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Crystal-chemical properties, and octahedral substitution role in particular, of beryl from weakly fractionated intragra-
nitic pegmatite at Predné Solisko, VWsokeé Tatry Mts. (Slovakia) is described in detail. The studied beryl was found
in granitic pegmatite derived from biotite I-type granodiorite. It has a weakly zoned core with variable Fe and Mg
contents but constantly high Na. The rim zone shows weak irregular chemical zoning with low Na and Mg, the latter
dominating over Fe. The total Al content varies between 1.77 and 1.87 apfu; Al is substituted by Fe (0.03-0.07 apfu)
and mostly by Mg (0.02-0.13 apfu). The decrease in octahedral site charge is mostly balanced by Na (0.05-0.30 apfu).
However, the Na content in the rim is insufficient for balancing octahedral Fe + Mg, implying that at least a part of
Fe is ferric. The c/a ratio is typical of “normal” beryl but its low value suggests dominant octahedral substitution.
The 2b channel site is occupied by Na, Ca, REE and Sr. At the larger 2a site, Cs is clearly the most abundant (up to
3919 ppm). Water is present as both type I and type Il but with large dominance of doubly coordinating H,O type I
suggesting relatively fluid-rich genetic environment. The composition of beryl reflects the source rock of pegmatitic
melt; I-type granitoids are generally enriched in Mg compared to S-type ones and consequently, the °Na®Mg°a_°Al_,
substitution may play a more important role in beryl from I-type derived pegmatites such as Predné Solisko. The
geological position of the studied intragranitic pegmatite excludes the possibility of contamination from the host rock
and the beryl chemistry, therefore, reflects faithfully the pegmatitic melt composition.
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1. Introduction

Beryl is the most widespread beryllium mineral in rare-
element, beryl and complex type of the LCT (Li—Cs—Ta)
suite and, less frequently, in the NYF (Nb-Y-F) suite of
granitic rare-element pegmatites (Cerny and Ercit 2005).
Beryl is the first rare-element mineral to crystallise in the
evolutionary sequence of the LCT pegmatites and it is
a characteristic phase in the relatively less fractionated
granitic pegmatites of the beryl-columbite subtype. The
latter subtype normally lacks Li and Cs minerals but
commonly occurs with Nb—Ta oxide minerals, especially
with columbite group members (Cerny 2002; London and
Evensen 2002; London 2008). These pegmatite popula-

tions are usually closely connected with their parental
granitic rocks; the pegmatite dikes are situated directly
in the granites or in the metamorphic country rocks, near
the granite exocontact.

Beryl chemistry results from heterovalent substitutions
at octahedral and tetrahedral sites (e.g., Wood and Nas-
sau 1968; Aurisicchio et al. 1988). These substitutions
influence the lattice parameters which allows the defini-
tion of three beryl series on the basis of the c/a ratio:
(1) the “octahedral” beryls, in which Al < Me*" rep-
resents the main isomorphous replacement (c/a =
0.991-0.996); (2) the “tetrahedral” beryls, where Be
<> Li is the main substitution (c/a = 0.999-1.003) and
(3) the “normal” beryls where the two substitutions occur
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Fig. 1 Simplified geological map of Vysoké Tatry Mts. (adapted after Hok et al. 2014).

together, though to a limited extent (c/a = 0.997-0.998)
(Aurisicchio et al. 1988).

Beryl composition influenced by the main substitutions
is a sensitive indicator of the pegmatite environment
and fractionation degree (Cerny 2002; Simmons 2007;
Turner et al. 2007; Groat et al. 2010; Novak and Filip
2010; Aurisicchio et al. 2012). Tetrahedral substitution
is typical of beryl from fractionated Li,Cs-rich granitic
pegmatites (Aurisicchio et al. 1988, 2012; Cerny 2002;
Simmons 2007; Turner et al. 2007). Beryl from relatively
less fractionated Li,Cs-poor granitic pegmatites is more
influenced by the octahedral substitution (Aurisicchio et
al. 1988; Cerny 2002; Uher et al. 2010). This Fe and Mg
enrichment in beryl is usually connected with weaker
fractionation or contamination of granitic pegmatites
(e.g., Schaller et al. 1962; Aurisicchio et al. 1988, 2012;
Uher and Broska 1995; Cerny 2002; Cerny et al. 2003;
Wang et al. 2009; Beal and Lentz 2010; Novak and Filip
2010; Uher et al. 2010; Aurisicchio et al. 2012; Ptikryl
et al. 2014). However, the crystal-chemistry of Fe,Mg-
enriched beryl from primitive, weakly fractionated peg-
matites has been studied rather scarcely (e.g., Schaller et

al. 1962; Aurisicchio et al. 1988, 2012; Novék and Filip
2010; Uher et al. 2010).

