranging
from colourless to dark-brown. The observed growth textures comprise concentric
banding, oscillatory zoning and sector zoning, sometimes occurring in dimensions
within few tenths of a millimeter.

IR spectroscopy

Polarised single-crystal spectra were recorded from 4000—2700 cm ™! with a Perkin-
Elmer FTIR spectrometer 1760X combined with a Perkin-Elmer FTIR microscope
using 0.60 numerical aperture Cassegrain objectives and a liquid nitrogen-cooled
MCT detector. Background and sample spectra were obtained from 64 scans each in
air and in the sample crystal with 4 cm~! resolution. A gold wire grid polariser was
used with an extinction ratio better than 1:100. Measuring fields were chosen accord-
ing to the dimensions of microscopically homogeneous parts of the crystals with
clearly defined extinction directions; considering a sufficient quality of the spectra,
the minimum size was restricted to about 50 x 50 pm. After background correction
the spectra were deconvoluted in the 3400-3200cm™' range into Voigt-shaped
absorption bands, and their band centre, full width at half maximum and integrated
absorbance were determined with the program PeakFit (Jandel Scientific).
Chemical analyses of selected cassiterite slabs were performed with an auto-
mated ARL-SEMQ electron microprobe at 15kV operating voltage and 15nA
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sample current measured on benitoite. The analyses were corrected by the modified
correction procedures of Armstrong (1984) and Love and Scott (1978). Trace ele-
ment concentrations for two samples were provided by inductively coupled plasma
mass spectrometry (ICP-MS) using a Perkin-Elmer Elan 6100 instrument. The
samples were partially disintegrated with NaOH at 700 °C in a Ni crucible and
diluted in H,O.

Quantitative water determination

In anisotropic crystals normally the sum of the integral absorbances A; measured
with polarised radiation in principal axis directions of oriented crystal sections
result in accurate values of the OH defect concentration (Libowitzky and Rossman,
1996; Beran and Libowitzky, 2003). As expressed by Beer’s law the integral
absorption coefficient a; (cm~2) = A; (cm™!) /t (sample thickness in cm) is directly
related by the integral molar absorption coefficient €; (I - mol~'H,O - cm~?) to the
concentration ¢ (mol-17!). The water content in wt.% is calculated using the
relationship cp,0 =(1.8/D) - (c;/e;), where D is the density of the mineral in
(g-cm™3) (Beran et al., 1993). The integral molar OH absorption coefficient was
determined for cassiterite on the basis of nuclear reaction analysis by Maldener
et al. (2001) and amounts to ;=65 0001-mol~'H,O-cm™2. As discussed by
Maldener et al. (2001) this value is significantly smaller than that expected from
the linear calibration curves given by Paterson (1982) and Libowitzky and Rossman
(1997) and is probably more realistic for the present form of OH defects.

Results

Representative polarised OH absorption spectra of selected cassiterite samples with
the electric vector of the IR radiation vibrating perpendicular to the c-axis are
summarised in Figs. 1, 2 and 3. Two main spectral types can be discerned. Type
I is represented by synthetic cassiterite samples consisting of a single narrow band
centred around 3255 cm~! and a weak shoulder around 3280 cm~! (Fig. 1a). These
samples are colourless to light-brown and contain only trace amounts of Ta, Nb, W,
Zr and Fe. In natural samples included in type I and represented in Fig. 1b by
the Bahia cassiterite (no. 17), the 3255cm~! band is split into two bands with
an additional maximum at 3265 cm™'. Also this sample contains only very minor
amounts of Ta, Nb and Zr. The band positions of selected samples are summarised
in Table 2. The average values of minor elements microprobe analyses performed
in crystal parts also analysed by FTIR microspectroscopy are given in Table 3.
Type II spectra are characterised by the presence of the type I spectral group plus
an additional band group at higher energies, centred around 3340cm~!. Band
splitting within this high-energy group can be observed by the presence of addi-
tional bands centred around 3325, 3350 and 3365cm™'. Usually the band inten-
sities of the high-energy band group are lower than those of the low-energy band
group (see Fig. 2a, cassiterite no. 10), but as documented by the brown to dark-
brown Panasqueira cassiterite (no. 11), examples also exist for type Il spectra with
high intensities of the high-energy band group (Fig. 2b). It is obvious that in
coloured samples the content of the minor elements Ti, Ta, Nb, W and Fe is slightly
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Fig. 1. Polarised single-crystal spectra in the OH stretching vibrational range, with the
electric vector of the polarised radiation vibrating perpendicular to the c-axis. The lower
part of the figures shows the results of the band deconvolution procedure. a Synthetic
cassiterite no. 14, representing type I spectrum. b Cassiterite from Bahia no. 17, natural
sample representing type I spectrum. Note the different absorbance scales due to the great
difference in the OH defect concentration

enhanced. The mostly dominating Ti content is clearly related to the presence
of the band at 3340 cm~'. In dark-coloured samples the background of the OH
absorption bands is significantly enhanced.

