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Abstract

Wollastonite-1A from Baita Bihor occurs in distal calcic skarns developed in the contact
zone of a mainly granodioritic batholith, of Upper Cretaceous age, with Mesozoic lime-
stones and dolostones. Wollastonite generally occurs in the inner part of metasomatic
columns, in monomineralic skarns or associated with grossular and molybdenite-2H as
ore mineral. The physical properties (i.e., refraction indices o = 1.616, 3 = 1.629, and y =
1.631, 2Va = 39° and density Dm = 2.922(3) g/cm?) are typical for a term close to the stoi-
chiometry, which is confirmed by the chemical analysis. The chemical structural formula
of the analyzed wollastonite-1A is (Cai.000Mgo.002Mno.o1Feo.001)(Alo.004aTi0.001510.994)O3, which
closely approximates the ideal CaSiOs. The Gladstone-Dale compatibility indices account
for an excellent agreement between physical and chemical data. The mineral can be sat-
isfactorily refined as triclinic, space group P1, with R1 = 0.0678 and cell parameters a =
7.9233(3) A, b=7.3203(3) A, c =7.0651(3) A, & = 90.053(3)°, § = 95.208(3)°, y = 103.384(3)°.
Both the IR and Raman spectra principally reveal bands related to vibrations of bridged
and non-bridged oxygens pertaining to 5iOs structural tetrahedra. At Bdita Bihor, wol-
lastonite-1A is part of the prograde paragenesis, marked by a peak temperature of 550-
600 °C.

Keywords: wollastonite-14; physical properties; crystal chemistry; single-crystal X-ray
diffraction; crystal structure; infrared and Raman spectra; calcic skarns; Upper Creta-
ceous; Baita Bihor; Romania

1. Introduction

The isochemical group of minerals with ideal formula CaSiOs comprises two poly-
morphs, ie., a-wollastonite (pseudowollastonite) and p-wollastonite, respectively.
-wollastonite has many polytypes recognized as mineral species (e.g., [1]), most of them
triclinic (wollastonite-14, -34, -4A, -54, and -7A, respectively) and one monoclinic (wol-
lastonite-2M). The 1A polytype, longtime referred to as wollastonite sensu stricto (e.g.,
[2]), is by far the most abundant and common. Due to its properties (fibrous texture;
white color; very low loss on ignition, which reduces gas bubble entrapment and gas
dispersion during heating; thermal stability until about 1120 °C), wollastonite is a “ver-
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satile” industrial mineral [3] with its main utilities as white pigment, basic compound for
ceramic glazes and enamels, filler and extender for the rapidly growing polymers (rubber
and plastic), substitute for asbestos, flock fibers in coatings, plasters and paintings, flux in
the casting of steel, ingredient for special cements, decorative stone, and even for carbon
dioxide capture (e.g., [3-8]).

Mentioned by von Zepharovich [9] and first analyzed by Loczka [10], wollastonite
from Baita Bihor is one of the about 120 mineral species described so far in this huge
deposit, well known for its very complex mineralogy (e.g., [11-13]). A first structural
refinement, attempted using the Rietveld method, was based on very few reflections from
the X-ray powder pattern and seems in error, since the authors [14] described the 2M
polytype. In spite of the frequency of its apparition in the contact area and particularly in
the calcic skarns, there remains a relative paucity of data about the composition, optics,
vibrational behavior and crystallographic parameters of wollastonite from Baita Bihor as
compared with the existing similar data on other mineral species from this worldwide
famous occurrence.

Substantiating a preliminary evaluation for its use as industrial mineral, the present
study presents a complex investigation of wollastonite-1A from Baita Bihor in order to
offer more tools for successful processing.

2. Geological Setting

The contact-metasomatic area in Bdita Bihor (also known under its old name, i.e.,
Rezbanya) is one of the most important in the so-called “Banatitic Magmatic and Metal-
logenetic Belt” —BMMB [15]. BMMB can be defined as one of the most relevant Upper
Cretaceous magmatic and metallogenetic manifestations worldwide. The BMMB belt,
also known as the Upper Cretaceous Apuseni—Banat-Timok-Srednogorie (ABTS) belt
(e.g., [16]), represents a series of discontinuous magmatic and metallogenic occurrences
of Upper Cretaceous age, which are discordant in respect to mid-Cretaceous nappe
structures ([17-21] and references therein) and extend from Romania (Apuseni Moun-
tains) to Serbia (Timok), Northern Macedonia and Bulgaria (Figure 1). The formation
and evolution of the BMMB was early ascribed to subduction models involving either
slab-rollback or slab-tear mechanisms affecting the subduction front of the Vardar Ocean
([19] and references therein). “Banatites” were also regarded as post-collisional type I
magmatites and were ascribed the abundance of ore deposits in the eastern part of the
Alpine-Balkan-Carpathian-Dinarides (ABCD) realm to a slab break-off of subducted
lithosphere fragments during the Vardar Ocean closure, which imposed the rolling back
and steepening of slabs [22]. This process leads to upper crust extension and favored the
access of melts to high crustal levels. The Cenozoic collision between Tisia and Dacia
blocks might be responsible for overall crustal thickening, for the formation of exten-
sional faults that facilitated magma upwelling, and for a clockwise rotation of 60-80°
with respect to the initial east-west trend at the time of “banatite” emplacement
([18,20,21] and references therein). A sketch of the Banatitic Magmatic and Metalloge-
netic Belt in the peculiar structural complex of Romania is given in Figure 1, while Fig-
ure 2 offers a simplified geological sketch of the Baita Bihor area.
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Figure 1. Sketch of the Banatitic Magmatic and Metallogenetic Belt (top, left: redrawn from [17])
and the structural context of Romania (top, right: redrawn from [23], simplified). The location of

