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Abstract: An ammonium-bearing fluorapophyllite-(K) occurs as a late hydrothermal product in the
outer endoskarn zone from Aleului Valley (N 46◦37′04′′, E 22◦35′22′′), located at the contact of the gra-
nodiorite laccolith from Pietroasa, of Upper Cretaceous age, with Anisian dolostones. Associated min-
erals are wollastonite, K feldspar, diopside, fluorapatite, talc, and pectolite. The chemical structural
formula is [K0.985Na0.012(NH4)0.076]Σ=1.073(Ca4.009Mn0.001Fe2+

0.003Mg0.002Ba0.001)Σ=4.016(Si7.953Al0.047)
O20.029[F0.899(OH)0.101]·8.059H2O. The structure was successfully refined as tetragonal, space group
P4/mnc, with cell parameters of a = 8.9685(1) Å and c = 15.7885(5) Å. The indices of refraction areω =
1.534(1) and ε = 1.536(1). The calculated density is Dx = 2.381 g/cm3, in good agreement with the
measured density, Dm = 2.379(4) g/cm3. The thermal analysis shows that the mineral completely de-
hydrates at up to 450 ◦C (endothermic effects at 330, 371, and 448 ◦C) and loses ammonium at 634 ◦C.
In the infrared spectra, the multiplicity of the bands assumed to be silicate modes (1ν1 + 3ν3 + 2ν2 +
3ν4) agrees with the reduction in the symmetry of the SiO4

4− ion from Td to Cδ. Fluorapophyllite-(K)
from Aleului Valley is of late hydrothermal origin and crystallized from F-rich fluids originating from
the granodiorite intrusion, which mobilized K, Ca, and Si from the pre-existing feldspar.

Keywords: fluorapophyllite-(K); physical properties; crystal chemistry; structure; Raman spectra;
FTIR; thermal analysis; endoskarn; late hydrothermalism; Pietroasa laccolith (Romania)

1. Introduction

Fluorapophyllite-(K) [1] represents the most common mineral of the apophyllite group.
The mineral, ideally KCa4(Si8O20)F·8H2O, is tetragonal, space group P4/mnc, and forms a con-
tinuous solid-solution series with hydroxyapophyllite-(K), ideally KCa4(Si8O20)(OH)·8H2O,
and apparently with two other minerals that crystallize in the same space group, fluorapo-
phyllite-(Cs) [2] and fluorapophyllite-(NH4) [3]. Hydroyapophyllite-(K) and, consequently,
fluorapophyllite-(K) are also isostructural with hydroxymcglassonite-(K), where Sr substi-
tutes for Ca [4]. The isomorphism toward the orthorhombic Pnnm members of the group,
i.e., fluorapophyllite-(Na) and hydroxyapophyllite-(Na), is restricted by the differences in
symmetry and seems to define a pseudo-solid solution series [5,6].

Fluorapophyllite-(K) is a low-temperature mineral that generally occurs as fillings
of vugs and veins in calc alkaline basic rocks or other basic systems, where it associates
mainly with zeolite-group minerals but also as a retrograde skarn mineral (e.g., [7–13]).
In this second case, the mineral characteristically associates with primary skarn minerals
(e.g., wollastonite, datolite, Ca-garnet) being the product of the retromorphic evolution
(“dissolution–reprecipitation processes” according to [8]).
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Fluorapophyllite-(K) in the skarn from Aleului Valley was first identified by [10] and
misidentified as hydroxyapophyllite-(K) based on a bulk (wet chemical) analysis. The
mineral occurs in a typical skarn association. The opportunity to re-analyze the mineral, as
well as a supplement of the material available for new study, prompted re-investigation of
the mineral, which resulted in this paper.

2. Geological Setting

As mentioned before, a mineral in the solid-solution series fluorapophyllite-(K)–
hydroxyapophyllite-(K) was described in the magnesian skarn from Aleului Valley by [10],
who also offered a description of this proximal skarn. The mineral occurs on vugs and
fractures that affect the skarn mass. The host skarn occurs in the close vicinity of the
western contact of the Pietroasa intrusive body with Anisian dolostones pertaining to the
Ferice Unit, at approximately 500 upstream from the confluence of Sebişel with Aleului
Valleys, on the right slope of Aleului (Figure 1).Minerals 2023, 13, 1362 3 of 22 

 

 

 
Figure 1. Geological sketch of Pietroasa area in regional context: The Banatitic Magmatic and Metal-
logenetic Belt (top, left: redrawn from [14]) and the structural context of Romania (top, right: from 
[15], simplified). Redrawn and modified from [16]. Symbols in the legend represent Ferice Unit 1—
Werfenian (siliciclastic rocks); 2—Anisian (dolostones and dolomitic limestones); Bătrânescu Unit: 
3—Ladinian (limestones); Bihor Unit: 4—Lower and Middle Jurassic (schistose clays, sandstones, 
and black limestones); 5—Dolomitic marbles, magnesian skarns, and hornfelses; 6–7—Upper Cre-
taceous magmatites (“banatites”); 6—vein rocks of rhyolitic, andesitic, or basaltic composition; 7—
granodiorites, granites; 8—Quaternary alluvial and delluvial deposits (muds, gravels, sands); 9—
gallery. The star marks the location of Aleului 2 Gallery. 