The aim of this study is a detailed description of crystal-
chemical and genetic properties of beryl from weakly frac-
tionated pegmatite of Predné Solisko, \Wsoké Tatry Mts.
(Slovakia) and determination of octahedral substitution role
in beryl. Beryl chemical composition will be determined by
combining electron-microprobe analysis (EMPA) and laser-
ablation inductively-coupled plasma mass-spectrometry
(LA-ICP-MYS), structural properties by powder X-ray dif-
fraction (XRD), water behaviour by Fourier-transform infra-
red (FTIR) and Raman spectroscopy. Based on the analytical
data, we determine and interpret the influence of structural
properties and genetic conditions on the range of octahedral
substitution during beryl crystallisation.

2. Geological setting of the beryl
occurrence

The Tatra Mts. are composed of Paleozoic metamorphic and
granitic rocks overlain by sedimentary rocks of Mesozoic
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and Cenozoic age. While metamorphic rocks are abundant
in the western part of the Tatry Mts. (Zapadné Tatry Mts.),
they form only xenoliths in I- or mixed I/S-type granitoids
in the easterly High Tatras (Vysoké Tatry Mts.) (Petrik et al.
1994; Broska and Uher 2001; Gawgda et al. 2016). Granitic
and metamorphic rocks form the crystalline basement of the
Tatric Unit of the Inner Western Carpathians and the granitic
rocks are cut by numerous pegmatite, aplite and quartz veins
(Andrusov 1968; Mahel’ 1986; Hok et al. 2014).

The lower intercept U-Pb zircon dating indicates that
the youngest magmatic age should be 314+4 Ma, with
melting and migmatization at 332+5 Ma (Poller and
Todt 2000; Poller et al. 2000). The “Ar/*Ar laser-probe
biotite dating yielded cooling ages of 300-330 Ma (Janak
1994; Kohut and Sherlock 2003). Furthermore, apatite
and zircon fission-track data document that complex Al-
pine tectonic reorganisation and gradual uplift occurred
between 95 and 7 Ma (Kralikova et al. 2014). During the
Miocene, the arca was affected by strong deformation
(PlaSienka 1999; PeSkova et al. 2009).

Beryl has been described in rare-element granitic
pegmatites from several mountain regions in the Tatric
Unit of the Western Carpathians: Ziar Mts. (Fiala 1931),
the Bratislava granitic Massif of Malé Karpaty Mts.
(Gargulak and Vanek 1989; Uher 1994; Uher and Broska
1995; Ozdin 2010; Uher et al. 2010; Fridrichova et al.
2016), the Bojna granitic Massif of Povazsky Inovec
Mts. (Uher 1991, 1992; Uher and Broska 1995; Uher et
al. 2010), and the Prasiva intrusion in the Low Tatra Mts.
(Pitonak and Janak 1983; Uher 1992; Uher and Benko
1997). Beryl of the West-Carpathian pegmatites occurs
usually in a quartz core or in coarse to blocky quartz
+ K-feldspar (rarely albite) + muscovite unit, rarely in
fine-grained saccharoidal albite (Uher et al. 2010; Ozdin
2010). Cerny and Ercit (2005) classification assigns the
West-Carpathian pegmatites to a beryl type, a beryl-co-
lumbite subtype and LCT family. They lack essential Li
and Cs minerals, but are relatively rich in Na, Mg and Fe,
and this is reflected in their beryl compositions.

The beryl studied herein was the first discovered in the
High Tatras Mountains; a completely new pegmatite local-
ity. The described beryl-bearing granitic pegmatite (Fig. 1)
is situated between the Pod Soliskom cottage and Predné
Solisko Peak (2093 m a.s.l.), approximately 250 m SSE
of the Peak, near Strbské Pleso settlement. The pegmatite
dike GPS coordinates are: N 49°8'48.86", E 20°2'24.91".