the studied occurrence is marked with a red star.
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Figure 2. Geological sketch of Baita Bihor area (redrawn from [24] as modified by [25]). Symbols in
the legend represent: 1-3—the Codru system of nappes; 1—Permian schistose clays and sand-
stones; 2—Triassic (Anisian—-Norian) limestones (a) and dolostones (b); 3—Lower and Middle Ju-
rassic (schistose clays, sandstones and black limestones); 4-5—the Bihor nappe; 4—Upper Jurassic
(Oxfordian-Tithonic) limestones; 5—Lower Cretaceous (Barremian) limestones; 6 —Upper Creta-
ceous—Paleogene magmatites (“banatites”): vein rocks of basaltic or andesitic composition;
7—hornfels and skarns; 8 —mining field; 9 —adit; 10 —mining well; 11 —wollastonite-bearing waste

dumps. The studied sample was taken from the western waste dump.

The contact area from Bdita Bihor, that includes about 5 square kilometers of mar-
bles, hornfels and skarns, is located in the upper basin of the Crisul Negru River, 3.5 km
ENE of Baita village and about 90 km south-east from the major city in the area, Oradea.
The contact rocks are developed owing to the influence of an unexposed intrusive body,
i.e.,, the Bihor batholith. The batholith consists mainly of granodiorite and granite
porphyry with subordinate quartz monzodiorite and diorite: [26,27]. A whole-rock Rb-Sr
isochron age of 70 + 5 Ma has been reported for granodioritic rocks of the Bihor batholith
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[28], which is in fair agreement with the K-Ar ages reported by [29], i.e,, 77 + 3 to 67 + 3
Ma or with the U-Pb ages on zircon reported by [30], i.e., 80.3 + 1.6 Ma. All these ages, as
well as the age of mineralization (ages Re-Os of 80.63 + 0.3 to 78.69 + 0.4 Ma were re-
ported by [19] on molybdenite) fit with the development of both magmatic and metallo-
genetic events at Bdita Bihor during the Upper Cretaceous period.

The protolith of contact-metasomatic rocks consists of various lithologies belonging
to the Bihor domain (a comprehensive sedimentary cover that lies directly upon the Bi-
hor batholith) and Codru sedimentary nappes (a mixed sedimentary sequence over-
thrust on the Bihor domain at Bdita Bihor along the Blidar Contact and Antoniu fault,
shown in Figure 2). The Codru system of nappes is composed of several nappes (Ba-
tranescu, Urmat, and Vetre) that comprise a complete Triassic sequence composed of
sandstones, limestones, and dolostones and is unconformably overlain by Werfenian
(Lower Triassic) detrital sedimentary rocks of the Arieseni nappe [31].

The distal skarns in the area have a carbonate protolith (limestones or dolostones)
and occur as typical metasomatic columns described as “bodies” [24,26]. The wollaston-
ite skarns are the most representative calcic skarns in the area, defining tabular bodies
mainly located along the thrust zone, i.e., the Blidar Contact or Fault, which illustrates
the outstanding role of the regional and local structural control: [24,26]. The most com-
mon protolith of the wollastonite skarns consists of limestones of Oxfordian—Tithonian
and Barremian age that differentiate in the Bihor domain. Generally, the wollastonite
skarns are monomineralic and barren; when they are mineralized, the more representa-
tive ore mineral is molybdenite, while calcic garnet can occur as associated mineral. In
some metasomatic columns, the wollastonite skarn occurs in the inner zone of the col-
umn, while the outer zone is composed of diopside skarn: [26,32].

3. Material and Methods

The analyzed sample was collected from a waste dump containing silicate “gangue”
of the marble quarry from Baita Bihor, near Baita Plai Mine (coordinates N 46°28'3"—E
22°37'30"). Part of the collected sample, which is quasi monomineralic, was carefully
crushed, handpicked and powdered, while another split was used to produce slides and
thin sections for optical, EMPA and Raman study.

A fast identification of the crystalline phases was done using X-ray powder diffrac-
tion (XRD) which was performed on two different Bruker (AXS) D8 Advance diffrac-
tometers (Bruker, Karlsruhe, Germany) hosted by the Geological Institute of Romania
(Bucharest) and by the University in Liege, Belgium, respectively. Both diffractometers
used Ni-filtered CuKa radiation (Kou = 1.54056 A), a step size of 0.02° 20, and a counting
time of 6 s per step. An operating voltage of 40 kV for a current of 30 mA, a slit system of
1/0.1/1 with a receiving slit of 0.6 mm, and a scanning range of 4 to 100° 20 were used for
all measurements.

XRD also served for recording more than 20 patterns of wollastonite-1A from gal-
leries reaching the Blidar Fault, which are very similar to the pattern obtained for our
sample. XRD quantitative phases analysis (XRD-QPA) was carried out using the
Diffrac.EVA V7.3 DQUANT software (Bruker, Karlsruhe, Germany). Unit-cell parame-
ters were calculated by least-squares refinement of the XRD data, using the computer
program of Appleman and Evans [33] modified for PC use [34].

Indices of refraction were measured at room temperature (25 °C) using a conven-
tional JENAPOL-U petrographic microscope (Carl Zeiss, Jena, Germany) with a spindle
stage and calibrated immersion liquids (Cargile or temperature-calibrated oils), with a
589 nm interference filter. Thin-section photographs were obtained using a Zeiss Axio
Imager A2M microscope (Carl Zeiss, Jena, Germany) with 2.5x/10x/20x objectives.
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UV luminescence tests were performed using a portable Vetter ultraviolet lamp
(Vetter, Lottstetten, Germany) with 254 and 366 nm filters.