Figure 1. Geological sketch of Pietroasa area in regional context: The Banatitic Magmatic and Met-
allogenetic Belt (top, left: redrawn from [14]) and the structural context of Romania (top, right:
from [15], simplified). Redrawn and modified from [16]. Symbols in the legend represent Ferice
Unit 1—Werfenian (siliciclastic rocks); 2—Anisian (dolostones and dolomitic limestones); Bătrânescu
Unit: 3—Ladinian (limestones); Bihor Unit: 4—Lower and Middle Jurassic (schistose clays, sand-
stones, and black limestones); 5—Dolomitic marbles, magnesian skarns, and hornfelses; 6–7—Upper
Cretaceous magmatites (“banatites”); 6—vein rocks of rhyolitic, andesitic, or basaltic composition;
7—granodiorites, granites; 8—Quaternary alluvial and delluvial deposits (muds, gravels, sands);
9—gallery. The star marks the location of Aleului 2 Gallery.
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The skarn, investigated with an exploration mine shaft, mainly consists of a mass
of forsterite, minerals of the humite group (chondrodite, clinohumite), diopside, spinel,
and phlogopite, in a matrix of serpentine (chondrodite, lizardite), chlorite, and carbonates
(calcite, dolomite). The coordinates of the shaft entry, dug in the late 1980s and known as
“Galeria 2 (Gallery 2 or Adit 2) Aleului”, are N 46◦37′04′′, E 22◦35′22′′. A body of distal,
boron-bearing magnesian skarn containing suanite, kotoite, ludwigite, and szaibelyite was
described in the closest vicinity, at approximately 500 m downstream, at the point called
“Gruiului Hilll”: [10,17–19].

The intrusive body from Pietroasa, responsible for the thermal metamorphism and
skarn formation, is a laccolith that represents the eastern occurrence of the Bihor Batholith,
likely the most important from a metallogenetic point of view in the Banatitic Magmatic
and Metallogenetic Belt [20]. This Belt consists of a series of discontinuous magmatic
and metallogenetic districts that are discordant over a Middle Cretaceous-aged nappe
structure ([14,21,22] and references therein), as shown in Figure 1. The laccolith from
Pietroasa consists mainly of granodiorite and granite porphyry with subordinate quartz
monzodiorite and microdiorite [23,24]. The K-Ar age on the mafic fraction reported by [16]
is 74(3) to 67(3) Ma, in fair agreement with the ages compiled by [21]: 73(3) to 70(3) Ma.

Fluorapophyllite-(K) occurs in vugs, but also as infilling of fractures that cross-
cut the magnesian skarns in both the exoskarn and endoskarn zones. The crystals of
fluorapophyllite-(K) contain small inclusions of wollastonite, pectolite, fluorapatite, and
K feldspar, and are sometimes crosscut by small veins of diopside with talc overcoats
(Figures 2 and 3).
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Figure 2. Photomicrographs showing characteristic relationships between fluorapophyllite-(K) and 
associated minerals in the Aleului Valley skarn. Crossed polars. The scale bar on each photograph 
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Figure 2. Photomicrographs showing characteristic relationships between fluorapophyllite-(K) and
associated minerals in the Aleului Valley skarn. Crossed polars. The scale bar on each photograph
represents 0.1 mm. (A) Aggregate of wollastonite (Wo) crystals engulfed by fluorapophyllite-(K)
(Apo). (B) Wollastonite (Wo) and fluorapatite (Ap) in the fluorapophyllite-(K) mass. (C) Vein of
diopside (Di) cutting an aggregate of fluorapophyllite-(K) and pectolite (Pct). (D) Detail of an
aggregate of wollastonite (Wo). Symbols for the rock-forming minerals follow the recommendations
of [25].
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(Cl Kα) served as standards. Counting time was 20 s per element. Data were reduced using 
the Phi-Rho-Z matrix correction [26]. Ammonium was determined by colorimetry from a 
separate aliquot dissolved in 1M HCl, using the Nessler reagent [27]. 

Figure 3. SEM-BSE microphotographs of typical associations of fluorapophyllite-(K) from Aleului
Valley. The scale bar on the photographs represents 100 µm (A,B,D) and 10 µm, respectively (C). The
symbols are the same as in Figure 2, except for Tlc = talc.

3. Materials and Methods

Electron-microprobe analyses (EMPA) were performed using a Jeol JXA 8530F Hy-
perprobe (JEOL Ltd., Tokyo, Japan), equipped with a field emission-assisted thermo-ionic
(Schottky) emitter, five wavelength-dispersive spectrometers (WDS), and one SD EDS de-
tector. The apparatus is hosted by Rice University, Department of Earth, Environment, and
Planetary Science (Houston, TX, USA). The apparatus was set at an accelerating voltage
of 15 kV and a beam current of 20 nA (measured at the Faraday cup), for beam diameters
of 5–20 µm (smaller for fluorapatite and talc because of the small size of crystals). A de-
focused beam (20 µm) was used for the analysis of Na and K to avoid their loss. Natural
plagioclase—An 67 (Si and Ca Kα), natural olivine—Fo 93 (Mg and Fe Kα), natural ortho-
clase (K and Al Kα), natural jadeite (Na Kα), natural celestite (Sr Kα), natural Ce-monazite
(La, Nd and Ce Kα), natural baryte (Ba Kα), natural topaz (F Kα), and natural tugtupite (Cl
Kα) served as standards. Counting time was 20 s per element. Data were reduced using
the Phi-Rho-Z matrix correction [26]. Ammonium was determined by colorimetry from a
separate aliquot dissolved in 1 M HCl, using the Nessler reagent [27].