3. Experimental and analytical methods

3.1. Electron-microprobe analysis (EMPA)

The chemical composition of beryl and associated min-
erals was established using a CAMECA SX100 electron

microprobe at the State Geological Institute of Dionyz
Star, Bratislava. The measurements were carried out in
wavelength-dispersion mode, under the following condi-
tions: accelerating voltage 15 kV, beam current 20 nA,
and beam diameter 5 um. The samples were analyzed
with the following standards: wollastonite (Si K , Ca
K. TiO, (Ti K ), ALLO, (Al K ), pure Cr (Cr K ), fayalite
(Fe K ), rhodonite (Mn K ), MgO (Mg K ), pure Ni (Ni
K, pure Zn (Zn K ), albite (Na K ), orthoclase (K K ),
Rb,ZnSi O, glass (Rb L) and pollucite (Cs L ). The
measured elements detection limits ranged from 0.01 to
0.05 wt. %; V, Zn, Sr, Rb and Cs were below detection
limits in all analyses. The beryl crystal-chemical formula
was then calculated on the basis of 8 O+T cations and
BeO of 3.00 apfu (atoms per formula unit).

3.2. Laser Ablation-Inductively Coupled
Plasma-Mass Spectrometry (LA-ICP-MS)

The LA-ICP-MS apparatus at the Department of Chem-
istry, Masaryk University, Brno, consists of a UP 213
laser-ablation system (New Wave Research, Inc., Fre-
mont, USA) and Agilent 7500 CE ICP-MS spectrometer
(Agilent Technologies, Santa Clara, USA). A commer-
cial Q-switched Nd-YAG laser-ablation device works
at the 5" harmonic frequency corresponding to 213 nm
wavelength. The ablation device is equipped with a
programmable XYZ-stage to move the sample along the
programmed trajectory during ablation. Target visual in-
spection and photographic documentation were achieved
by built-in microscope/CCD-camera system.

A sample was enclosed in the SuperCell (New Wave
Res., USA) and was ablated by the laser beam, which was
focused onto the sample surface through a quartz window.
The ablation cell was flushed with helium carrier gas
which transported the laser-induced aerosol to the induc-
tively coupled plasma (1 1/min). Sample argon gas flow
was admixed with the helium carrier gas flow after laser
ablation cell to 1.6 | min total gas flow. NIST SRM 610
silicate glass reference material was used to optimise the
gas flow rates, the sampling depth and MS electrostatic
lens voltage in LA-ICP-MS conditions. This provided
maximum signal to noise ratio and minimum oxide for-
mation (ThO*/Th* count ratio 0.2 %, U*/Th* counts ratio
1.1 %). Laser ablation required 100 um laser spot diam-
eter, 8 J cm= laser fluence and 20 Hz repetition rate. The
fixed sample position during laser ablation enabled 60 s
hole-drilling duration for each spot. All element measure-
ments were normalised on 2Si in the investigated beryl.

3.3. Powder X-ray diffraction analysis

Powder X-ray diffraction analysis was carried out by
BRUKER D8 Advance diffractometer (Laboratory of
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Fig. 2 Pegmatitic dike in granodiorite and details of blocky to core pegmatite zone.

X-ray diffraction SOLIPHA, Comenius University in
Bratislava, Faculty of Natural Sciences) under the fol-
lowing conditions: Bragg—Brentano geometry (Theta—
2Theta), Cu anticathode (K , = 1.5406 A), accelerating
voltage 40 kV and beam current 40 mA. Ni K, filters
were used for stripping K, radiation, and data were ob-
tained by BRUKER LynxEye detector. The step size was
0.01° 26, counting time 3 s per step and measurement
ranged from 2 to 65° 26. Analysed scans were fitted and
lattice parameters refined with DIFFRACplus TOPAS
software using the beryl structural model (Aurisicchio
et al. 1988).

3.4. Fourier transform infrared (FTIR) and
Raman spectroscopy

Fourier transform infrared (FTIR) spectra in the 4000-
400 cm~ IR region were obtained from powder by Nico-
let 6700 spectrometer from Thermo Scientific (Institute
of Inorganic Chemistry, Slovak Academy of Sciences,
Bratislava) with a DTGS detector and KBr beam splitter.
Spectra were collected by co-addition of 128 scans at a
resolution of 4 cm=t. The KBr pressed-disc technique

required 1 mg of sample and 200 mg of KBr. The discs
were heated in a furnace at 150 °C overnight and spectra
measured with a spectrometer purged with dry air to
minimize water adsorption on both the sample and KBr.
The OMNIC™ Thermo Electron Corporation software
package was used for spectral handling and baseline
subtraction.