Cathodoluminescence images were acquired on thin sections, using a Technosyn
cold-cathode luminescence system, Model 8200 MK2 (Technosyn, Cambridge, UK), cou-
pled to a JENAPOL-U microscope provided with a Zeiss MR C5 camera (Carl Zeiss, Jena,
Germany), all of them hosted by Ecole Nationale Supérieure des Mines de Saint Etienne.
The apparatus was operated at a voltage of 16 kV and a current of 400 mA.

Electron microprobe analyses (EMPAs) of silicates were performed using a
CAMECA SX-50 apparatus (CAMECA, Gennevilliers, France), hosted by the Paris VI
University and operating on wavelength-dispersive spectrometry. The apparatus was set
at an accelerating voltage of 15 kV, a beam current of 10 nA (measured at the Faraday
cup), and a beam diameter of 10 um. Natural diopside (5i, Mg and Ca Ka), synthetic
hematite (Fe Ka), natural orthoclase (K and Al Ka), natural albite (Na Ka), and natural
pyrophanite (Ti and Mn Ka) served as standards. Counting time was 10 s per element.
Data were reduced and corrected using the PAP procedure [35]. EMPA of the associated
molybdenite was carried out using a JEOL JXA-8200 microprobe (JEOL Ltd., Tokyo, Ja-
pan), hosted by the National Research Center in Milano (Italy), operated at an accelerat-
ing voltage of 15 kV, a beam current of 15 nA, with a beam diameter of 10 um and a
counting time of 10 s per element. The standards used were galena (Pb and S Ka), for-
sterite (Mg and Si Ka), fayalite (Fe Ka), niccolite (As Ka) and pure metals for Mo, Cu and
Zn (Ka).

Structure refinement was done by single-crystal X-ray diffraction, on a Rigaku Ag-
ilent Xcalibur EOS diffractometer equipped with a CCD detector (Rigaku Corporation,
Osaka, Japan), housed at the Laboratory of Mineralogy, University of Liege. Data were
collected at room temperature (293 K) with monochromatized MoKa radiation (A =
0.71703 A) at 40 kV and 40 mA. The instrument has Kappa geometry (d/w scan). Data
collection, subsequent data reduction and face-based absorption corrections were carried
out using the CrysAlis Pro 41.123a software [36]. The initial solution of the structure in
space groupPT was determined by the charge flipping method using the Superflip algo-
rithm [37], and the structural model was subsequently refined on the basis of F? with the
Jana2006 software [38].

The infrared absorption spectrum of the sample chosen for study was obtained at
the Geological Institute of Romania, with a SPECORD M-80 IR spectrophotometer (Carl
Zeiss, Jena, Germany), using a conventional pressed-disk technique. Carefully dried
mineral powders were embedded in Merk-pure KBr till a dilution of 2.5 wt.%. This
spectrum was recorded between 250 and 4000 cm. FTIR spectra of the same sample, as
well as details of the stretching region of (5iOs)* groups in the wollastonite structure,
were obtained using a BRUKER FTIR S 12 spectrometer (Bruker, Ettlingen, Germany)
also hosted by the Geological Institute of Romania. In this case, the records were made in
the frequency range between 400 and 4000 cm™, using the standard pressed-disk tech-
nique, after embedding 2 mg of mechanically ground mineral powder in 148 mg of dry
KBr and compacting at 2500 N/cm? pressure. The spectral resolution was 0.1 cm™. All
spectra were recorded at 25 °C. FTIR bands were located using the OPUS software (ver-
sion 8.0) provided by Bruker.

Raman spectra were recorded on polished sections using a Renishaw SEM—Raman
system (Artisan Scientific, Champaign, IL, USA) coupled with a Peltier-cooled CCD de-
tector and hosted by the Geological Institute of Romania. Spectra were collected at 25 °C,
using both structural and chemical analyze (SCA) and inVia interfaces. The spectrometer
was equipped with a 50 mW, 785 nm diode-pumped solid-state laser as an excitation
source. The spectral resolution was 1.5 cm™ for a 1 um spatial resolution. Analyses were
collected using a 50x objective, a confocal aperture of 400 pm, a 150 um slit width, and
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1800 linessmm™ grating. The spectra were collected in the range of 113-1315 cm™ (10 s
accumulation time, 3 scans). Spectra were acquired using an exposure time of 10 s per
frame, and 10 acquisitions at a laser power of 5%, in order to improve the signal-to-noise
ratio. The instrument was calibrated with synthetic silicon, using its 520.5 cm™! line. Data
acquisition was carried out using Wire software version 4.4.

The mean density of various crystals of wollastonite-1A was measured using a
pycnometer (Rainhard Co., Austin, TX, USA), at 25 °C, using a mixture of methylene io-
dide and toluene as the immersion liquid.

4. Results

4.1. Occurrence and Mineral Associations

At macroscopic level, wollastonite from Baita Bihor occurs as radial or sheaf-like
aggregates composed of individual crystals up to 30 mm long and 1 mm wide. In many
situations, these aggregates are composed of a monomineralic rock (“wollastonitite”)
associated only with calcite, grossular and molybdenite as ore mineral. A macroscopic
view of a wollastonite —garnet sample, the same as subjected to structural refinement —is

given in Figure 3, which depicts the usual scale of the crystals.