The fast identification of mineral phases in all samples was performed by Energy-
Dispersive Spectrometry (EDS) analysis, using a JEOL Silicon Drift (SD) X-ray Detector
with 10 mm2 active area and 133 eV resolution. The detector is attached and integrated into
a JEOL JXA 8530F Hyperprobe. The analytical conditions used for EDS analysis were as
follows: 15 kV accelerating voltage, 20 nA beam current, live time 20 s. Dead Time (DT)
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during the analysis was 35%–40% with count rates ranging from ~45,000 to ~100,000. The
beam size used was “spot” size (~300 nm).

Supplementary high-resolution SEM images were obtained at the Geological Institute of
Romania, using a Hitachi TM3030 tabletop scanning electron microscope (Chiyoda, Tokyo,
Japan), with an improved electron optical system, operated at 5 kV acceleration voltage.

The XRD patterns of two representative samples (212 and 213, respectively) were
recorded using two different Brucker (AXS) D8 Advance diffractometers (Karlsruhe, Ger-
many) hosted by the Laboratory of Mineralogy, University of Liège (Belgium) and Geolog-
ical Institute of Romania (Bucharest), respectively. Both diffractometers used Ni-filtered
CuKα radiation, a step size of 0.02◦ 2θ, 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◦ 2θ were used for measurements. For both
samples, the unit-cell parameters were calculated by least-squares refinement of the XRD
data, using the computer program of [28] modified by [29]. Synthetic silicon (NBS 640b)
was used as an external standard in order to verify the accuracy of measurements.

The structure refinement was performed by single-crystal X-ray diffraction. Data were
collected at room temperature with monochromatized MoKα radiation (λ = 0.71703 Å—50 kV
and 1 mA) on a Rigaku Agilent Xcalibur EOS diffractometer equipped with a CCD Detector
(both manufactured in Osaka, Japan), housed at the Laboratory of Mineralogy, University of
Liège. The instrument has Kappa geometry. Data collection, subsequent data reduction, and
face-based absorption corrections were carried out using CrysAlis Pro 41.123a software [30].
The initial structure solution in space group P4/mnc was determined by the charge flipping
method using the Superflip algorithm [31], and the structural model was subsequently
refined on the basis of F2 with Jana2006 software [32].

DTA and TG simultaneous records were made using a NETZSCH STA thermobalance
(Netzsch-Gerätebau GmbH, Selb, Germany), hosted by the Geological Institute of Romania.
The apparatus was operated in the temperature range of 25–1100 ◦C, in air flow, at a
heating rate of 5 ◦C/min. An Al2O3 crucible was used for the analysis. Furthermore,
333 mg of carefully handpicked fluorapophyllite-(K) crystals were crushed and used as the
starting material.

The infrared absorption spectra were obtained using both a Fourier-transform THERMO
Nicolet Nexus spectrometer (ThermoFisher Scientific, Madison, WI, USA), hosted by the
University of Liège (for Sample 212), and a BRUKER FTIR S 12 spectrometer (Ettlingen,
Germany) hosted by the Geological Institute of Romania (for Sample 213). Both records
were made in the frequency range between 400 and 4000 cm−1, using a standard pressed-
disk technique, after embedding 2 mg of mechanically ground mineral powder in 148 mg
of dry KBr and compacting under 2500 N/cm2 pressure. The spectral resolution was, in
both cases, 0.1 cm−1. The spectra were recorded at 25 ◦C.

Raman spectra were recorded using a Renishaw SEM-Raman system (Artisan Sci-
entific, Champaign, IL, USA) hosted by the Geological Institute of Romania, at 25 ◦C,
using both structural and chemical analyses (SCA) and inVia interfaces. The spectrometer
was equipped with a 10 mW, 532 nm diode-pumped solid-state laser as an excitation
source. The spectral resolution was 1cm−1 for a 1 µm spatial resolution. Analyses were
performed using a 50× objective, a confocal aperture of 400 µm, a 150 µm slit width,
and 1800 lines·mm−1 grating. Repeated acquisitions on the crystals were accumulated
to improve the signal-to-noise ratio of the spectra, which were collected in the range of
100–4000 cm−1 (10-s accumulation time, 3 scans). The instrument was calibrated with
synthetic silicon and fluorapatite.

The mean density of various crystals of fluorapophyllite-(K) was measured using a
pycnometer (Rainhard Co., Austin, TX, USA), at 25 ◦C, using a mixture of methylene iodide
and toluene as the immersion liquid.

Indices of refraction were measured at room temperature (25 ◦C), using the Becke-line
method and monochromatic (Na) light (λ = 589 nm), by immersion in Cargille oils, using a
spindle stage and a JENAPOL-U microscope (Carl Zeiss, Jena, Germany).
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UV-luminescence tests were performed using a portable Vetter ultraviolet lamp (Vetter,
Lottstetten, Germany) with 254 and 366 nm filters.

4. Associated Minerals

As mentioned by [10], wollastonite occurs as aggregates of needle-like crystals grouped
in sheaves or bands inside the fluorapophyllite-(K) crystals, which maintain their optical
continuity (Figure 2A,B,D). The individual crystals are up to 0.25 mm in length. The chemi-
cal composition of wollastonite, taken as an average of 14 different electron microprobe
point analyses, is (in wt.% oxides) SiO2 = 51.98, Al2O3 = 0.01, MgO = 0.02, CaO = 48.51,
FeO = 0.02, Total = 100.54. The corresponding chemical-structural formula, calculated on
the basis of 18(O) anions, is (Ca5.997Mg0.003Fe2+

0.002)(Si5.998Al0.001)O18. As expected, the
composition conforms closely to stoichiometry. No significant compositional variation is
observed either within individual crystals or inside the crystals.

