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Abstract. This paper reports the first description of the crystal structure and crystal chemical features of
fluorcarletonite, a new mineral from the Murun potassium alkaline complex (Russia), obtained by means of
single-crystal and powder X-ray diffraction (XRD), electron microprobe analysis (EMPA), thermogravime-
try (TG), differential scanning calorimetry (DSC), and Fourier transform infrared (FTIR) spectroscopy. The
crystal structure of fluorcarletonite, KNasCasSigO13(CO3)4(F,OH)- H>O, a rare phyllosilicate mineral, con-
tains infinite double-silicate layers composed of interconnected four- and eight-membered rings of SiO4 tetra-
hedra and connected through the interlayer K-, Na- and Ca-centered polyhedra and COj3 triangles. The X-
ray diffraction analysis confirms the mineral to be tetragonal, P4/mbm, a = 13.219(1) A, ¢ =16.707(2) A,
V =2919.4(6) A® (powder XRD data), a = 13.1808(5) A, ¢ = 16.6980(8) A, V = 2901.0(3) A3 (single-crystal
XRD data, 100 K). The EMPA (average from 10 analyses) gave the following composition (wt %): SiO, 44.1(6),
CaO 20.0(3), Na;O 11.1(3), K»0 4.5(2), F 1.3(5), TiO; 0.1(1) and Al,O3 0.03(3). The TG-DSC analysis
confirmed the presence of HyO and CO, (weight losses of 1.17 % and 14.9 %, respectively). The FTIR spec-
trum acquired in the range from 4000 to 400cm™! reveals the presence of H,O, CO3; and OH groups. The
average formula of fluorcarletonite calculated from the results of EMPA and crystal structure refinement is

K.04Na3 89Ca3.87Tio.01517.99Alg.01018(CO3)3.86(Fo.720Hg.28) 1. 11H, O.

1 Introduction

Fluorcarletonite, idealized KNasCasSigO13(CO3)4F+ H»O0,
is the rare mineral belonging to the group of phyllosil-
icates. The crystal structure contains infinite branched
sechser double-silicate layers (Liebau, 2012) composed
of interconnected four- and eight-membered rings of
SiO4 tetrahedra and connected through the sheets of in-
terlayer K-, Na- and Ca-centered polyhedra and COj3
triangles. Fluorcarletonite is an F analogue of car-
letonite, discovered in 1971 by Chao and named after
the Carleton University (Chao, 1971). The reported for-
mula of carletonite, KNayCasSigO;3(CO3)4(F,OH)- H,0,
is inconsistent with the formula given in the min-
eral description (Chao, 1971) and obtained by the
single-crystal X-ray diffraction (SCXRD) investigation

of the mineral (Chao, 1972). The chemical composi-
tion, Ko.74Na3 56(Ca3z.74Mg 03)£3.77(Si7.89Al0.11) £8.00018
(CO3)3.65F0.41°2.05H,0, and the occupancy of the “F”
site, Fp.41(OH)ps59 where OH>F, were represented by
Chao (1971, 1972). Indeed, in Chao (1972), it is re-
ported that the ideal chemical formula of carletonite
should be written as KNasCaySigO;3(CO3)4(OH,F). H,0,
or KNa4Ca45igolg(CO3)4(OH,F)' H201+x with x = 0—1.0,
if the excess water is included. The only known world oc-
currence of carletonite is the Poudrette quarry, Mont Saint-
Hilaire, Canada. The mineral was recognized and described
in the specimens acquired from the marble xenoliths as well
as from hornfels (Chao, 1971). Carletonite occurs either in
pink to pale-blue prismatic crystals, in places up to 6 cm long,
or as massive aggregates. At present it is almost impossible
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to find collectible specimens of carletonite in the Poudrette
quarry, and prospects for the future are not promising, since
the most interesting area, where the mineral has been found,
was removed and allowed to flood (Pohwat and Cook, 2016).

This paper provides the first description of the crystal
chemical features of fluorcarletonite from the Murun mas-
sif, Russia. The name “fluorcarletonite” denotes the compo-
sitional relation between fluorcarletonite (Murun), idealized
KNayCaySigO1g(CO3)4F- HyO, and carletonite (Mont Saint-
Hilaire), idealized KNayCaySigO13(CO3)4(OH)- H>O. The
new mineral species and its name have been approved by the
Commission on New Minerals and Mineral Names of the In-
ternational Mineralogical Association (IMA no. 2019-038).
The holotype specimen has been deposited at the Sidorov
State Mineralogical Museum of Irkutsk National Research
Technical University (catalogue no. 12/1764).