Figure 3. Hand-specimen photographs of wollastonite-bearing skarns from Baita Bihor (sample
2585). Photographs taken in natural light (left) and long-wave UV radiation (right), respectively.
Diameters of the coins are 20.4 mm (left) and 18.2 mm (right) respectively.

Individual crystals are elongated along the [010] axis. The perfect cleavage on {100}
can be easily observed, as well as the good cleavages on {001} and {-102}.

Molybdenite (the 2H polytype) is the sole ore mineral abundantly present in the
wollastonite skarn. Its intensive mining during the end of the XX century could explain
the abundance of wollastonite-1A in certain sequences of the tailing pound from Fanate,
where up to 35 vol.% wollastonite can be deduced on the basis of the XRD-QPA analysis.
Molybdenite in the analyzed skarns occurs as gray-bluish pods with metallic luster in the
wollastonite mass. The chemical composition of a representative sample is (in wt.% ele-
ments): Mo =59.59, Cu =0.12, Fe = 0.23, Mn = 0.01, and S = 40.04. The chemical structural
formula corresponding to this composition, as calculated on the basis of 2 (S) per formula
unit (pfu), is Moo.ssCuo.003Fe0.007S2.000. The chemistry of molybdenite from Bdita Bihor seems
more complex, since [39] determined values between 0.004 and 0.013 wt.% Nb by XREF.
The cell parameters of the same sample analyzed before are: a = 3.161(2) A, b = 12.295(7)
A, and V =106.40(5) As.

Calcic garnet generally occurs as kinked bands in the wollastonite mass, suggesting
infiltration metasomatism phenomena followed by tectonic movements. They are gener-
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ally isotropic, with scarce optical anomalies of both sectorial and lamellar type. The index
of refraction measured for a representative sample, taken as an average of ten measure-
ments, is n = 1.745(3), corresponding to a grossular garnet.

The average chemical analysis obtained as a result of 15-point analyses performed
by EMPA on three different crystals of garnet associated with wollastonite is (in wt.%
oxides) SiO2 = 39.85, TiO2 = 0.56, Al2Os = 18.29, FeO = 0.47, CaO = 35.79, MgO = 0.57, MnO
=0.14, and Na20 = 0.01, where the partition of Fe into Fe?* and Fe** was calculated using
the method proposed by [40]. The chemical structural formula corresponding to this
composition, calculated on the basis of five cations excepting Si pfu is
(Caz92sMgo.064Mno.oooFe2*0.002Nao.oo1) (Al1.628Fe3*0.335) (512962 Ti0.032Al0.006) O11.900. The formula cor-
responds to a grossular garnet (Grs 82.88 mol.%, Adr 17.12 mol.%). As O <12 apfu, a hy-
drogarnet component could be suspected.

4.2. Physical Properties and Crystal Chemistry

The macroscopic color is typically snow white. The mineral is slightly luminescent
under long-wave (366 nm) ultraviolet radiation, the luminescence tint being light blue
(Figure 3). The powders show a strong cathodoluminescence in blue tints, which is also
evident on some thin sections and associates with the bright green cathodoluminescence

color reported previously (e.g., [41]): Figure 4.

Figure 4. Cathodoluminescence images of wollastonite-1A from Baita Bihor. The scale bars repre-

sent 1 mm.

As expected, wollastonite from Baita Bihor is biaxial negative, with an optical angle
of 2V« = 39°. The measured refractive indices are a = 1.616, 3 (calc.) = 1.629 and vy = 1.631.
The mean index of refraction is 72 = 1.625. The crystals display parallel extinction. The
birefringence colors are located at the end of the first order of the Michel-Levy chart
(Figure 5).
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Figure 5. Photomicrographs showing characteristic relationships between wollastonite-1A and asso-
ciated minerals. Crossed polars. The arrows indicate inclusions of molybdenite (left) and grossular

(right) in the wollastonite-1A mass.

The chemical (EMPA) analysis of ten different crystals of wollastonite from a repre-
sentative sample, as well as the formulas normalized on the basis of three oxygen atoms
per formula unit (apfu), is given as Supplementary Material (Table 51). No chemical zoning
or inhomogeneity was observed across the same crystal. As can be observed, the analyses
exhibit only relatively small deviations from the ideal composition. The average composi-
tion deduced from the data in Table S1 is (in wt.% oxides) SiOz = 51.68, TiO2 = 0.07, Al2Os =
0.18, FeO = 0.04, MnO = 0.04, MgO = 0.06, CaO = 48.57, which yields the chemical structural
formula (Ca1.000Mgo.002Mno.oo1Feooo1)(AloooaTioo01Sios9s)Os, which closely approximates the
ideal CaSiOs. The wet chemical analysis reported by Loczka [10], i.e., (in wt.% oxides): SiO:z
=51.61, CaO = 46.20, FeO = 0.51, MnO = 0.47, MgO = 1.08, K20 = 0.13, Na2O = 0.11, H20 =
0.54, clearly corresponds to an impure sample, which most probably contains diopside and
talc.

The mean measured density, taken as an average of measurements on 10 different
grains, is Dm = 2.922(3) g/cm?, which compares well with the calculated density, obtained
on the basis of the molecular mass derived from the chemical data given before (ie, M =
116.261 g/mol) and of the unit-cell volume determined by structure refinement (see below)
for Z = 6 formula units per cell (e.g., Refs. [42,43]), i.e.,, Dx=2.916 g/cm?.