Pectolite occurs as small fringes randomly distributed inside the fluorapophyllite-(K)
crystals and has the tendency to form bands or sectors with apparent optical continuity
(Figure 2C). The individual crystals, up to 20 µm in length, have silk-like development and
low birefringence, but are easy to distinguish from fluorapophyllite-(K) due to their higher
indices of refraction (positive relief). The association between pectolite and fluorapophyllite-
(K) fully occupies sectors of fluorapophyllite-(K) crystals (Figure 3A,B,D).

The average chemical analysis obtained as a result of 45 point analyses performed by
EMPA on three different crystals of pectolite included by the fluorapophyllite-(K) mass is
(in wt.% oxides) SiO2 = 54.29, CaO = 33.89, MgO = 0.01, MnO = 0.11, FeO = 0.04, BaO = 0.02,
Na2O = 8.95, K2O = 0.05, F = 0.07, Cl = 0.01, H2O (calculated) = 2.65, (F, Cl) = O = −0.01,
Total = 100.08. Normalized to 8 (O) and 1 (OH, F, Cl) anions, this yields to the formula
(Na0.958K0.004Ca0.037)(Ca1.970Mg0.001Mn0.005Fe0.002)Si3.002O8(OH0.980F0.003Cl0.017).

As pectolite was not described in skarns from Romania, apart from the syenite-like
endoskarn from Măgureaua Vaţei [33], a detailed look at the chemistry is given as supple-
mentary material (Table S1).

Diopside occurs as a relic mineral on veins that cut the fluorapophyllite-(K) mass
(Figures 2 and 3). The individual crystals, up to 0.1 mm in length, are subhedral and some-
times lined by talc. The average composition, taken as the mean of 33 EMP analyses performed
on 12 different crystals, is (in wt.% oxides) SiO2 = 52.77, Al2O3 = 0.06, CaO = 23.29, MgO =
12.26, MnO = 0.17, FeO = 9.25, Na2O = 1.54, K2O = 0.04, Total = 99.38, yielding, by normaliza-
tion to 6 (O) anions, the formula (Ca0.946Mg0.693Fe2+

0.293Mn0.005Al0.060Na0.113K0.002)Si2.000O6.
Part of iron, considered to be in a divalent state of oxidation, must be, in reality, oxidized
to Fe3+. The composition below corresponds to a diopside (63.55 mol.%) with significant
contents of hedenbergite (25.40 mol.%) and aegirine (10.55 mol.%) and minor johansennite
(0.46 mol.%) and esseneite (0.05 mol.%).

K-feldspar (microcline) was found as small (up to 50 µm across), subhedral relics
surrounded or engulfed by the fluorapophyllite-(K) mass. The average composition, taken
as the mean of four point analyses performed on different crystals, is (in wt.% oxides)
SiO2 = 64.32, Al2O3 = 17.49, CaO = 0.07, MgO = 0.01, MnO = 0.01, FeO = 0.64, Na2O = 0.42,
K2O = 16.05, Total = 99.01.

Normalized to 8 (O) anions, this composition results in the formula (K0.959Na0.038Ca0.004
Fe2+

0.025Mg0.001)(Al0.965Si0.012)Si3O8.
Talc occurs as a usual alteration product of diopside, generally as flakes lining diopside

aggregates and crystals, inside or at the periphery of the diopside veins. Individual
aggregates of talc were, however, identified (Figure 3B) and likely express the complete
replacement of the pre-existing clinopyroxene. The mean chemical composition taken as
the average of 27 EMP point analyses is (in wt.%) SiO2 = 60.69, Al2O3 = 0.01, Cr2O3 = 0.01,
MgO = 30.18, CaO = 0.92, MnO = 0.18, FeO = 0.07, Na2O = 0.04, K2O = 0.20, H2O (calculated)
= 4.81, Total = 97.11. The corresponding chemical-structural formula, calculated on the
basis of 7 cations excluding H+ and 12 (O,OH), is (Mg2.397Ca0.064Mn0.010Fe0.004Na0.005K0.017)
(Si3.962Al0.001Cr0.001)O11.906(OH)2.094.
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Fluorapatite was identified as euhedral to subhedral crystals surrounded by fluorapo-
phyllite-(K). Individual crystals are up to 100 µm in length, usually being much smaller.
Representative images are given in Figures 2A and 3C. The chemical composition, taken
as the average of 11 EMP point analyses on three different crystals, is (in wt.% oxides)
P2O5 = 41.53, SO3 = 0.45, La2O3 = 0.09, Ce2O3 = 0.11, Nd2O3 = 0.05, CaO = 55.05, Na2O
= 0.03, F = 3.16, Cl = 0.08, H2O (calculated) = 0.13, F = O = −1.33, Cl = O = −0.02,
Total = 99.33. Normalized to 3 (P+S) and 1 (OH,F,Cl) p.f.u., this composition yields the
formula (Na0.005Ca4.985La0.003Ce0.003Nd0.002)(P2.971S0.029)O12.014[F0.845Cl0.011(OH)0.144].