2 Geological context and sample description

The fluorcarletonite sample under study was found in
charoitites (dominantly charoite-bearing rocks) of the Sev-
erny district at the Malyy Murun syenite massif located
in the NW Aldan Shield, Siberia, Russia (58°20'15” N
119°04'44” E). The ultra-agpaitic alkaline Murun complex
covering the area of ~ 150km? represents the largest for-
mation of alkaline rocks showing potassium enrichment and
consisting of the Bolshoy Murun and Malyy Murun massifs.
Nepheline, alkaline and quartz syenites of the Bolshoy Mu-
run massif occur in the west of the complex, whereas the
eastern part hosts the ultra-potassic rocks of the Malyy Mu-
run massif (Vladykin, 2016). The Malyy Murun age was esti-
mated by K—Ar method as Early Cretaceous (131.3£2.4 Ma)
(Wang et al., 2014). About 100 minerals were found in both
massifs, with some of them being rare or new.

Optical petrographic and mineragraphic studies were car-
ried out in transmitted and reflected light using a polarized
microscope, OLYMPUS BX 51.

Seventeen minerals were identified by studying polished
samples and thin sections: fluorcarletonite, aegirine, fluora-
patite, microcline, pectolite, fluorapophyllite-(K), charoite,
quartz, calcite, baryte, wollastonite, galena, idaite, chal-
cocite, digenite, native copper and covellite. Considering
the mineral content, the rock (Fig. 1) might be referred to
as an aegirine- and fluorcarletonite-containing apophyllite—
pectolite—charoitite.

Fluorcarletonite largely crystallizes as unevenly dis-
tributed allotriomorphic grains reaching 0.5 x 0.7-0.3 x
0.5cm in size and forming single mineral aggregates of
0.7 x 1.5 cm in size. Visually, the color of the mineral is light
blue to blue; in thin sections, the mineral is colorless. Fluor-
carletonite might contain numerous inclusions of small pris-
matic hypidiomorphic grains of apatite up to 0.05 mm in size
in cross section and from 0.05 to 0.2 mm in size in longitu-
dinal section as well as rarer idiomorphic crystals of aegirine
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Figure 1. Fluorcarletonite-containing charoitite. The specimen is
deposited at the Sidorov State Mineralogical Museum (Irkutsk, Rus-
sia). 1 — aegirine, 2 — pectolite, 3 — charoite, 4 — apophyllite-(KF), 5
— fluorcarletonite.

up to 0.1 mm in size in cross section and from 0.6 to 1.0 mm
in size in longitudinal section. Fluorcarletonite forms close
intergrowths with fluorapophyllite-(K) and pectolite, and it
is associated with charoite.

Fluorcarletonite is brittle with perfect cleavage on {001}
and good parting on {110}, and it has a conchoidal fracture.
Calculated density from the empirical formula is Dgye =
2.491 gcm™3. The mineral has a Mohs hardness of 4-4.5.
It is uniaxial (-) with w = 1.520(3) and ¢ = 1.515(3).

3 Experimental
3.1 Chemical analyses

To determine the chemical compositions of fluorcarletonite
and associated minerals, a JEOL JXA-8200 electron micro-
probe was employed. It is equipped with a high-resolution
scanning electron microscope, an energy-dispersive spec-
trometer with the Si(Li) detector (resolution — 133 eV) and
five wavelength-dispersive spectrometers (WDSs).

The analyzed sample was a polished section of a charoitite
rock. The sample images in back-scattered electrons obtained
by scanning over the area showed that it consists of small
intergrowths of several minerals that were WDS-diagnosed.

The conditions for the excitation and recording of analyt-
ical signals were as follows: accelerating voltage = 20kV;
probe current = 2 nA; beam diameter = 10-20 um, depend-
ing on the analyzed object; counting time on peak = 10s; and
counting time on background = 5 s. The following standards
were used: albite (Na, Al), diopside (Mg, Ca, Si), ilmenite
(Ti), pyrope (Fe), orthoclase (K), apatite (Cl, P) and F-apatite
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(F). A conversion from X-ray counts to oxide weight percent-
ages was obtained with the ZAF data reduction system (ZAF
correction is combination of corrections for atomic number
effect (Z), for absorption (A), and for fluorescence phenom-
ena (F)).

Table 1 offers the average compositions of some areas of
the studied sample compared with carletonite (Chao, 1971).
The H,O and CO; contents were determined and/or con-
firmed by the TG-DSC, FTIR and SCXRD investigations
(see below).

3.2 X-ray diffraction study

The powder X-ray diffraction data of the mineral were
collected using a Bruker D8 ADVANCE diffractometer
equipped with a Gobel mirror and scintillation detector with
radial Soller slits on the diffraction beam. Data were recorded
in step scan mode in the range of diffraction angles 26 from 5
to 80°, using CuK « radiation. Experimental conditions were
as follows: 40kV, 40 mA, time per step — 1 s and step size
— 0.02°26. The unit-cell parameters of fluorcarletonite re-
fined using TOPAS 4 (Bruker, 2008) are a = 13.219(1) A,
c=16.707(2) A, V =2919.4(6) A3. The XRD pattern is
similar to that obtained for carletonite by Chao (1971) (Ta-
ble S1, Supplement S1, freely available online as a Supple-
ment linked to this article).