As derived from the mean refractive index given before and from the measured den-
sity, the physical refractive energy is Kp = 0.2139. The chemical refractive energy (Kc) value,
based on the formula given before and on the constants of [44], is Kc = 0.2091. The calcula-
tion of the Gladstone—Dale compatibility index (1 — Kp/K-) yielded a value of -0.023, indica-
tive of an excellent agreement between physical and chemical data [44]. The physical re-
fractive energy calculated on the basis of the calculated value of density is Kp = 0.2143. The
use of this value in the calculation does not substantially influence the compatibility index
which is —0.025 and remains “excellent” as ranked by [44].

4.3. Structure

The structure of wollastonite-1A was successfully refined using two-dimensional film
data [43], and confirmed as reliable [45-49]. More accurate refinements by [50-55] de-
scribed practically the same structure.

The structure consists of infinitely long single chains of SiOs tetrahedra, two of them
having a common O corner and being paired to a third silicon tetrahedron [55]. In all wol-
lastonite polytypes, the chains of tetrahedra, running along the b axis, are characterized by
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a periodicity of three. The chains are held together by interstitial Ca which is in a distorted
six-fold coordination. In other words, the structure may be regarded as built up of SiOs
chains and CasOs laths, both running parallel to the b axis and sharing oxygen atoms
among them [56]. “Partial mirrors” or reflection planes that appear in the crystal structure
and do not respect the standard extinction conditions for the structural group were identi-
fied by some authors based on XRD study [57]. These “partial mirrors”, which are discon-
tinuous within the structure, signify that the wollastonite structure can accommodate var-
iations in stacking, which define polytypes.

A Rietveld structure refinement of wollastonite crystals from Baita Bihor reported
previously [14] was based on very few reflections from the X-ray powder pattern. In the
limit of errors, the wollastonite refined by these authors could be triclinic, with the occur-
rence of the 1A polytype being the most probable. The structural refinement of a repre-
sentative sample of wollastonite-1A from Bdita Bihor (Sample 2585) was consequently done
both in order to supplement the data on the mineral structure and to identify the real pol-
ytype present in the skarns from Bdita Bihor. Table 1 depicts the data collection and struc-
ture refinement details for the analyzed sample. The original *.cif file obtained during the
structural refinement of the analyzed sample can be obtained under request from the first
author.

Table 1. Details of the X-ray data collection and refinements of wollastonite-1A from Baita Bihor.

Crystal Data

Crystal shape acicular
Color white
Crystal size (mm) 0.11x0.15x0.30
Temperature (K) 293(2)
a(A) 7.9233(3)
b (A) 7.3203(3)
¢ (A) 7.0651(3)
a® 90.053(3)
p© 95.208(3)
Y © 103.384(3)
V (A3 396.91(3)
Crystal system triclinic
Space group P1
V4 6
Formula weight 116.17
Dalc. (g/cm?) 2.916

Data collection

Diffractometer Rigaku Xcalibur, CCD detector
Radiation; A MoKa; 0.71073
Absorption coefficient (mm) 2.566
F(000) 348
2e range for data collection (°) 5.3 to 57.72°
-10<h< 10
Range of indices -9<k<9
-9<I<9
Number of measured reflections 8757
Number of unique reflections 1928
Criterion for observed reflections I>20(I)

Refinement

Refinement on
Data/restraints/parameters

Full-matrix least squares on F?
1928/0/136
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Ri1 (F) with Fo>20(Fo) * R1=10.0678, wR>*=0.1688
Ri (F) for all the unique reflections * R1=0.0776, wR>* = 0.1846
S (“goodness of fit”) 1.067
Weighing scheme 1/(0%(1)2+0.0049(1)?
Min./max. residual e density, (eA-) -0.952/5.043

* R1 = X(IFobs| — |Fcalcl)/ZIFobs|; wR2 = {X[w(F?0bs — F2calc)?]/Z[w(F?obs)?]}"2. W = 1/[s*(Fo?) +
(aP)? + bP], where P = [2F2 + Max(Fo?, 0)]/3, where 4, b are shown in the refinement process.

The cell parameters in Table 1 are similar to the data given by [45], i.e., a=7.94 A, b=
732 A, c=7.07 A, @ =90.02°, B =95.22° and y = 103.26°, or to the more accurate data re-
fined by [51], i.e., a = 7.9258(4) A, b = 7.3202(4) A, ¢ = 7.0653(4) A, a = 90.055(3)°, B =
95.055(3)°, and y = 103.426(3)°; [54], i.e., a=7.9285(4) A, b=7.3234(3) A, c=7.0684(4) A, a =
90.077(4)°, B =95.201(5)°, and y = 103.399(4)°; or [55], i.e., a =7.0786(16) A, b=7.3309(4) A,
c=7.07912) A, a=90.07(2)°, $=95.30(2)°, and y = 103.41(2)° (re-oriented for a > b > c).

For a better view of the structure, Table 2 gives the fractional atomic coordinates
(x10%) whereas Table 3 offers the equivalent isotropic displacement parameters (A2x 10°)
for wollastonite-1A from Baita Bihor. The refined structure is shown in Figure 6.

o

Table 2. Fractional atomic coordinates (x10*) and equivalent isotropic displacement parameters. (A2

x10%) for wollastonite-1A from Baita Bihor.