5. Crystal Morphology

The crystal morphology of fluorapophyllite-(K) from Aleului Valley was described
by [10]. In the definition of crystallographic forms, Ref. [10] used the crystallographic
orientation conducted by [34], describing a combination of basal pinacoids {001}, prisms
{100}, and low pyramids {111}. As shown by [35,36], this orientation must be reconsidered,
but the combination of faces remains the same. The mineral occurs as crystals tabular on
[001], up to 1 cm across and 1 mm thick. The (001) faces exhibit relatively rough surfaces,
lacking any sign of growth steps.

Transversal sections of typical crystals of the mineral are given in Figure 4, whereas
Figure 5 shows a typical aggregate of crystals. The individual crystals have a simple
combination of forms consisting of basal pinacoids {001}, prisms {110}, and low pyramids
{101}. Transversal sections, as well as geometrical goniometry on isolated crystals, allowed
the exact measurement of angles between prism and pyramid faces. A similar combination
of crystal faces was depicted for fluorapophyllite-(K) by [35,36]. No twinning was identified.
The perfect cleavage parallel to (001) is clearly visible.
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6. Chemical Data

Electron-microprobe analyses of nine representative samples of fluorapophyllite-(K)
from Valea Rea are given in Table 1. Each analysis represents the average of N points of
analysis across the same crystal or group of crystals from a thin section. No chemical zoning
or inhomogeneity was observed across the same crystal. As nitrogen was not measured
by EMPA, the analyses in Table 1 were calculated on a cationic basis [i.e., 8 (Si+Al)], as
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already conducted by [37,38] and accepting that the cations in tetrahedral coordination
were the most stable under the electron beam. Water in hydroxyl was calculated for the
charge balance, whereas the molecular water was calculated to reach the stoichiometry.

Table 1. Representative electron-microprobe analyses of fluorapophyllite-(K), Aleului Valley *.

Sample 212a 212b 212c 212d 212e 213a 213b 213c 213d Mean

N (1) 9 9 7 9 10 8 7 10 8 77
SiO2 51.24 51.43 51.17 51.45 51.35 52.39 51.9 51.22 51.49 51.50

Al2O3 0.39 0.31 0.32 0.30 0.30 0.00 0.21 0.26 0.24 0.26
CaO 24.23 24.32 24.17 24.22 24.20 24.33 24.43 24.14 24.11 24.23
MnO 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01

FeO (2) 0.02 0.03 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.02
MgO 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01
BaO 0.01 0.02 0.01 0.03 0.02 0.01 0.00 0.01 0.02 0.01
SrO 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K2O 5.00 5.03 4.99 4.99 5.00 5.07 4.97 4.99 4.98 5.00

Na2O 0.05 0.04 0.04 0.02 0.04 0.02 0.03 0.04 0.04 0.04
F 2.17 1.54 2.02 2.20 1.90 1.57 1.62 2.04 1.39 1.84
Cl 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00

H2O (3) 16.07 15.76 15.94 16.13 15.94 15.99 15.94 15.94 15.75 15.94
O = F −0.92 −0.65 −0.85 −0.93 −0.80 −0.66 −0.68 −0.86 −0.59 −0.78
O = Cl −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00 −0.00

Total 98.28 97.86 97.87 98.44 98.00 98.76 98.43 97.81 97.48 98.09

Number of cations on the basis of 8 (Si + Al)

Si 7.929 7.944 7.941 7.945 7.945 8.000 7.962 7.952 7.956 7.952
Al 0.071 0.056 0.059 0.055 0.055 0.000 0.038 0.048 0.044 0.048
Ca 4.017 4.025 4.019 4.007 4.012 3.981 4.015 4.016 3.992 4.010
Mn 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.001 0.001
Fe2+ 0.003 0.004 0.004 0.003 0.003 0.003 0.001 0.001 0.001 0.003
Mg 0.000 0.002 0.002 0.002 0.002 0.002 0.000 0.002 0.002 0.002
Ba 0.001 0.001 0.001 0.002 0.001 0.001 0.000 0.001 0.001 0.001
Sr 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
K 0.987 0.991 0.988 0.983 0.987 0.988 0.973 0.988 0.982 0.986

Na 0.015 0.012 0.012 0.006 0.012 0.006 0.009 0.012 0.012 0.011
F 1.062 0.752 0.991 1.074 0.930 0.758 0.786 1.002 0.679 0.899
Cl 0.000 0.000 0.003 0.000 0.003 0.000 0.000 0.003 0.003 0.001

(OH)− (3) 0.585 0.237 0.499 0.612 0.451 0.288 0.308 0.513 0.238 0.421

H2O 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000

Composition in end members (mol.%)

F-Apo-(K) 64.48 76.04 66.51 63.70 67.34 72.47 71.85 66.14 74.05 68.11
(OH)-Apo-(K) 35.52 23.96 33.49 36.30 32.66 27.53 28.15 33.86 25.95 31.89

* Results expressed in wt.%; (1) number of point analyses; (2) total iron as FeO; (3) as calculated.

A few remarks must be drawn based on the results in Table 1, as follows:

(1) Even partially, the analyses in Table 1 show that fluorine prevails over hydroxyl,
defining fluorapophyllite-(K) with only 23.96 to 36.30 mol.% (mean 31.89 mol.%)
hydroxyapophyllite-(K) in a solid solution. Note that all but 4 from the 77 point analy-
ses define fluorapophyllite-(K), with the remaining 4 points defining hydroxyapophy-
llite-(K).

(2) Cs was sought but not detected, so the isomorphism toward fluorapophyllite-(Cs)
cannot be considered.