A fragment of blue fluorcarletonite single crystal was
mounted on a Bruker AXS D8 VENTURE dual-source
diffractometer with a Photon 100 detector under monochro-
matized MoK « radiation. Low-temperature (100 K) data col-
lection was done using a Bruker Cobra nitrogen cryostat.
Two sets of 12 frames were used for initial cell determi-
nation, whereas the entire Ewald sphere (£h, £k, £/) up
to Omax ~ 40° was recorded by a combination of several
¢ and o rotation sets, with 0.5° scan width and 6s expo-
sure time per frame. Operating conditions were crystal-to-
detector distance of 40 mm, 50kV and 1 mA. The data col-
lection strategy was optimized by the APEX?2 program suite
(Bruker, 2003) and the reflection intensities were extracted
and corrected for Lorentz polarization by the SAINT pack-
age (Bruker, 2007). A semiempirical absorption correction
was applied by means of the SADABS software (Bruker,
2009). The XPREP software assisted in the determination of
the space group and in the calculation of the intensity statis-
tics. Finally, least-squares refinement was performed using
the program CRYSTALS (Betteridge et al., 2003). Informa-
tion concerning the data collection and refinement is listed in
Table 2. The refined parameters included scale factors, atom
coordinates, atomic displacement parameters and occupan-
cies (for alkaline and alkaline earth sites and O(w) positions).
The initial atom coordinates for the structure refinement were
taken from Chao (1972). The refinement converged to the
R value of 1.90 % (wR = 2.28 %). Final atomic coordinates
and displacement parameters of fluorcarletonite sample are
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Figure 2. Curves of thermal effects (TG, DSC) and mass spectra
(dependences of ion current / on temperature 7') of gaseous ther-
molysis products: release of CO, (m.n. 44) upon sample heating
from fluorcarletonite crystal structure.
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Figure 3. FTIR spectrum obtained for fluorcarletonite in the range
4000400 cm~!.

given in Table 3; selected interatomic bond distances and an-
gles are listed in Tables S2 and S3, Supplement S1.

3.3 TG-DSC investigation

A polycrystalline sample of the mineral was investigated by
differential scanning calorimetry (DSC) on a synchronous
analysis device STA 449 F1 Jupiter in an argon atmosphere.
The sample was heated from 45 to 1500°C at the rate of
5°Cmin~!. The qualitative and quantitative composition of
gaseous thermolysis product was monitored using a 403 C
Aéolos quadrupole mass spectrometer. The initial mass was
33.54 mg. The energy of electron impact is 70 eV.

3.4 Infrared spectroscopy

The Fourier transform infrared spectrum of fluorcarletonite
powder in a KBr pellet was recorded by a Vertex 70 FTIR
Bruker infrared spectrometer and a Varian 3 100ATR/FTIR
(RAM 1I) spectrophotometer. Infrared spectrum was ac-
quired from 4000 to 400 cm ™!, as displayed in Fig. 3.

Eur. J. Mineral., 32, 137-146, 2020



140

E. Kaneva et al.: Fluorcarletonite from the Murun complex

Table 1. Average composition (wt %) and atomic proportion (apfu) calculated on the basis of 8(Si+Al) for the studied fluorcarletonite
compared with carletonite from the Mont Saint-Hilaire massif, obtained by wet-chemical analysis (Chao, 1971).