The sample was sliced and the polished section used
for Raman spectroscopy. Raman analysis was performed
by LabRAM-HR Evolution (Horiba Jobin-Yvon) spec-
trometer system with a Peltier cooled CCD detector and
Olympus BX-41 microscope (Earth Science Institute,
Slovak Academy of Sciences, Banska Bystrica). Ra-
man spectra were excited by 532 nm frequency-doubled
Nd:YAG laser and a 520.6 cm=silicon wafer enabled
spectral calibration. Spectra ranged from 100 to 4000
cm™ with acquisition time of 10 s per frame and 2 ac-
cumulations.

Both infrared and Raman spectra were processed
in Seasolve PeakFit 4.1.12 software. Raman and ab-
sorption bands were fitted by Lorentz function with
automatic background correction and Savitzky—Golay
smoothing.
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4. Results

4.1. Beryl description

The studied beryl comes from
a ¢. 10 cm thick dike of gra-
nitic pegmatite cutting biotite
granodiorite. Beryl forms ~1 cm
long, pale blue-green euhedral
to subhedral hexagonal pris-
matic crystals in blocky to core
pegmatite zone (Fig. 2). Associ-
ated main minerals are quartz,
K-feldspar, albite and muscovite,
with accessory garnet (spes-
sartine—almandine), zircon, apa-
tite, and xenotime-(Y). Beryl
contains anhedral to subhedral
inclusions and intergrowths of
quartz, K-feldspar, muscovite,
epidote to clinozoisite and cal-
cite (Fig. 3).

4.2. Beryl chemical
composition

The studied beryl shows a weak
chemical zoning due to variable
octahedral- and channel-site oc-
cupancy. The relatively small
core has growth zones with pris-
matic faces parallel to the c axis
enclosed by the pyramidal faces
(Fig. 3a). The central core area
has relatively low Fe and Mg
contents but high Na (Tab. 1;
Fig. 4, point 9). It is overgrown

Tab. 1 Representative chemical compositions of beryl from Predné Solisko

1 3 5 6 9 10 12 13
sio, 66.63  67.17  66.90  66.07 66.76 6636  67.13  67.13
TiO, 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00
ALO, 1710 1750 1731  16.88 1741  16.66 1745  17.53
cr,0, 0.00 0.02 0.03 0.00 0.00 0.00 0.01 0.01
BeO* 1373 1388 1379 1364 1371 1365  13.83  13.87
FeO 0.65 0.62 0.63 0.76 0.39 0.79 0.50 0.58
MnO 0.03 0.02 0.00 0.03 0.03 0.07 0.04 0.03
MgO 0.42 0.40 0.34 0.51 0.14 0.47 0.31 0.37
NiO 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00
Cao 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01
Na,0 0.42 0.45 0.48 1.58 1.67 1.61 0.38 0.38
K,0 0.03 0.02 0.01 0.00 0.02 0.00 0.03 0.02
H,0* 1.19 1.22 1.25 2.18 2.26 2.20 1.16 1.16
Total 10022 10131 100.75 101.66 1024  101.84 100.86  101.09
Si+ 6059 6041 6058 6049 6079  6.072  6.060  6.043
AP+ 0.000  0.000 0000 0000 0000 0000 0000  0.000
T-sum 6059 6041 6058  6.049 6079  6.072  6.060  6.043
Be> 3000 3.000 3000 3000 3000  3.000  3.000  3.000
it 0.000  0.000 0000 0001 0000 0000 0001  0.000
AP+ 1832 1855 1847  1.821  1.869 1796  1.856  1.860
cr 0.000  0.001 0002 0000 0000 0000 0001  0.001
Fe? 0.049  0.046 0047 0058 0030 0060  0.038  0.044
Mn2* 0.002  0.002 0000 0002 0003 0005 0003  0.003
Mg>* 0.057  0.054 0045 0069 0020 0065 0042  0.050
Ni2* 0.000  0.000 0000 0000 0000 0002 0000  0.000
O-sum 1941  1.959 1942 1951 1921  1.928  1.940  1.957
ca 0.001  0.001 0001 0000 0001 0001 0001  0.001
Na* 0.074 0078 0085 0281 0295 0285 0066  0.067
K- 0.004  0.002 0001 0000 0002 0000 0003  0.002
H,0* 0.362  0.366 0377 0667 0686 0672 0349  0.349
xg 1559 1553 1536  1.052  1.015  1.042 1581  1.582
C-sum. 0.441 0447 0464 0948 0985 00958 0419  0.418