(3) The measurements for Sr gave very low contents (up to 0.01 wt.% SrO), and the
hydroxymcglassonite-(K) substitution is also negligible. Generally, the Sr contents are
lower than those of Ba (Table 1).
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(4) The Al-for-Si substitution is not important, as found for example by [39]: Only up to
0.9% of the [4]-coordinated Si sites are occupied by Al.

(5) The replacement of K by Na is generally low (0.6 to 1.5% of the K positions are
occupied by Na), confirming the pseudo-solid solution between fluorapophyllite-(K)
and fluorapophyllite-(Na).

In contrast, the tests for ammonia showed that the ammonium ion is present as a
substitute for K+. A bulk chemical analysis on a separate aliquot gave NH3 = 0.14 wt.%,
which corresponds to 0.20 wt.% (NH4)2O. A complete analysis is, therefore, (in wt.%) SiO2
= 51.50, Al2O3 = 0.26, CaO = 24.23, MnO = 0.01, FeO = 0.02, MgO = 0.01, BaO = 0.01, K2O =
5.00, Na2O = 0.04, (NH4)2O = 0.20, H2O = 16.04, F = 1.84, F = O =−0.78, Total = 98.38. Water
was calculated based on the total weight loss recorded on the thermogravimetric curve, by
subtracting ammonia. The chemical-structural formula, calculated on the basis of 8(Si+Al)
and 1(OH+F), is [K0.985Na0.012(NH4)0.076]Σ=1.073 (Ca4.009Mn0.001Fe2+

0.003Mg0.002Ba0.001)Σ=4.016
(Si7.953Al0.047)O20.029[F0.899(OH)0.101]·8.059H2O.

The basis for calculation was preferred over 29(O,OH,F), e.g., [7,11,39–41], or 13 cations,
21(O), and 1 (OH+F) [9]. The formula defines ammonium-bearing fluorapophyllite-(K)
with 7.08% (NH4)+ and 1.12% Na at the A sites, normally occupied by K. The percentage of
hydroxyapophyllite-(K) in the solid solution is only 10.1 mol.%. Both the A and B sites in
the structure (see below) are slightly overcompensated, and water in excess may be due to
the adsorbed water.

7. Structure

The structure study of the members of the fluorapophyllite-(K)—hydroxyapophyllite-
(K) solid-solution series, of P4/mnc symmetry, is of considerable interest. After the pio-
neering work of [42], the fluorapophyllite-(K) structure was refined by [40,43–48] whereas
that of hydroxyapophyllite-(K) was solved by [37,49]. The structural refinements of both
fluorapophyllite-(Cs) [2] and fluorapophyllite-(NH4) [3] were performed in the same space
group, as well as the refinement of hydroxymcglassonite-(K) [4]. Fluorapophyllite-(Na) is
orthorhombic, space group Pnnm [6,50].

The structural refinement of a representative sample of fluorapophyllite-K from Aleu-
lui Valley (Sample 213) was performed in order to supplement the data on the mineral. The
structure was refined in space group P4/mnc. The structure was refined to R = 0.026 as
compared with R = 0.037 [44] or R = 0.035 [37] or [46]. The details of the data collection and
refinement are provided in Table 2. All atoms besides hydrogen atoms were refined with
anisotropic thermal parameters, and those parameters, as well as the atoms’ coordinates,
are provided in Tables 3–6. Free refinement of the occupancy factors of the cation sites indi-
cated that they are fully occupied. The occupancy of the OH/F site has been constrained
to 0.768 F + 0.232 O, in agreement with the electron microprobe chemical data. The bond
distances and bond-valence sums are given in Tables 3–6.

Table 2. Details of the X-ray data collection and refinements of fluorapophyllite-(K).

Crystal Data

Crystal shape Plate
Color colorless

Crystal size (mm) 0.39 × 0.20 × 0.02
Temperature (K) 293(2)

a (Å) 8.9685(1)
c (Å) 15.7885(5)

V (Å3) 1269.93(4)
Space group P4/mnc

Z 2
Dcalc. (g/cm3) 2.371
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Table 2. Cont.

Data collection

Diffractometer Rigaku Xcalibur, CCD Detector
Radiation; λ MoKα; 0.71073

Absorption coefficient (mm−1) 1.521
F(000) 920

Max. 2θ (◦) 64.88

Range of indices
−7 < h < 13
−12 < k < 13
−23 < l < 22

Number of measured reflections 12,521
Number of unique reflections 1157/948

Criterion for observed reflections I > 3σ(I)

Refinement

Refinement on Full-matrix least squares on F2

Number of refined parameters 52
R1(F) with F0 > 4s(F0) * 0.0258

R1(F) for all the unique reflections * 0.0871
wR2(F2) * 0.0377
Rint (%) 0.0952

S (“goodness of fit”) 1.00
Weighing scheme 1/(σ2(I)2) + 0.0049(I)2

Min./max. residual e density, (eÅ−3) −0.55, 0.65

* Notes: R1 = Σ(|Fobs| − |Fcalc|)/Σ|Fobs|; wR2 = {Σ[w(F2obs − F2calc)2]/Σ[w(F2obs)2]}1/2. W = 1/[s2(F0
2) +

(aP)2 + bP], where P = [2Fc
2 + Max(F0

2,0)]/3, where a, b are shown in the refinement process.