Ferl/1-3  Ferl/1-5  Ferl/1-7  Ferl/2-1  Ferl/2-5  Ferl/2-5  Ferl/4-3  Ferl/4-3  Ferl/5-2  Ferl/5-2  Pink carletonite  Blue carletonite
(Chao, 1971) (Chao, 1971)
SiOy 44.2(5) 44.8(5) 44505 44.04) 443(4) 44.04) 439(5) 43.44) 43.6(5) 44414 449 44.7
Al O3 0.02(2) 0.042) 0.04(2) 0.04(1) b.dl.  0.05(5) 0.03(3) b.dl.  0.04(4) b.d.l. 0.5 0.6
MnO 0.02(2)  0.02(2) b.d.l. b.dl.  0.042) 0.01(1) 0.01(2) 0.022) 0.01(2) b.d.l. n.d. n.d.
MgO 0.01(1)  0.01(1) 0.01(1) b.d.l. b.d.l bdl  0.043) 0.033) 0.022) 0.01(1) 0.09 0.13
FeO b.dl.  0.02(1) 0.02(1) b.dl.  0.032) 0.01(1) 0.044) b.dl.  0.033) 0.03(2) n.d. n.d.
TiOy 0.1(1)  0.06(6) b.dl.  0.06(5) b.dl.  0.06(6) 0.1(1)  0.06(6) 0.1(1)  0.13(9) b.d.l. b.d.l.
NaO 11.13) 11.1(3) 11.2(3) 11.005) 11.6(5) 10.7(4) 10.7(8) 11.5(7) 11.0(3) 10.8(4) 10.23 10.64
K;0 4.4(2) 4.7(12) 4.42) 4.4(1) 4.5(1) 4.4(1) 4.5(1) 4.6(1) 44509) 4.6309) 3.28 3.31
CaO 20.0(3) 19.7(3)  20.6(3) 19.6(4) 19.4(4) 19.9(4) 19.8(3) 19.83) 20.1(4)  20.2(5) 19.92 19.97
F 1.0(5) 1.6(5) 1.5(6) 1.7(3) 1.2(3) 1.3(3) 1.0(2) 1.1(4) 0.93) 1.3(3) 0.70 0.73
Total 80.85 82.05 82.27 80.80 81.07 80.43 80.12 80.51 80.25 81.5 79.62 80.08
CO"2‘ 15.64 15.36 15.98 15.22 15.47 15.24 15.35 16.03 15.81 15.69 - 15.2°
H,O™ n.d. 0.70 0.63
H,0t n.d. n.d. 3.51
H20b 2.49 2.00 2.07 1.85 2.32 2.21 2.47 2.34 2.54 2.24 - -
98.98 99.41 100.32 97.87 98.86 97.88 97.94 98.88 98.60 99.43 80.32 99.42
O=F —0.42 —0.67 —0.63 —0.72 —0.50 —0.54 —0.42 —0.46 —0.38 —0.54 —-0.29 —0.30
Sum 98.56 98.74 99.69 97.15 98.36 97.34 97.52 98.42 98.22 98.89 80.03 99.12
Si 8.00 7.99 7.99 7.99 8.00 7.99 7.99 8.00 7.99 8.00 7.89
Al - 0.01 0.01 0.01 - 0.01 0.01 - 0.01 - 0.11
Mn - - - - 0.01 - - - - - -
Mg - - - - - - 0.01 0.01 - - 0.03
Fe - - - - - - 0.01 - - - -
Ti 0.01 0.01 - 0.01 - 0.01 0.01 0.01 0.02 0.02 -
Na 3.89 3.84 3.90 3.87 4.06 3.77 3.78 4.11 391 3.77 3.56
K 1.02 1.07 1.01 1.02 1.04 1.02 1.05 1.08 1.04 1.06 0.74
Ca 3.88 3.77 3.96 3.81 3.75 3.87 3.86 391 3.95 3.90 3.74
F 0.58 0.90 0.86 0.98 0.69 0.75 0.58 0.64 0.53 0.74 0.41
(CO3) 3.86% 3.74% 3.922 3.77% 3.812 3,782 3.822 4.032 3.96% 3.86% 3.65
(H,0)4 1.11 1.07

Ferl is the sample name and the digit is the sample area code. b.d.1. — below detection limit; n.d. — not determined. @ Calculated according to the principle of electroneutrality
of the chemical formula. ® Determined by an acid evolution-gravimetric method (Chao, 1971). ¢ Calculated using a single-crystal X-ray diffraction data refinement.

d Determined by a single-crystal X-ray diffraction data refinement.

4 Results
4.1 Chemical composition

The crystal chemical formula was calculated on the basis of
(Si + Al) = 8 atoms per formula unit (apfu) and assuming
H,O content consistent with the refined occupancies of the
Ol11(w) and O12(w) sites (Table 3). The average formula of
the fluorcarletonite is

K1.04Na3 89Ca3 87Tig.01517.99Alg.01018(CO3)3 86
(Fo.720Hg.2g8) - 1.11H50.

It is noteworthy that Al is almost absent in the fluorcar-
letonite compared to the carletonite from the Mont Saint-
Hilaire massif (Table 1). In our case, the Ti concentrations
in the sample are low. The Canadian mineral was described
as nonstoichiometric with the deficiencies in K, Na, Ca, CO3
and F (Chao, 1971, 1972).

Electron microprobe analysis of fluorcarletonite revealed
that individual crystals are very inhomogeneous with respect
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to the fluorine content (from 0.9 wt % to 1.7 wt %) and the
average F content in the sample is 1.3 wt % (vs. ~ 0.7 wt %
in the carletonite from Mont Saint-Hilaire, Chao, 1971). Ac-
cordingly, the calculated atomic proportion of F, substituting
by the OH group in the crystal structure, for the studied Mu-
run fluorcarletonite ranges from 0.53 to 0.98 apfu compared
with 0.41 apfu in the carletonite from Mont Saint-Hilaire
(Chao, 1971).

Some of the analyzed areas contain a reduced amount
of fluorine. Basically, these are the peripheral zones of
crystalline fluorocarletonite aggregates, characterized
by the less saturated blue color. Analysis points with
F content of 0.17 wt %—-0.78 wt %, with an average of
0.54 wt %, were noted. This corresponds to 0.31 fluorine
atoms per formula unit, indicating a small content of car-
letonite, Kj.04Na3 34Caz.97Mg o1 Si7.99Al0.01018(CO3)3.93
(OHy.69F0.31)-nH0, in the charoitic rock sample.

The mass spectra exhibited the presence of HyO (mass
number, m.n., 18), CO; (m.n. 44) and F (m.n. 19). The en-
dothermic effects at 45-127 and 127-315°C are accompa-

www.eur-j-mineral.net/32/137/2020/
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Table 2. Selected data about the single crystal, the data-collection
parameters and the structure refinement of fluorcarletonite.