Trace element analyses performed on the Krupka (no. 4) and Modoto sample (no.
10) by ICP-MS revealed, in addition to the elements determined by microprobe
measurements, significant amounts of Mg, Al and Mn. The two crystals which were
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Fig. 2. Polarised single-crystal spectra in the OH stretching vibrational range, with the
electric vector of the polarised radiation vibrating perpendicular to the c-axis. The lower
part of the figures shows the results of the band deconvolution procedure. a Cassiterite
from Modoto no. 10, representing type II spectrum. b Cassiterite from Panasqueira no. 11,
representing type II spectrum with a dominating high-energy band group

»
»

Fig. 3. Polarised single-crystal spectra in the OH stretching vibrational range of the
Russian cassiterite no. 18 showing a distinct colour zoning, with the electric vector of the
polarised radiation vibrating perpendicular to the c-axis. The lower part of the figures
shows the results of the band deconvolution procedure. a Colourless, b dark brown, ¢ black
crystal part
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Table 3. Minor elements microprobe analyses of the cassiterite samples. Average values of
three point analyses in wt.%, standard deviations in parentheses. Values of single point
analyses from profile measurements are given for samples no. 13 and 18, representing
cassiterites with distinct colour zoning (Analyst: F. Brandstatter, Naturhistorisches Museum,
Wien). n.d. not detected

Sample no.  TiO; y4(0)) FeO TayOs5 Nb,Os WO;
4 023 (5) 0.04 (1) <0.02 0.06 (5) 0.04 (4) 0.09 (8)
6 0.17 (4) 0.02 (2) 0.07 (2) 0.10 (8) 0.03 (2) 0.09 (9)
10 024 3) n.d <0.02 0.06 (4) n.d. <0.02
11 0.50 (2) 0.02 (2 0.02 (1) 0.08 (8) <0.02 0.05 (5)
12 0.17 (2) 0.02 (2 0.02 (1) n.d. <0.02 0.04 (4)
14 n.d. 0.03 (2) <0.02 0.05 (3) <0.02 0.02 (2)
15 n.d. n.d. 0.06 (3) 0.10 (9) n.d. n.d.
16 030 (7) 0.02 (2) 0.054) <0.02 0.02 (2) 0.32 (9)
17 n.d. 0.02(2) nd. 0.05 () <0.02 n.d.
13/1 n.d. 0.05 0.40 0.10 n.d. 0.14
13/2 n.d. n.d. 0.33 n.d. n.d. 0.69
13/3 <0.02 n.d. 0.30 0.10 n.d. 0.69
13/4 n.d. n.d. 0.36 n.d. n.d. 0.36
13/5 n.d. n.d. 0.34 n.d. n.d. n.d.
13/6 n.d. n.d. 0.30 0.03 n.d. n.d.
13/7 n.d. 0.05 0.17 n.d. n.d. n.d.
13/8 n.d. n.d. 0.14 0.03 n.d. n.d.
13/9 0.02 n.d. 0.09 0.03 n.d. n.d.
13/10 n.d. n.d. 0.09 n.d. 0.03 0.40
18/1 0.13 0.05 0.07 0.03 0.03 n.d.
18/2 0.09 n.d. 0.06 n.d. 0.03 n.d.
18/3 0.14 n.d. 0.03 n.d. 0.03 n.d.
18/4 0.10 n.d. 0.03 0.14 n.d. n.d.
18/5 0.14 0.05 0.06 0.21 0.03 0.04
18/6 0.09 n.d. n.d. 0.17 0.03 0.11
18/7 0.10 n.d. n.d. 0.07 0.03 0.07

available for the trace element analyses showed differently coloured parts. After
breaking to small pieces, both crystals were divided in a light and dark brown species
and separately analysed. The values are summarised in Table 4. Very minor amounts
of Ca, Si and P were detected by the X-ray fluorescence method. As indicated by the
Y value, rare earth elements are generally below 1 wt. ppm. It is worth to note the
relatively high amounts of Hf, especially in comparison with the relatively low Zr
values, indicating a highly fractionated fluid phase. The IR spectra of differently
coloured zones of a large crystal from the Russian locality (no. 18) clearly demon-
strate the varying intensity ratios of the high- and low-energy band groups related to
the colour of the crystal (Fig. 3a—c). As evident from Table 2, except the colourless
crystal part which shows a slightly lower water content, the OH defect concentration
within differently coloured zones remains nearly constant, i.e. the total amount of
water is not significantly correlated with the total amount of minor elements.