Table 3. Atom coordinates and anisotropic displacement parameters (Å2) for fluorapophyllite-(K).

x y z Ueq

Ca 0.11003(5) 0.24597(5) 0 0.0090(1)
K 0 0 0.5 0.0317(4)
Si 0.22625(5) 0.08627(5) 0.18992(3) 0.0066(1)
O1 0.8637(1) 0.3637(1) 0.25 0.0097(3)
O2 0.0846(1) 0.1896(1) 0.21773(9) 0.0133(3)
O3 0.2646(1) 0.1016(1) 0.09217(8) 0.0119(3)
O4 0.2140(1) 0.4486(2) 0.08984(8) 0.0225(4)

F/OH * 0 0 0 0.0152(7)
H1 0.175953 0.531738 0.089111 0.027
H2 0.28644 0.432341 0.120183 0.027

* Refined with the occupancy 0.768 F + 0.232 O.

Table 4. Anisotropic displacement parameters (Å2) for fluorapophyllite-(K).

U11 U22 U33 U12 U13 U23

Ca 0.0087(2) 0.0095(2) 0.0090(2) 0.0006(1) 0 0
K 0.0233(4) 0.0233(4) 0.0485(9) 0 0 0
Si 0.0062(2) 0.0065(2) 0.0072(2) −0.0003(1) −0.0012(1) −0.0006(1)
O1 0.0093(5) 0.0093(5) 0.0105(8) 0.0003(6) 0.0018(4) −0.0018(4)
O2 0.0085(5) 0.0142(6) 0.0173(7) 0.0031(4) −0.0014(5) −0.0034(5)
O3 0.0132(6) 0.0142(6) 0.0084(6) 0.0008(4) −0.0008(5) −0.0006(5)
O4 0.0341(9) 0.0149(6) 0.0185(8) 0.0012(6) −0.0034(6) −0.0044(6)

F/OH 0.0092(8) 0.0092(8) 0.027(2) 0 0 0

Table 5. Bond distances (Å) observed in the crystal structure of fluorapophyllite-(K).

K-O4 x8 2.967(1) Si-O1 1.619(1)
Si-O2 1.628(1)

Ca-O3 x2 2.391(1) Si-O2 1.633(1)
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Table 5. Cont.

Ca-O3 x2 2.397(1) Si-O3 1.587(1)
Ca-O4 x2 2.487(1) <Si-O> 1.617
Ca-F/OH 2.417(1)
<Ca-φ> 2.424

Bond O-H (Å) H· · ·O (Å) O-H· · ·O (◦)

O4-H1· · ·O3 0.82(1) 1.945(1) 174.9(1)
O4-H2· · ·O2 0.82(1) 2.572(1) 131.1(1)

φ = O2− or F−.

Table 6. Detailed bond-valence table (vu) for the crystal structure of fluorapophyllite-(K) *.

K Ca Si H1 H2 Σ

O1 1.014 × 2→ 2.03

O2 0.989
0.976 0.119 2.08

O3 0.318 × 2↓
0.313 × 2↓ 1.105 0.231 1.97

O4 0.105 × 8↓ 0.245 × 2↓ 0.766 0.766 1.88
F/OH 0.211 × 4→ 0.85

Σ 0.84 1.96 4.08 1.00 0.88
* Bond-valence parameters are from [51], except [52] for Si–O.

In the resolved structure, the four- and eight-membered rings of SiO4 tetrahedra form
a (Si8O20)8– sheet, perpendicular to [001]. The (Si8O20)8− sheets connect via cations: K
(A site) and Ca (B site), as well as via hydrogen bonding (Figure 6a,b). The A cation
is coordinated by eight H2O groups, and the B cation is coordinated by four O an-
ions of SiO4 tetrahedra, two H2O groups, and F (Figure 6, bottom). Part of the wa-
ter molecules are replaced by (OH)− anions, with the remaining proton bonded to flu-
orine to form HF molecules [44], giving, in our case, the ideal structural formula of
KCa4(Si4O10)[(HF)0.768(OH)0.232]·7.232H2O(OH)0.768. The obtained structure is better de-
picted in Figure 6. Figure 6 (bottom) clearly shows that K+ is coordinated by eight water
O atoms and Ca is coordinated by four silica-layer O ions, two water O ions, and F−, as
described by [11].
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axes ((b)—right) of the structure. Blue and gray polyhedra represent SiO4 and CaO7, respectively.
Potassium atoms are represented as purple, oxygen atoms as red, fluorine atoms as light blue, and
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hydrogen atoms as white balls. The quadrangle in the left figure represents one unit-cell. Bottom:
Detailed view of the coordination between KO8, CaO6F, and SiO4 polyhedra in the structure of
fluorapophyllite-(K). Hydrogen atoms were omitted for clarity. The displacement ellipsoids represent
the 90% probability level.

8. X-ray Data

Cell parameters of two selected samples were successfully refined by least squares,
based on a tetragonal P4/mnc cell, after indexing the patterns on the basis of structural data,
which closely fit with PDF 19-0944. Eighty reflections in the 2θ range between 10 and 90◦,
for which unambiguous indexing was possible, were used for refinement. The obtained
cell parameters are a = 8.987(1) Å and c = 15.805(3) Å for Sample 212 and a = 8.976(2) Å and
c = 15.783(4) Å for Sample 213, respectively. In both cases, the values are relatively close
to that determined by single-crystal X-ray diffraction (Table 2) and in the range of values
obtained for hydroxy- and fluorapophyllite-(K) by various authors (Table 7).

Table 7. Unit-cell parameters of tetragonal (P4/mnc) minerals in fluorapophyllite-(K)—
hydroxyapophyllite-(K) solid-solution series from various occurrences.