Crystal dimensions (mm) 0.555 % 0.313 x 0.279

Space group P4/mbm
a () 13.1808(5)
c(A) 16.6980(8)
Vv (A3) 2901.0(3)
zZ 4

Data collection

Temperature 100K
Theta range 2.439 to 36.376°
Reflections measured 82035
Independent reflections 3802

Ring 3.4

Pmins> Pmax -21,21
kmin»> kmax -21,21
Imin> Imax —-27,27
Completeness to Thetamax 99.9 %

Refinement

Reflections used in the refinement (1 > —30(7)) 3792

No. of refined parameters 144
R (%)? 1.90
Ry (%)° 2.28
Goodness of fit® 1.0658

_ 23
Pmin/Pmax(e™ /A7) —0.65/0.53

@ R=Sl|Fol = |Fell/ E1Fol.® Ry = [S[w(Fg — F2)?)/ Zlw(Fg)* N2 w =
Chebyshev optimized weights. © Goodness of fit = [Z[w(FD2 — FCZ)Z]/(N — P)]l/z,
where N and P are the number of reflections and parameters, respectively.

nied by the weight losses of 0.15 % and 1.02 % most likely
related to the release of surface and structural H>O, respec-
tively (Fig S1, Supplement S1). The endothermic effect at
630-1134 °C accompanied by the weight loss of 14.9 % re-
sults from the release of CO;, (Fig. 2). It should be noted
that the loss of CO» in this temperature range shows sev-
eral endothermic effects, which suggest that the crystal struc-
ture contains carbonate ions in different coordination envi-
ronments. The exothermic effect at 1136-1500 °C is accom-
panied by the weight loss of 1.22 % and is most probably due
to the loss of fluorine (Fig. S2, Supplement S1). It is worthy
to note that the release of fluorine continues while cooling
the sample to about 1450 °C (Fig. S3, Supplement S1).

The infrared spectra features found in this study are in
agreement with the previous ones reported for carletonite and
related minerals of similar chemical composition (Table S4,
Supplement S1).

The spectral range from 400 to 1200 cm™' on Fig. 3 dis-
plays overlapping of bands, which can be divided into two
sets. The first set of lines observed at 435, 455, 499, 524 and
592cm™! may be assigned to the bending Si—O vibration.
Two bands at 1049 and 1196cm™! can be assigned to the
stretching vibrations of the Si—O bonds. The bands at 662,
690, 728, 782 and 875 cm™! are attributed to the bending vi-
brations of CO3 groups, whereas the bands observed at 1393,

www.eur-j-mineral.net/32/137/2020/

Figure 4. Fluorcarletonite crystal structure, as viewed down the
b axis (a) and down the ¢ axis (b). Na polyhedra, Ca polyhedra and
SiOy4 tetrahedra are drawn in blue, yellow and gray, respectively.
Potassium atoms are green; CO3 triangles are drawn in red. Figures
are made using the DIAMOND program (Bergerhoff et al., 1996).

1450, 1477 and 1525cm~! are assigned to the COj3 stretch-
ing vibrations.

The bands of H-containing groups occur in the region ex-
tending from 4000 to 1500 cm~!. The H,O stretching band
is observed at 3436 cm™!, and the band at 1623 cm™! is as-
signed to the bending vibration of H,O. Finally, the peak
at 3555cm™! is attributed to the stretching vibration of hy-
droxyl groups.

4.2 Crystal structure description
The structural features of fluorcarletonite are reported in Ta-

bles 3, 4 and 7; Tables S1 and S2 (Supplement S1); and
Figs. 4-5.

Eur. J. Mineral., 32, 137-146, 2020
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Table 3. Crystallographic coordinates, occupancies, equivalent/isotropic (AZ) and anisotropic atomic displacement parameters (A2) of fluorcarletonite.