Analyses acquired by electron microprobe are first reported in wt. %, and then converted to apfu based
on 8 O+T cations per formula unit

*BeO was calculated assuming 3.00 apfu

'H,0 content calculated from empirical equation H,O (in wt. %) = 0.84958 x Na,O (in wt. %) + 0.8373
(Giuliani et al. 1997).

by the Fe- and Mg-rich zone with high Na content similar
to central zone (Tab. 1; Fig. 4, points 6-9 and 10-11).
The external part of the core is composed of beryl with
low Na, Fe and Mg content (Tab. 1; Fig. 4, points 3-5
and 12). The rim zone forms most of the crystal volume
and has weak irregular chemical zoning with low Na and
Mg dominating Fe (Tab. 1; Figs 3—-4, points 1, 2 and 13).

The total Al content varies between 1.77 and 1.87
apfu; Al is substituted by Fe (0.03-0.07 apfu) and mostly
by Mg (0.02-0.13 apfu). The decrease in octahedral
site charge is balanced by alkali input in the channel:
mostly Na (0.05-0.30 apfu). The resultant octahedral
“Na°(Fe,Mg)co_,°Al_, substitution results in a very good
correlation (Fig. 5a). When the content of Fe  and Mg
as possible substituents at the octahedral site is com-
pared to channel alkalis, the rim compositions with low
octahedral substitution are above the ideal correlation

line (Fig. 5b). This indicates possible presence of Fe’*.
After the subtraction of excess Fe, the remainder can be
treated as Fe*". Consequently, it is possible to distinguish
the influence of partial “Na°Mg°o_°Al , and “Na°Fe®
o_,°Al_, substitutions (Fig. 5¢c-d). Most compositions are
Mg-dominant. When alkali content is compared to each
cation, Na-poorer compositions display better correlation
to Mg (Fig. 5¢—d).

The dominance of octahedral substitution is also mani-
fested in cell dimensions refined from powder XRD data
(Tab. 2). The c/a ratio is typical of “normal” beryl sensu
Aurisicchio et al. (1988) but its relatively low value sug-
gests octahedral substitution prevailing over tetrahedral
one (Fig. 6). This is entirely consistent with EMPA data.

Laser-ablation analyses (Tab. 3) highlights the follow-
ing; Cs has the highest concentrations of investigated
beryl trace elements, with 2,800 to 4,000 ppm range and
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Tab. 2 Unit-cell parameters of the studied beryl and their assignment to a substitution series after Aurisicchio et al. (1988) compared to other

Western Carpathian beryls

a[A] c [A] V [A%] cla Reference
Predné Solisko 9.2199(5) 9.1916(5) 676.66(8) 0.997 normal this work
Bratislava — Svabsky Hill 9.2248(3) 9.2132(2) 678.98(4) 0.999 tetrahedral Uher et al. (2010)
Bratislava — Lis¢ia straii 9.2083(7) 9.1847(8) 674.46(12) 0.997 normal Fridrichové et al. (2016)
Bratislava — Dibravka 9.220(3) 9.191(3) 676.6(4) 0.997 normal Fridrichové et al. (2016)
Bratislava — Sitina 9.2619(4) 9.1837(7) 682.26(7) 0.992 octahedral Ozdin (2010)
Moravany nad Véhom 9.2179(3) 9.2033(4) 677.23(5) 0.998 normal Uher et al. (2010)

3,200 ppm average. Other elements include Ca, K, Li, Zn,
and Mn (100-670 ppm), Rb (15-50 ppm) and Ga (20-30
ppm). The remaining measured trace elements in beryl
reach only < 10 ppm. The Cs/Rb ratio is 60-207 with 102
in average and Cs/Li ratio is 5-32 with 11 in average.

4.3. Raman and FTIR spectroscopy

The bands (Fig. 7; Tab. 4) observed in the powder IR
spectrum of the studied sample were assigned to A,
mode at 437, 522 and 747 cm, and bands associated

Fig. 3 Back-scattered electron (BSE) images of beryl (Brl): a — Detail of
zoned core and relatively unzoned rim; b — Apical part of beryl crystal
with inclusions of quartz (Qz), muscovite (Ms), K-feldspar (Kfs) and
epidote (Ep).

with E, mode were 492, 592, 652, 681, 808, 957, 1020
and 1200 cm.