OH defects in cassiterite 229

Table 4. Trace element content determined by ICP-MS for the cassiterite samples no. 4 and
10 inwt. ppm. Light and dark parts of the crystals were separately analysed. Errors are in the
range around 10rel. % (Analyst: P. Spindler, ARC Seibersdorf Research)

Elements Sample no. 4 Sample no. 10

light dark light dark
Li 7 3 2 2
Be <1 <1 <1 <1
Mg 160 140 120 170
Al 210 170 270 290
Ti 2600 3200 3900 4100
Mn 100 250 60 81
Fe 630 490 650 700
Rb <10 <10 <10 <10
Y <1 <1 <1 <1
Zr 120 150 170 200
Nb 230 240 230 300
Sb 5 5 5 4
Cs 7 7 7 6
Hf 10 13 91 110
Ta 22 16 100 85
' 260 230 84 140
Tl <0.1 <0.1 <0.1 <0.1
Pb 8 4 13 15
Bi <1 <1 <1 <1
Th <0.1 <0.1 <0.1 <0.1
U 5 12 6 11

| #3255 cm! o 3340 om”

Fig. 4. Linear absorption coefficient of the OH bands at 3255 cm~! (symbol circles) and
3340 cm~! (symbol squares) correlated to the rotation of the vector of the polarised radiation
on a cassiterite plate polished parallel to the c-axis (cassiterite from Modoto no. 10)

Both band groups are strongly pleochroic with maximum absorption perpendic-
ular to the c-axis (Fig. 4). However, it must be noted that slight differences in the
pleochroic ratio do exist, thus indicating slightly different deviations of the OH
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dipole directions from the normal to the c-axis. As an average, the minimum/
maximum ratio amounts to 1/10. The IR spectroscopically determined absolute
water content is extremely low for the synthetic samples and amounts to values
below 10 wt. ppm (Table 1). The water content of the natural samples ranges up to
0.017 wt.%. This value is represented by a samples from hydrothermal vein deposit
(Potosi no. 13). The Panasqueira sample, containing 0.012wt.% H,O, is also
of hydrothermal origin. Cassiterites from greisen occurrences typically contain
0.009 wt.% H,0 (Table 1).

Discussion

Type I spectrum with the characteristic band at 3255 cm™! is the typical absorption
pattern of synthetic cassiterite and colourless to very light-brown natural samples
which represent the purest phases (e.g. Bahia no. 17). Accordingly, the band at
3255cm™~! is assigned to OH defects of the “ideal” structure where the OH defect
sites are coordinated to three Sn atoms. The second group of bands centred around
3340cm™!, which is the characteristic feature of type II spectra is mostly promi-
nent in brown to dark-brown coloured samples containing relatively high amounts
of minor elements. Ti is clearly correlated with the intensity of the 3340cm™!
band. This is demonstrated in Fig. 5 showing the correlation between the ratio
of the linear absorbances of the 3340 and 3255 cm~! bands and the TiO, content.
Consequently the 3340 cm ™! band is assigned to OH defects where Ti is part of the
coordinating cations. This band could be due to OH defects, coordinated by two Sn
and one Ti atom. However, charge balance must be provided by the presence of
di- or trivalent cations; we also have to consider the presence of Ti*t, or vacant
cation sites neighbouring the OH defects.

From the band position information on the hydrogen bond system can be
obtained. Empirical correlation diagrams of OH stretching frequencies versus
O-H. . .O distances were presented by Novak (1974) and especially for minerals by
Libowitzky (1999). From these diagrams a relatively strong hydrogen bond with

0.6
- y = 0.3302x + 0.0042,5 .,

;\-o? 04 /
s 16
2 03 *
o) *4 ’10/
- 02 12¢ 4 6 Fig. 5. Ratio of the linear
0.1 18f3¢ iy absorbances of the 3340 and
' 18/6 o4 3255cm~! bands plotted ver-
015 43 . . . sus the analytical TiO, con-
2)417 tent in wt.%, demonstrating a
0.5 1 1.5 2

significant correlation. Sample
Ratio As3s0/As255 no. refer to Table 1
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O-H. . .O distances of about 2.75-2.80 A can be deduced. Assuming an OH dipole
direction approximately perpendicular to the plane of the three coordinating
cations, a strong local distortion of the structure would be required. However,
hydrogen bond distances can only be predicted with limited precision from these
correlation diagrams, especially for OH defect structures.

The band splitting within the low-energy band group centred at 3255 cm ™! with
additional bands at 3265 and 3280 cm™! can be explained by a different coordina-
tion of the acceptor oxygen atoms of the hydrogen bonds. In the ideal case of the
SnO, structure also the acceptor oxygen is coordinated by three Sn atoms. The
replacement of Sn, coordinating the acceptor oxygen, by one of the minor elements
would result in a slight shift of the band maximum to slightly higher wavenumbers.
This assignment is supported by the fact that the intensities of these two additional
bands are correlated to the intensity of the high-energy band group, that is clearly
demonstrated in the spectrum of the Panasqueira cassiterite (Fig. 2b, no. 11). The
same situation holds for the split bands of the high-energy band group, where both,
the donor and the acceptor oxygen of the O—H...O bond have a complex coordi-
nation with different cations present as minor elements (Tables 3 and 4). Additional
absorption bands can also be explained by the presence of cation vacancies which
would result in a two-fold coordination of the OH defect positions.