Site x/a y/b z/c Occ. Ueq ul U2 U3 U u'3 U2
K 0.5 0 0.29737(2) 1 00111 0.01122(6) 0.01122(6) 0.01075(9) 0 0 —0.00363(8)
Nal 0 0 0.27520(4) 100088  0.0062(1) 0.0062(1)  0.0139(2) 0 0 0
Na2 0.13909(3)  0.63909(3)  0.14168(3) 100145  0.0129(1)  0.0129(1)  0.0177(2) 0.0054(1) 0.0054(1) 0.0056(1)
Na3 0.223103)  0.27690(3) 0 1 0.0085  0.0084(1)  0.0084(1)  0.0087(2) 0 0 —0.0009(2)
Ca 0.06064(1)  0.17724(1)  0.14108(1) 100052 0.00455(4) 0.00453(5) 0.00663(5)  0.00018(3) —0.00009(3)  0.00003(3)
Sil 0.07326(1)  0.26341(1)  0.40819(1) 1 0.0048 0.00398(6) 0.00465(6) 0.00584(6) —0.00065(4)  0.00002(4) —0.00037(4)
Si2 0.21664(1)  0.11835(1)  0.30701(1) 1 0.0046 0.00403(6) 0.00360(6) 0.00606(6)  0.00000(4) —0.00018(4) —0.00013(4)
01 0.14810(4)  0.17996(4)  0.37190(3) 100097 0.0087(2)  0.00942) 0.01122)  —0.0038(1) 0.0020(1) 0.0028(1)
02 0.27343(3)  0.03016(3)  0.35876(3) 100076  0.0082(2)  0.00542)  0.0091(2) 0.0024(1)  —0.0010(1) 0.0008(1)
03 0.15068(3)  0.07745(3)  0.23511(3) 100061  0.00542) 0.00572)  0.0073(2)  —0.0007(1)  —0.0012(1)  —0.0005(1)
04 0.30748(3)  0.19252(3)  0.27566(4) 100073  0.0064(1)  0.0064(1)  0.0093(2) 0.0006(1)  —0.0006(1)  —0.0032(2)
05 0.12508(3)  0.37492(3)  0.40492(4) 1 00076  0.0061(1)  0.0061(1)  0.0106(2) 0.0004(1)  —0.0004(1)  —0.0024(2)
06 0.04899(5)  0.23326(5) 0.5 1 00074 0.00832)  0.0078(2)  0.0061(2) 0 0  —0.0018(2)
07 0.21002(3)  0.10489(3)  0.06741(3) 100076  0.0091(2)  0.00692)  0.0068(2) —0.0016(1)  —0.0003(1) 0.0007(1)
08 0.18433(4)  0.31567(4)  0.13630(4) 100081  0.0060(1) 0.0060(1) 0.01233)  —0.0025(1) 0.0025(1)  —0.0001(2)
09 0.04026(5)  0.21856(9) 0 100102  0.00392) 0.0181(3)  0.0086(2) 0 0 0.0004(2)
010 0.02951(3)  0.34982(4)  0.18193(3) 100100 0.00482)  0.00792)  0.0173(2)  —0.0022(2) 0.0023(1)  —0.0015(1)
O11(w) 0 0  0.4153(1) 0.833(9) 0.0347  0.0439(8)  0.04398)  0.0163(7) 0 0 0
O12(w)  04367(2)  0.0633 (2) 0 0.5359) 0.0300  0.028(1) 0.028(1) 0.035(2) 0 0 —0.004(1)
F13 0 0 0.11645(6) 100125  0.0091(2)  0.00912)  0.0193(4) 0 0 0
C1 0.21331(6)  0.05747(6) 0 1 00067 0.0062(3) 0.0059(3)  0.0079(3) 0 0  —0.0003(2)
2 0.11988(4)  0.38012(4)  0.16665(5) 100071  0.0062(2) 0.0062(2)  0.0089(3)  —0.0003(2) 0.0003(2)  —0.0002(2)
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Table 4. Selected distortion parameters for the studied fluorcar-
letonite compared to those calculated for carletonite using data from
Chao (1972). Software for calculation — VESTA 3 (Momma and
Izumi, 2011).

Fluorcarletonite Carletonite (Chao, 1972)

Tetrahedra

Sil Si2 Sil Si2
BLD (%) 0.669 1.239 0.595 1.441
TAV 5.903 14.507 5.036 10.990
TQE 1.002 1.003 1.001 1.003
Volume (A3) 2.13 2.16 2.14 2.10
Octahedra

Nal Na2 Nal Na2
BLD (%) 3.685 4.513 3.307 5.385
OAV 209.772  86.522 203.614 92.330
OQE 1.063 1.031 1.060 1.036
Volume (10%3) 16.64 18.58 16.78 19.03
Polyhedra

Na3 Ca Na3 Ca
BLD (%) 2.206 1.913 2.437 2.005
Volume (A3) 25.93 25.584  26.09 25.60

K K

BLD (%) 5.525 5.983
Volume (A3) 47.15 46.72

Note: BLD (bond length distortion)

(100/m) 31 [I(X = 0); = (X — ONI] /((X — 0)) %, where n is the number of
bonds and (X — O) the central cation—oxygen length (Renner and Lehmann, 1986);
TAV (tetrahedral angle variance) = 21'3:1 ; — 109.45)2/5 (Robinson et al., 1971);

TQE (tetrahedral quadratic elongation) = Z?:l i/ 10)2/4, where I is the center to
vertex distance for an undistorted tetrahedron whose volume is equal to that of the
distorted tetrahedron with bond length 7; (Robinson et al., 1971); OAV (octahedral

angle variance) = Z}il 6; — 90)2/ 11 (Robinson et al., 1971); OQE (octahedral

quadratic elongation) = Z?:l (11/10)2/6, where [ is the center to vertex distance
for an undistorted octahedron whose volume is equal to that of the distorted
octahedron with bond length 7; (Robinson et al., 1971).

Figure 4 shows the crystal structure of fluorcarletonite in
projection down the b (Fig. 4a) and c axes (Fig. 4b), whereas
Fig. 5 displays the details of the crystal structure with the em-
phasis on the tetrahedral linkage. The crystal structure con-
sists of silicate layers, sheets of Na- and Ca-centered polyhe-
dra, and K* cations occupying the cavities within the eight-
membered silicate rings. Additional H,O molecules are sit-
uated within pores of the silicate double layers. Finally, iso-
lated COj3 triangles are linked to the Na- and Ca-centered
polyhedra sheets.