Atom X y z Ueq *
Cal 2976.0(13) 714.3(13) 2362.1(13) 8.0(3)
Ca2 3011.9(13) -4227.7(12) 2390.2(13) 7.7(3)
Ca3 32.5(12) —2496.4(12) 5246.8(14) 9.5(3)
Sil 6845.0(18) -476.0(19) 2694.2(18) 9.5(3)
Si2 1029.3(18) 2762.4(18) -558.1(19) 10.5(4)
01 4812(5) -1327(5) 2646(5) 10.7(7)
02 973(5) 2729(5) 1723(5) 10.3(7)
03 4827(5) 3736(5) 2646(5) 10.7(7)
04 723(5) -2305(5) 1976(5) 10.1(7)
Si3 6851.0(18) 3896.3(19) 2686.1(18) 9.5(3)
05 8019(5) -592(5) 4648(5) 9.5(7)
06 8037(5) 4602(5) 4642(5) 8.5(7)
o7 7717(5) -1289(5) 939(5) 14.7(8)
08 2265(5) 4873(5) -924(5) 14.8(8)
09 7182(5) 1789(5) 2249(5) 17.1(8)

* Ueq is defined as 1/3 of the trace of the orthogonalized Uy tensor.

Table 3. Anisotropic displacement parameters (A2 x 10%) for wollastonite-1A from Baita Bihor *.

Atom Un U2 Uss Uz Uiz Uxz
Cal 10.5(5) 5.7(5) 8.5(5) 0.8(3) 1.6(4) 2.8(4)
Ca2 9.5(5) 3.9(5) 8.9(5) -0.9(3) 1.3(4) 0.1(4)
Ca3 9.0(6) 4.3(5) 15.1(5) 0.4(3) 2.1(4) 1.2(4)
Sil 7.7(7) 12.2(7) 7.8(6) -0.9(5) 0.7(5) 0.6(5)
Si2 12.0(7) 7.8(6) 11.3(7) -0.8(5) 0.8(5) 2.0(5)
01 7.8(17) 6.1(16) 17.4(18) -1.3(13) 0.3(14) 0.7(13)
02 11.4(18) 6.6(15) 12.7(17) -1.1(12) -2.1(13) 2.9(13)
03 6.2(17) 8.5(16) 16.6(18) 0.4(13) 0.1(13) 0.4(13)
04 13.2(18) 7.3(16) 9.5(16) -0.6(12) -1.4(13) 2.4(13)
Si3 7.8(7) 12.3(7) 7.8(6) -0.6(5) 0.3(5) 0.9(5)
05 12.1(18) 9.6(16) 7.8(16) 0.0(12) 0.8(13) 4.9(14)
06 9.9(17) 7.6(15) 6.9(15) -0.4(12) -0.4(12) -0.2(13)
o7 19(2) 11.2(17) 14.4(18) -3.2(13) -0.3(14) 6.0(15)
08 20(2) 9.1(17) 14.2(18) 0.1(13) 1.5(14) 0.5(14)
09 21(2) 9.3(17) 21.2(19) -0.4(14) 4.9(15) 3.6(15)
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* The anisotropic displacement factor exponent is calculated as —2m? [hZa*?Un +... + 2hka x b x Unz].

Figure 6. Projections of the structure of wollastonite-1A from Baita Bihor along various axes,

showing the coordination polyhedra. The dark blue tetrahedra represent SiOs, the gray—yellow

polyhedra represent CaOs octahedra and the red balls represent O? corners. Top: Projection of the

structure on (010), showing the unit cell and the three tetrahedral chains (left), and at the level of

formula unit (right). Bottom: Projection of the structure on (001) showing the stacking along the a

axis—left; and projection on (010), showing the assemblage of structural columns and laths specific

to pyroxenoids (right).

The crystal structure consists of single chains of edge-sharing SiOs tetrahedrons

running along the b axis, with a strong tendency to form SisO¢ groups from corrugated

tetrahedra along the c axis. The chains are linked by three columns of distorted CaOs oc-
tahedra, with Ca-O bond lengths of 2.264-2.652 A as it can be seen in Table 4 in the text

and S3 from the Supplementary Materials.

Table 4. Selected bond lengths for wollastonite-1A from Bdita Bihor.

Atom Atom Length (A) Atom Atom Length (A)
Cal 01 2.311(4) Sil 01 1.584(4)
Cal 02 2.419(4) Sil 05 1.607(4)
Cal 03 2.351(4) Sil o7 1.647(4)
Cal 04 2.496(4) Sil 09 1.653(4)
Cal 053 2.316(4) Mean 1.623(4)
Cal 072 2.408(4)

Mean 2.384(4) Si2 02 1.616(4)

Si2 0456 1.605(4)
Ca2 o1 2.264(3) Si2 072 1.663(4)
Ca2 025 2.447(4) Si2 08 1.661(4)
Ca2 035 2.296(4) Mean 1.636(4)
Ca2 04 2.539(4)
Ca2 063 2.318(4) Si3 06 1.612(4)
Ca2 085 2.415(4) Si3 08 12 1.649(4)
Mean 2.380(4) Si3 09 1.657(4)
Mean 1.639(4)
Ca3 021 2.344(4)
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Ca3 04 2.419(4)
Ca3 057 2.361(4)
Ca3 053 2.421(4)
Ca3 068 2.348(3)
Ca3 063 2.406(4)
Mean 2.383(4)
X, =Y, 1-Z;21-X,-Y, ~Z;31 = X, =Y, 1= Z; 54X, =1+ Y, +Z; 6-X, =Y, =Z; 71 + X, +Y, +Z; 81 + X, -1
+Y,+Z;21-X,1-Y, -Z.