Water in the channel site was also studied by the
powder IR spectroscopy (Fig. 7; Tab. 4); H,O I-v,, v,;
H,0 Il-v, ., v,, v,bands of two water types were de-
tected. The first type is assigned to the following bands:
(1) antisymmetric stretching mode v, for 3698 cm™" and
(2) bending vibration v, for 1603 cm™'. The second water
type is connected with alkali cations. The range for v, is

Tab. 3 Minimal, maximal and average trace-element contents (in ppm)
from 15 LA-ICP-MS spot analyses

Minimal Maximal Average D.L.
Li 96 668 293 0.28
B b.d.l. 12.6 4.3 1.5
K 147 3611 543 3.9
Ca 216 600 400 45.3
Sc 2.2 3.6 3.0 0.17
Ti 2.0 7.4 4.7 0.51
\Y 15 5.2 2.2 0.05
Cr 0.0 15 0.2 0.27
Mn 94 311 154 0.32
Co 0.3 0.9 0.6 0.04
Zn 148 268 204 0.23
Ga 17 28 22 0.04
Ge 1.2 39 2.0 0.22
Rb 14 47 31 0.06
Sr 0.4 7.2 3.7 0.03
Sn 0.00 0.98 0.13 0.90
Cs 2693 3919 3192 0.02
Ba b.d.l. 33 3 0.08
Ce b.d.l. 0.04 0.01 0.01
Nd b.d.l. 0.08 0.01 0.06
Th b.d.l. 0.01 b.d.l. 0.01
Dy b.d.l. 0.05 b.d.l. 0.04
Er b.d.l. 0.06 b.d.l. 0.03
™ b.d.l. 0.01 b.d.l. 0.01
Yb b.d.l. 0.08 0.02 0.00
Lu b.d.l. 0.01 b.d.l. 0.01
Hf b.d.l. 0.05 0.01 0.00
Ta b.d.l 0.25 0.06 0.01
Tl b.d.l. 1.97 0.95 0.46
Pb 0.09 0.96 0.52 0.02
Th b.d.l. 6.46 0.43 0.00
b.d.l. 0.97 0.17 0.01

D.L. — detection limit, b.d.l. — below the detection limit
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Fig. 4 Compositional profile (lower image, plotted in apfu) across beryl core (upper BSE image).

3588-3598 cm™" — singly and doubly coordinating H,O,
for v, 3656 cm™, and for v, 1635 cm™'. All these bands
agree with published values (Lodzinski et al. 2005; Fu-
kuda and Shinoda 2008).

The Raman bands (Fig. 8; Tab. 5) were assigned
to A, modes at 322, 397, 686, and 1068 cm™, E, at
141, 526, 762 and 1011 cm and E, modes at 420,

445, 563, 776 cm. Raman spectroscopy was also
performed for water behaviour (Fig. 8; Tab. 5). We
distinguished only v, assigned to 3608 cm™' for water
type I and 3597 cm™! for water type Il. No other water
vibrations were determined by Raman spectroscopy.
This is most likely due to random sample orientation
to the laser beam.
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Fig. 5 Octahedral substitution diagram (a) and diagrams comparing Mg+Fe , sum (b), Mg (c) and Fe*" (d) to Na+K+Rb+Cs contents. The
pegmatites with an affinity to I-type source granitoids (Predné Solisko and PraSiva) are indicated by grey symbols. PraSiva Massif beryl analyses
are taken from Fridrichova et al. (2016), Bratislava and Bojna massifs from Uher et al. (2010), Fridrichova et al. (2016) and Bratislava — Sitina

beryl from Ozdin (2010).
5. Discussion and conclusions

Octahedral substitutions are homovalent for trivalent
cations Fe**, Mn**, Cr**, V3, and Sc*" and heterovalent
for cations with different charges. These latter require
charge-balance by including alkalis such as Na*, K*, Rb*
or Cs™ in the channel sites (Aurisicchio et al. 1994).
Predné Solisko beryl, and other beryls from the West-
ern Carpathians, are exceptional in their conformity. They
are very close to end-member composition and contain

no significant amounts of minor or trace elements ex-
cept Fe, Mg, Na and Cs (Uher et al. 2010; Ozdin 2010;
Fridrichova et al. 2016). As previously noted, Fe and
Mg affinity to octahedral substitution is expected and
documented (Fig. 5a).