It is reasonable to start the description of the crystal
structure of fluorcarletonite from silicate layers. Accord-
ing to Liebau (2012), the loop-branched sechser double-
silicate layer in carletonite, as well as in fluorcarletonite
(Fig. 5a), results from the condensation of two branched
single layers (Fig. 5b). The crystal structure of fluo-
rcarletonite and carletonite is closely related to those
of delhayelite, K4NayCa;[AlSi;019]F>Cl; hydrodelhayelite,

www.eur-j-mineral.net/32/137/2020/
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Figure 5. Perspective view of the fluorcarletonite crystal structure
evidencing the tetrahedral bond linkage: (a) loop-branched sechser
double-silicate layer obtained by the condensation of two branched
single layers; (b) branched single layer — a component of the fluor-
carletonite silicate radical. Figures are made using the DIAMOND
program (Bergerhoff et al., 1996).

KCayAlSi70;7(0OH);, - 6H,O (Cannillo et al., 1969; Pekov
et al., 2009); rhodesite, KNayCa;SigO19(OH) - 6H,O (Hesse
and Liebau, 1992); macdonaldite, BaCa4Sijs036(OH); -
10H,O (Cannillo et al., 1968); and monteregianite-(Y),
NasK>Y;Sij6035 - 10H,O (Ghose et al., 1987) (Table S5,
Supplement S1). However, all these silicates have branched
dreier double layers [(Si, Al)gO19] of the same topology
(Liebau, 2012), whereas fluorcarletonite and carletonite con-
tain [SigO1g] layers. Two independent silicate tetrahedra
of the single layer form eight-membered rings connected
by four-membered rings with four adjacent eight-membered
rings. The two sublayers are linked via sharing a common
oxygen atom O6 as indicated in Fig. 5a. The size of the
eight-membered rings is 7.178(1) x 4.664(1) 10%, while that
of four-membered rings is 4.027(1) x 3.203(1) A. These val-
ues are quite close to those found in other silicates from the
Murun charoitites (see, for example, Lacalamita et al., 2017)
and silicates with heterogeneous frameworks (see, for exam-
ple, Mesto et al., 2014). There is a further eight-membered
ring with a size of 4.466(1) x 4.466(1) A in the straighter
windows and 6.144(1) x6.144(1) A in the wider ones config-
ured with the equivalent eight-membered ring of the adjacent
SiO4 layer. These cages host a HoO group (at the O11 site)
that is shared by two Na atoms coordinated with the apex of
the smaller window.

For the studied fluorcarletonite crystals, SiO4 tetrahedra
are quite regular as confirmed by the average Si—O distances
(1.608(1) and 1.617(1) A; Table S2, Supplement S1). The
BLD (bond length distortion: Renner and Lehmann, 1986)
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Table 5. Bond-valence sum for the studied fluorcarletonite.

E. Kaneva et al.: Fluorcarletonite from the Murun complex

K Nal Na2 Na3 Ca Sil Si2 Cl C2 v
o1 1.077 0.990 2.067
02 0.0580x4] 1.070 0.984 2.112
03 0.220[>4 0.325 1.135 1.959
0.279
04 0.166 0.979x2) 2.124
05 0.105%21 1.007¢x2) 2.119
06 1.022(x2) 2.044
o7 0.193>21  0.1350x4] 0.229 1.316[%2 2.085
0.212
08 0.192[x21  0.266(x2) 1236 1.960
09 0.1370x21 027732 1.316 2.007
010  0.1550x4 0.2220x21 0.292 1.3400<21 2,009
Ollw 0.216 0.216
ol12w 0.080(x2) 0.160
F13 0.084 020204 0.892
> 1.062 1.180 1.076 1.198 2.082 4.176 4.088 3.948 3.916

[x2] %41 for the calculation of the valence bond sum for cations. (X2), ) for the calculation of the valence bond sum for anions.

values for SilO4 and Si204 tetrahedra are ~ 0.67 % and
~ 1.24 %, respectively, and the TAV (tetrahedral angle vari-
ance, Robinson et al., 1971) values are ~ 5.9 and 14.5, re-
spectively (Table 4), which shows that the Si2 site has a
slightly greater bond length distortion and angle variance.
The calculation of the distortion parameters was also per-
formed with the data for carletonite taken from Chao (1972),
exhibiting similar relative variations.