The linkage of tetrahedra and octahedra at the apical oxygens of the tetrahedra is
better depicted in Figure 6. It can be seen that in the crystal structure, one O-O edge of
octahedra is connected to adjacent S5iOs tetrahedra to form a Si2O7 group and another
across a third tetrahedron [50]. As a result, the octahedral sites involve both bridging and
non-bridging oxygens, with the bridging oxygens sites tending to show relatively large
changes as compared with the non-bridging ones, which directly influence the vibra-
tional behavior (see below). The Si-O and Ca-O distances in Table 4, transposed in Figure
6, illustrate the mismatch between the tetrahedral repeat units and the octahedral bands
[53]. Consequently, the tetrahedra are tilted to accommodate their apices to the octahe-
dral ones, as already observed by [45,48,50-53,55]. As a consequence, the SiOs tetrahedra
are in turn deformed, with Si-O distances varying between 1.578 and 1.663 A (Table 4).
As in all the other pyroxenoids, the inversion-related tetrahedra chains are organized in
pairs that run along the b axis, which represent one basic slab of the structure (e.g.,
[53,55]). The tetrahedra chains are shifted relative to each other, changing the periodical
basis along the a axis. The stacking characteristic to the 1A polytype, which contains a
sole slab along the a axis [53-55], can be observed in Figure 6.

The collection of angles in Table 54, as well as the torsion angles given in Table S2
(Supplementary Materials), reflects a much-distorted structure, characteristic of the 1A
polytype.

4.4. Infrared and Raman Behavior

The IR, FTIR and Raman spectra recorded for representative wollastonite-1A sam-
ples from Baita Bihor are given in Figures 7 and 8, respectively, while Table 5 offers an
attempt to assume the vibrational bands in the Raman and infrared spectra to specific
vibrational modes, together with the character and relative intensities of the bands in the
infrared spectra.

Table 5. Positions and assignments of the IR and Raman bands recorded for a selected sample of
wollastonite-1A from Baita Bihor ™.
) ) Wavenumber (cm-) Character, Intensity
Structural Group Vibrational Mode R Raman _ FTIR o
Si0O4 v3Op-Si-Ob antisymmetric stretching 1084 1043 1089 sh, s
SO v3 Si-Ob-5i antisymmetric stretching 1026 1020 1060 sh, s
Si0O4 vs' Si-Op-Si antisymmetric stretching 1004 997 1019 sh, vs
SiOs v1 On-5i-On symmetric stretching 960 970 966 sh, s
SiOs v3 Op-5i-On antisymmetric stretching 940 - 929 sh, vs
Si0O4 v3' Ob-5i-On antisymmetric stretching 908 - 903 sh, vs
Si04, CaOs Ca-0O-Si vibration 876 889 - sh, s
5104 v15i-On-Si symmetric stretching 692 688 682 sh, w
SiOs v1' 5i-On-Si symmetric stretching 652 635 644 sh, m
5104 v20-S5i-O out-of-plane bending 581 577 582 shd, m
Si0O4 v2 Si-On-Si out-of-plane bending 562 - 567 sh, m
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Si04 v2' 5i-On-Si out-of-plane bending 518 - - sh, m
Si04 v2” 5i-On-Si out-of-plane bending 500 507 509 sh, s
SiOs v2 5i-Op-Si out-of-plane bending 472 166 471 sh, vs
5104 v2' 5i-Ov-Si out-of-plane bending 462 453 sh, vs
445 - - shd, m
412 412 407 sh, w
345 335 - sh, m
320 323 - h,
CaOs lattice vibrations (?) 302 i ) ssh d HJV
280 - - sh, w
265 235 - sh, w
- 168 - -

(1) Assumptions according to the authors referred in text; (2) character of the bands on IR spectra: s

= strong; m = medium; w = weak; vs = very strong; sh = sharp; shd = shoulder.
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Figure 7. Infrared (top) and Fourier transform infrared (bottom) spectra of a selected sample of
wollastonite-1A from Baita Bihor (Sample 2585).
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Figure 8. Raman spectra recorded for different crystals of wollastonite-1A from Baita Bihor (Sample
2585).

At first look, the IR and Raman spectra of wollastonite-1A are identical with similar
spectra recorded for the more ordered 2M polytype, but the bands in the IR spectra seem
broader. In fact, the lower crystallinity of the 1A as compared with that of the 2M poly-
type conduces to a more advanced amorphization during milling [58] and grinding [59]
and could explain the broader absorption bands in the spectra of triclinic wollastonite,
observed in some of the recorded spectra.

The assumption of the bands in the spectra in Figures 7 and 8 and Table 5 is con-
siderably facilitated by studies on CaSiOs slags and glasses [60-62] and by the studies of
[59,63-65] for infrared, and of [66,67] for the Raman behavior of wollastonite.

The main bands in the IR and Raman spectra can be assumed, as expected, to 5i-O
and Ca-O vibrations. From higher to lower wavenumbers, three groups of bands, in-
volving Si-O vibrations, can be distinguished, as follows:

(1) A group of three intense bands materializing the Si-O-Si antisymmetric stretch-
ing of bridged oxygens, in the frequency range 1018-1087 cm™; on Raman spectra, this
antisymmetric stretching seems only double degenerate (Table 5). Note that bands at ~
990 and 1090 cm™ were found in chain- and sheet-structured species containing Ca and
SiOs tetrahedra, respectively, which fits with our structural data [61].
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(2) Another group of three bands, occurring at ~ 960, 940 and 908 cm™!, materialize
Si-O-Si stretching vibrations involving non-bridged oxygens. Only two corresponding
bands are retrieved on the Raman spectra and are considered characteristic of SiOs tet-
rahedra linked laterally by Ca ions [68] as they were observed in both wollastonite and
diopside.