Geochemical aspects

Many papers are dealing with the geochemistry of cassiterites with respect to the
frequently observed colour zoning. According to Farmer et al. (1991) cathodolu-
minescence of zoned cassiterites is controlled by the substitution of Ti, Fe and W
for Sn in the crystal structure. Ti and W behave as luminescence activators whereas
Fe quenches luminescence. Based on scanning electron microscopy, electron mi-
croprobe and Mossbauer spectroscopy, Moller et al. (1988) concluded that the
substitution of Sn by (Ta, Nb) + Fe>* and by W + Fe** are important mechanisms
for the structural incorporation of these elements in cassiterite and that this incor-
poration is indistinguishable from the presence of submicroscopic inclusions of
(Ta, Nb) oxide minerals of corresponding composition. A detailed microprobe
study of cassiterites from tin and tungsten deposits of Portugal was presented by
Neiva (1996), showing that the darker zones of the cassiterite samples have essen-
tially more Nb, Ta and Fe than the lighter zones which are nearly pure SnO;. The
dark zones show exsolved columbite-tantalite and ixiolite, rarely tapiolite, rutile
and ilmenite. Microprobe analyses of dark-brown pegmatitic cassiterites from the
Czech locality Recice (Novak, 1999) reveal Ta,Os contents up to 2.2 wt.% and FeO
contents up to 0.6 wt.%; the Nb,Os contents average around 1 wt.%. Cassiterites
from tin and tungsten deposits of Spain have been studied by microprobe and EPR
spectroscopy by Izoret et al. (1985). The dark zones are enriched in Ti, Fe, Nb and
Ta, in the light coloured zones only Ti was detected in very small amounts. An EPR
study of Ruck et al. (1989) confirmed the relatively high concentrations of Nb and
Fe in dark-coloured parts of cassiterites in comparison to the Nb and Fe poor and
clearer crystal parts.

These studies on the chemical variability of cassiterites agree with the observa-
tions of the present study (see Tables 3 and 4). The spectral types are related to the
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colour of the cassiterite crystals. However, a significant correlation with the spec-
tral type can only be established for the Ti content. No bands are especially corre-
lated to the presence of Ta, Nb or W. No indications exist for the expected
correlation of the OH concentration or of a spectral feature with the Fe content.
This observation slightly supports the idea that part of these elements are present
in form of submicroscopic phases, thus not available for charge compensation
mechanisms. The detailed FTIR microspectroscopic study of the zoned Russian
crystal (see Fig. 3) showed that the OH concentration remains practically constant
within the crystal, independent from their colour and spectral type, and that asso-
ciation of the OH incorporation with the minor element content is limited.

Due to the different water contents of the individual samples it is evident
that there is an environmental factor, distinct from crystal chemistry and charge
balance effects. It is concluded that OH incorporation is only partly related to the
substitution of tri- and penta-valent cations for Sn, but also gives an indication for
different water activities prevalent during the formation of cassiterite crystals in
the corresponding geological environment. This behaviour is similar to that ob-
served for OH defects in rutiles from geologically different occurrences (Hammer
and Beran, 1991; Viassopoulos et al., 1993). Compared to rutile, showing water
contents up to tenths wt.%, the OH concentrations in cassiterite appear to be
generally lower.

The “varlamoffite problem”

In a Russian paper by Sidorenko et al. (1993) the secondary tin mineral varlamof-
fite was redefined (for English abstract see Jambor et al., 1995). Varlamoffite has
a cassiterite-like structure with the generalised formula Sn;_,Fe,O,_(OH),.
The studied sample from the Tigrinoe deposit has the average composition
SnyFeOs(OH). The IR spectrum in the OH stretching vibrational region is char-
acterised by a broad absorption band centred around 3400cm~'. A weaker, but
also broad band is located around 3200cm~'. The IR spectrum of varlamoffite
from the Australian Sardine mine published by Taylor et al. (1970) shows a broad
band around 3300cm~!. No similarities are evident between the OH absorption
features of cassiterite and varlamoffite. Based on these spectroscopic data and as
originally discussed by Beran and Zemann (1971), the presence of varlamoffite as
an included secondary hydrous phase can be ruled out. Further it is concluded
that the observed hydrogen content of the cassiterite crystals presents a primary
trace element incorporation and not the result of late hydrothermal alteration
processes.
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