Silicate layers are linked by vertices to the Nal and Na2
octahedra and Ca polyhedra. The Na3 site is surrounded
by eight oxygen atoms belonging to carbonate groups. Two
symmetrically independent Na-centered octahedra are geo-
metrically different: (1) the Na2 site has longer average Na—
O distances than Nal (~ 2.438(2) A and 2.386(2) A, respec-
tively; Table S3, Supplement S1) and, as a consequence,
the greater octahedral volume (18.58 A3 vs. 16.64 A3, re-
spectively; Table 4); (2) the angle variances for Nal are
greater than those for Na2 (OAVs, octahedral angle vari-
ances, Robinson et al., 1971, are 209.772 and 86.522 for
Nal and Na2, respectively; Table 4); (3) the BLD for Na2 is
greater than that for Nal (4.513 and 3.685, respectively; Ta-
ble 4). Concerning the 8-coordinated Na3 and Ca polyhedra,
the Na—O and Ca—O distances are 2.498(1) A and 2.455(1) A,
respectively (Table S3, Supplement S1).

The K ions are located in a fully occupied 10-coordinated
site within the eight-membered ring of the silicate anion with
the average K—O bond length of 2.978(1) A (Table S3, Sup-
plement S1).

Two independent CO3 groups in the crystal structure are
linked to the Na2, Na3 and Ca polyhedra. The C203 carbon-
ate group is also bonded to K™ cations. The observed C-O,
0-0 distances and O—C-O angles of COs triangle (Table S3,
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Supplement S1) are similar to those reported by Chao (1972)
for carletonite.

The O atoms of the HyO groups occupy the O11(w) and
O12(w) sites and coordinate the Nal and Na2 sites, respec-
tively (Fig. 4a and b). According to the structure refinement,
the O11(w) site is almost completely occupied (0.840(8); Ta-
ble 3), while the O12(w) site has the occupancy of ~ 50 %
(Table 3; the distances between two neighboring O12(w) po-
sitions is 2.361(3) A). We could not locate the H sites from
the analysis the difference-Fourier maps, presumably due to
the disorder and partial occupancy of the H,O sites.

Finally, in fluorcarletonite samples the interatomic dis-
tances are very close to those observed for carletonite from
the Mont Saint-Hilaire massif as reported by Chao (1972)
(see Tables S1 and S2, Supplement S1). The same applies
to the distortion parameters for the fluorcarletonite and car-
letonite samples (Table 4).

Table 5 yields the results of a bond-valence analy-
sis for the sample studied. For calculation of the bond-
valence sums (BVSs), the parameters suggested by Brese
and O’Keeffe (1991) and Gagne and Hawthorne (2015) have
been used. The BVSs are satisfactory or in some cases some-
what higher than expected, taking into account the absence
of contributions from the H sites.

5 Conclusions

The present work provides the results of detailed crys-
tal chemical investigations of fluorcarletonite, a new min-
eral from the Murun massif. The investigated sample
was found in the unique charoitic rocks, where fluor-

www.eur-j-mineral.net/32/137/2020/
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carletonite associates with pyroxene, fluorapatite, micro-
cline, pectolite, fluorapophyllite-(K), charoite, quartz, car-
bonate, baryte, wollastonite, galena, idaite, chalcocite, di-
genite, native copper and covellite, whereas isostruc-
tural carletonite from nepheline syenites of Mont Saint-
Hilaire coexists with pectolite, arfvedsonite, quartz, mi-
crocline, albite, fluorapophyllite-(K), fluorite, ancylite-
(Ce) and leifite. The empirical formula of the fluorcar-
letonite is Kj 04Na3z g9Ca3 87Ti.01517.99Alo.01018(CO3)3.86
(F0_720H0_28) . 1.11H20. The HQO, F and CO3 con-
tents were confirmed by TG-DSC investigation, IR spec-
troscopy and structural refinement. By comparison, car-
letonite from Mont Saint-Hilaire has the average chemical
formula Ko 74Na3 56(Caz 74Mg (3)Si7.80Alo.11018(CO3)3 65
Fo.41 -2.05H>,0 (Chao, 1971). The F site in the crys-
tal structure is occupied by 0.59(OH)~ and 0.41F~
(OH > F). It follows from this that the correct ideal-
ized mineral formula of the carletonite mineral should be
KNayCaySigO13(CO3)4(OH)* H>O. The idealized formula
of fluorcarletonite is KNasCaysSigO15(CO3)4F+ H>O. How-
ever, on the Murun, as well as on the Mont Saint-Hilaire, the
presence of a pure fluorine or hydroxyl end-member has not
yet been noted.

On the Murun massif, there are zonal grains with differ-
ent contents of F~ and OH™. Increased fluorine (in the range
from 0.87 wt % to 1.72 wt %) is noted in areas with a more
saturated blue color and is confined mainly to the central
part of the zonal grains (more than 6 mm in size), whereas
on the periphery of grains, as well as in small grains with
a pale-blue tint, areas with a fluorine content in the range
from 0.17wt% to 0.78 wt % prevail. This corresponds to
the chemical composition of carletonite. Presumably, the de-
crease in fluorine content from the central parts to the periph-
ery reflects the environmental evolution during the mineral
formation, namely, a decrease in fluorine concentrations dur-
ing crystallization. In conclusion, the possibility of the pres-
ence of fluorcarletonite in the rocks of the Mont Saint-Hilaire
massif (Canada) is not excluded.
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