Aluminum is the main element at the octahedral site,
Mg and Fe are its other major substituents. Magnesium
is a typical octahedral constituent, although similar ionic
radius (0.57 A; Shannon 1976) to Li makes it appropri-
ate for tetrahedral coordination. Interestingly, Meagher
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Tab. 4 Infrared bands and their assignment

References Sample
A, 1 437
1 522
1 747
» 1 492
1 592
1 652
1 681
1 808
Si-O 1 957
Si-O 1 1020
Si-O 1 1200
HO1v, 2,3 1603
HOIIv, 2,3 1635
H,O IIs v, 2,3 3588
H,0 IId v, 2,3 3598
H,0 1l v, 2,3 3656
HOTv, 2,3 3698

References: 1 — Adams and Gardner (1974); 2 — Lodzinski et al. (2005);
3 - Fukuda and Shinoda (2008)

and Gibbs (1968) reported that Mg in high-temperature
treated cordierite engendered disorder with Al at octahe-
dral and tetrahedral sites. However, the specific disorder
environment and the slight difference in cordierite and
beryl structures suggest that the Mg presence at the tet-
rahedral site of the untreated beryl is unlikely. Therefore,
we can presume that all Mg is at the octahedral site and
contributes to the octahedral substitution.

Iron could be present in both ferrous and ferric states,
but its content is too low for Mdsshauer spectroscopic
analysis. Ferric iron is usually located in octahedra
(Aurisicchio et al. 1988) but some authors suggested its
presence in Be tetrahedron (Andersson 2013) or channel
sites (Blak et al. 1982). In contrast, Fe*" is usually located

Tab. 5 Raman bands and their assignment

References Sample

A1g ring 1,2,3 322
ring 1,23 397

Be-O 1,2,3 686

Si-O 1,2,3 1068

E, 1,3 141
Al-0 1,2,3 526

1,3 762

Si-O 1,2,3 1011

E,, 1,3 420
1,3 445

1,3 563

1,3 776

HO Il v, 4,5 3597

H,0Iv, 4,5 3608

References: 1 — Adams and Gardner (1974); 2 — Charoy et al. (1996);
3 — Hagemann et al. (1990); 4 — Lodzinski et al. (2005); 5 — Fukuda
and Shinoda (2008)
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not only in octahedra (Aurisicchio et al. 1988) but also
at channel sites (e.g., Wood and Nassau 1968; Goldman
et al. 1978; Viana et al. 2002). These interpretations lo-
cating Fe in sites other than octahedra are based only on
the spectroscopic data without thorough structural proof.

The possible occurrence of Fe3* or Fe** as (almost)
free ions at both channel sites are based on electron
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Fig. 7 Infrared spectrum of beryl from Predné Solisko.

paramagnetic resonance (EPR) spectroscopy (Blak et al.
1982, 1983). However, later interpretation suggested that
the observed spectral geometry attributed to Fe3* at hexa-
gonal symmetrical sites can also be due to the presence
of electrons and holes trapped at crystallographically
equivalent sites around a threefold axis (Lehmann 1983;
Andersson 2013). Moreover, isolated ions with negli-
gible electrostatic interactions with ring oxygens also
do not contribute to substitutions in the beryl structural
framework.

Magnesium has a weak positive correlation to Na
in Na-poor compositions which implies that Mg is the
dominant substituent in the octahedron (Fig. 5c). This
general trend in Predné Solisko is similar to other beryl
samples from Western Carpathians used for the compari-
son. Moreover, the Fe+Mg excess in low-alkali com-
positions in studied beryl indicates the Fe’* presence.
Unfortunately, this cannot be proven by Mdssbauer
spectroscopy due to the too low total Fe content in the
studied sample.

The dominant substitutions directly influence the unit-
cell parameters. Divalent cations increase the octahedral
R-O bond lengths. This is then constrained by the short
edges shared with Be tetrahedra and is flattened in the
¢ direction. Increased bond length directly influences
a size, thus enabling beryl to be divided into three se-
ries: (1) “octahedral” beryl with 0.991-0.996 c/a ratio;
(2) “tetrahedral” beryl with 0.999-1.003 c/a ratio and
(3) “normal” beryl with 0.997-0.998 c/a ratio. There is
a compositional gap between tetrahedral and octahedral
beryl (Aurisicchio et al. 1988). The beryl studied herein
belongs to the “normal” group but its relatively lower c/a
ratio indicates an affinity to the “octahedral” type (Fig. 6).