(3) The symmetric Si-O-5i stretching is, on its turn, materialized by another triplet of
bands recorded on the IR spectrum, at 652, 660 and 692 cm™'. These bands were assigned
by [60] and [62] to Si-O-Si bending vibrations within SiOs tetrahedron, but this kind of
vibrations must occur at lower frequencies. In the Raman spectra, the Si-O-5i symmetric
stretching also seems to be double degenerate, being materialized by the bands at 636 and
688 cm, located at the same wavenumbers found by [66].

Apart from these triplets, a vibration band located in the IR spectra at 876 cm™,
which is also Raman-active (band at 889 cm™), can be ascribed to Ca-O-Si vibrations [62].

The corresponding out-of-plane Si-O-Si bending modes occur in the infrared spec-
tra, in the 500-570 cm™! region at ~500, 518 and 562 cm™, being completed by an in-plane
bending at 472 cm™!. The Raman bands corresponding to Si-O-5i bending vibrations are
recorded at 507 and 577 cm™, respectively.

The IR absorption bands at lower wavenumbers in the infrared spectrum (i.e., 462,
445, 412, 345, 320, 302, 280, and 265 cm™) could be ascribed to the stretching vibrations of
the calcium—oxygen bond and are generally doubled by equivalent Raman bands.

All the bands that can be assigned to vibrations involving SiOs tetrahedra in the IR
spectrum are triple degenerate, reflecting the number of three tetrahedra in the chain
repeat unit.

Note that bands assignable to COs groups and particularly to the antisymmetric
O-C-O stretching vibrations at ~1430 and 1385 cm™ were observed in the IR and FTIR
spectra. They could be due to both the admixed calcite, but also as an effect of wollas-
tonite carbonation due to the grinding [59].

5. Discussion

As in most occurrences of wollastonite described in the literature (e.g., [2,55] and
references therein), wollastonite from Baita Bihor occurred as a product of the reaction of
calcite and quartz (in wollastonite-bearing marbles) or by silica metasomatism of calcite
from limestones and dolostones (in skarns), through the reaction

SiO2 + CaCOs = CaSiOs + CO: (e.g., [53,69-71] and referred works).

As observed by [72], the formation of high-grade, commonly mono- or bimineralic
skarn deposits could be more convincingly ascribed to infiltration metasomatism [73], in
which invading fluids generate specific reactions until an original mineral (in our case
calcite or dolomite) or mineral assemblage (calcite + dolomite) is destroyed. This is clearly
the case at Bdita Bihor, where the formation of skarns is ascribed to the interaction be-
tween magmatically derived silica-rich and CO2-poor fluids emerging from the magmatic
body and marbles, rather than to thermal metamorphism and metasomatism of sili-
ca-rich marbles, which were not identified in the area.

We estimate that the mineral crystallized at temperatures of around 550-600 °C, at
pressures up to 3 kbar [25]. These temperatures, in agreement with those estimated for
the crystallization of wollastonite at low pressures [69], are much lower than those ob-
tained during the cooling of CaSiOs glass (i.e., 900-950 °C: [53]), due to both the longer
duration of the thermal influence at the contact and to the higher fluid pressure. The
crystallization at lower temperatures, up to 500 °C [3,74], is not sustained by the textural
relations with the paragenetic grossular. Textural and chemical particularities indicate
that the mineral formed as a member of the peak thermal-metasomatic assemblage, to-
gether with grossular and diopside. Structural evidence shows any transition toward the
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1Td completely disordered the metastable polytype, which could signify the evolution
toward the higher-temperature polytype, wollastonite-2M (e.g., [53]).

A high-temperature hydrothermal stage of evolution of the wollastonite-1A skarn
failed to alter wollastonite into zeolites or CSH minerals (e.g., plombierite, tobermorite,
xonotlite) as in the high-temperature skarns. Molybdenite-2H is the main ore mineral
crystallized in this stage and does not show a brutal decrease in temperature, compatible
with the crystallization of CSH phases. In fact, this higher-temperature polytype of mo-
lybdenite crystallizes at much higher than 500 °C (e.g., [39] and references inside). The
contents of niobium mentioned in the Bdita Bihor molybdenite [39] are consistent with
the high temperatures of crystallization, in accord with the experiments of [75]. In this
case, it is easy to consider that the first phase of hydrothermal evolution of the skarn
system involved conditions of equilibrium between wollastonite skarn and early hydro-
thermal fluids. No signs of later hydrothermal phases were found in the studied skarn.

6. Conclusions

Our study fully confirms that the lower-temperature polytype of 3-CaSiOs present
in the contact area from Bdita Bihor is wollastonite-14, in good agreement with previous
observations [2], experiments [53] and phase diagrams [55,71]. The structure refinement
reported by [14], which identified the higher-temperature 2M polytype at Baita Bihor,
appears to be incorrect.

Physical and crystallographic properties, vibrational behavior, as well as crystal
chemistry show that wollastonite-1A from Baita Bihor is very close to stoichiometry. In
this case, the assumption of [50] that the admission in the octahedral sites, normally oc-
cupied by Ca, of other cations, with smaller ionic radii (e.g., Mg, Fe, Mn), distorting the
structure and favoring the crystallization of the 1A polytype, is not fully sustained.

As expected, the infrared and Raman behavior of wollastonite-1A does not essen-
tially differ from those of other polytypes [65,66], showing that the differences in stacking
do not essentially influence the vibrations characteristic to structural groups.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cryst16040247/s1, Table S1. EMPAs of a representative
sample of wollastonite-1A from Baita Bihor. Table S2. Torsion angles for a selected sample of Wol-
lastonite-1A from Baita Bihor. Table S3. Bond lengths for wollastonite-1A from Baita Bihor. Table
S4. Bond angles for wollastonite-1A from Baita Bihor.
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