Aurisicchio et al. (1994) recorded further discrimi-
nation for beryl substitutions based on spectroscopic
data. The decrease in wavenumber of Si-O vibration
~1200 cm™ band in the FTIR spectra depends on the
extent of both tetrahedral and octahedral substitution
(Fig 9a-b). Beryl from Predné Solisko with exactly
1200 cm~* band fall on the lower extremity of normal
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g. 8 Raman spectrum of beryl from Predné Solisko.
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beryl with significant affinity to octahedral group. The
position of the ~810 cm™ Be—O vibration band is sensi-
tive to tetrahedral substitution with a large increase in
wavenumber to 820 cm in beryl with the most exten-
sive tetrahedral substitution (Fig. 9c—d). Normal and
octahedral beryl, including the studied one, vary be-
tween 803 and 810 cm=. The most obvious correlation
in octahedral beryl is between 520 cm™ band positions
and the AI-O bond length (Fig. 9¢). In the absence of
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Fig. 9 Comparison of selected IR bands positions to selected crystal-
lographic parameters. Predné Solisko beryl is compared to samples from
Aurisicchio et al. (1994) and Fridrichova et al. (2016).

structural data, Al-O bond length was calculated by the
empirical formula (Al-0O) = -0.0654 x Al pfu + 2.0364
after Aurisicchio et al. (1988). Beryl values from
Predné Solisko and those from Western Carpathians
(Uher et al. 2010; Fridrichova et al. 2016) follow the
general trend. Spectroscopic data provide an indirect
source of information on beryl composition and shows
that the studied Predné Solisko beryl has affinity to
octahedral substitution.
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There were several attempts made to reveal the rela-
tionship between the degree of octahedral substitution
in beryl and genetic conditions. Elevated content of Fe
and Mg in beryl is typical of less fractionated or con-
taminated Li-poor granitic pegmatites (e.g., Schaller et
al. 1962; Aurisicchio et al. 1988, 2012; Uher and Broska
1995; Cerny 2002, Cerny et al. 2003, Wang et al. 2009;
Novak and Filip 2010; Uher et al. 2010; Aurisicchio et al.
2012; Prikryl et al. 2014). Primitive characteristics of the
examined beryl samples may reflect a low degree of
fractionation of the host pegmatite (Pfikryl et al. 2014),
a high degree of external Mg-contamination from host
metabasites in thin pegmatite dikes (Novak et al. 2013),
or a combination of both.

Until now, no clear relationship between Mg/Fe and
Fe?*/Fe* ratios in beryl and affinity of the individual
pegmatite bodies to the NYF or LCT family was found
(Cerny et al. 2012). Moreover, Fe?* typically dominates
over Fe*" in beryl from all granitic pegmatites examined
(Aurisicchio et al. 1988; Prikryl et al. 2014). However,
the intragranitic position of the Predné Solisko pegmatite
excludes the external contamination and thus its relation
to the source biotite granodiorite is obvious.

Slovak pegmatite bodies are usually intragranitic and
dominantly derived from S-type peraluminous granitic
plutons, but exceptions are the PraSiva and Vysoké
Tatry pegmatites related to I- or mixed 1/S-type granitic
rocks (Petrik et al. 1994; Uher and Broska 1995; Broska
and Uher 2001). Slovak pegmatites are also relatively
weakly fractionated, and this includes those from Predné
Solisko.

Moreover, there is a distinct link between beryl com-
position and the source of pegmatitic melt. The granitic
rocks with I- to 1/S-type affinity are generally richer in
Mg than the S-type granites in the Western Carpathians
(Broska and Uher 2001). Consequently, the “Na®Mg°
o_,°Al_, substitution plays a more important role in beryl
from |- or 1/S-type derived pegmatites such as Predné
Solisko. This relationship is evident also for Fe,Mg-poor
beryl from S-type related pegmatites (Bratislava and Boj-
na massifs) if compared with Fe,Mg-bearing beryl from
I- (1/S)-type related granites in the PraSiva Massif of the
Western Carpathians (Uher and Broska 1995), beryls in
intragranitic pegmatites derived from Mg-poor granites
are usually also Mg-poor (Lum et al. 2016).

Beryl zoning also indicates crystallisation sequence
and the host pegmatite magmatic evolution. The Predné
Solisko beryl core is relatively Na-rich, whereas the
rim has distinctly lower Na content. This implies that
the crystallization of albite as an essential Na carrier
followed beryl core formation. Consequently, albite pre-
cipitation may have resulted in the strongly decreased
Na concentration in the melt so that this element was no
longer available for the later stages of beryl crystallisa-

tion. Hence, the degree of the octahedral substitution in
beryl is also limited.
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