Mineral Species Sample Origin Host Rock Reference a (Å) c (Å)

fluorapophyllite-(K) Phoenix Mine, Michigan, USA basalt [40] 8.963(2) 15.804(2)
fluorapophyllite-(K) Phoenix Mine, Michigan, USA basalt [40] 8.965(2) 15.768(2)

fluorapophyllite-(K) Mont St. Hillaire, Quebec,
Canada basalt [43] 8.965(3) 15.767(7)

fluorapophyllite-(K) Poona, India basalt [53] 8.965(3) 15.756(7)
hydroxyapophyllite-(K) Ore Knob, Jefferson, NC, USA sulfide ore [37] 8.978(3) 15.83(1)
hydroxyapophyllite-(K) Kimberley, South Africa kimberlite [49] 8.979(4) 15.83(1)
hydroxyapophyllite-(K) Mofjellet mine, Rana, Norway mica gneiss [38] 8.968(0) 15.869(13)

fluorapophyllite-(K) Andersberg, Germany basalt [46] 8.966(2) 15.767(1)
fluorapophyllite-(K) Nasik, India basalt [47] 8.970(1) 15.792(4)

fluorapophyllite-(K) Blomindon, Nova Scotia,
Canada basalt [54] 8.969(1) 15.796(2)

hydroxyapophyllite-(K) Giken Mine, Sulitelma, Norway sulfide ore [54] 8.985(2) 15.875(3)

hydroxyapophyllite-(K) Aleului Valley, Pietroasa,
Romania skarn [10] 8.973(1) 15.769(2)

fluorapophyllite-(K) Międzyrzecze, Poland skarn [11] 8.974(2) 15.798(6)
fluorapophyllite-(K) Trabzon, Turkey basalt [41] 8.978 15.830

hydroxyapophyllite-(K) unknown unknown [55] 8.9345(6) 15.9831(7)
fluorapophyllite-(K) unknown unknown [56] 8.954(2) 15.795(2)

fluorapophyllite-(K) Aleului Valley, Pietroasa,
Romania skarn

present
study
(S 212)

8.987(1) 15.805(3)

fluorapophyllite-(K) Aleului Valley, Pietroasa,
Romania skarn

present
study
(S 213)

8.976(2) 15.783(4)

The observed and calculated reflections are given as supplementary materials, in
Tables S2 and S3, respectively. The slightly larger values of cell parameters as compared
with those refined for fluorapophyllite-(K) and reported in Table 7 are due both to the
(OH)−-for-F− and (NH4)+-for-K+ substitutions. In fact, the second substitution plays
a major role in the “expansion” of the unit cell, because of the larger ionic radii of the
eight-fold coordinated (NH4)+ as compared with the eight-fold coordinated K+ (1.54 Å vs.
1.51 Å, respectively, according to [57] and [58], respectively). This trend is clearly visible
in the case of the unit-cell parameters of fluorapophyllite-(NH4), i.e., a = 8.99336(9) Å and
c = 15.7910(3) Å [3].
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9. Physical Properties

Fluorapophyllite-(K) from Aleului Valley skarns occurs as translucent, clear, colorless
to turbid white (toward the rim) crystals. The mineral is luminescent both under long-wave
(366 nm) and short-wave (254 nm) ultraviolet radiation, with the luminescence tints being
yellowish-white and greenish-yellow, respectively.

The mineral is uniaxial positive. The indices of refraction, each taken as the mean
of ten measurements on different grains, are ω = 1.534(1) and ε = 1.536(1), lower than
those measured for hydroxyapophyllite-(K) [37] or for fluorapophyllite-(NH4) [3]. This
confirms the paucity of (OH)-for-F and (NH4)-for-K substitutions, which normally result in
increasing refraction indices. The mean refraction index, calculated as n = (2ω + ε)/3 [59],
is 1.535.

The mean measured density, taken as the average of measurements on 10 different
grains, is Dm = 2.379(4) g/cm3, which compares well with the calculated density, obtained
on the basis of chemical data given before and of the unit cell volume in Table 2, for Z = 2
formula units per cell [42], i.e., Dx = 2.381 g/cm3.

As derived from the mean refractive index given before and from the measured
density, the physical refractive energy is Kp = 0.2249. The chemical refractive energy (KC)
value, based on the formula given before and on the constants of [60], is Kc = 0.2265. The
calculation of the Gladstone–Dale compatibility index (1 − Kp/Kc) yielded a value of 0.007,
indicative of superior agreement between physical and chemical data [60]. The physical
refractive energy calculated on the basis of the calculated value of density is Kp = 0.2247.
The use of this value in the calculation does not substantially influence the compatibility
index, which is 0.008 and remains “superior” as ranked by [60].

10. Thermal Behavior

Investigations of the thermal behavior of fluorapophyllite-(K) and of related end-members
of the group were carried out by quite a large number of authors (e.g., [11,38,43,45,47,54,61–63]).
The DTA and TG curves recorded for fluorapophyllite-(K) from Aleului Valley using the
analytical conditions given in Chapter 3 are given in Figure 7.
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Valley: Differential thermal analysis (blue) and thermogravimetric analysis (green).

The DTA curve shows four endothermic peaks centered at 330 ◦C, 371 ◦C, 448◦ C,
and 634 ◦C, respectively, and an exothermic effect, centered at 833 ◦C, with a shoulder
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toward lower temperatures. Two weak endothermic effects recorded at lower temperatures
(81 ◦C and 121 ◦C) are due to the loss of adsorbed and fluid-inclusion water, respectively,
from the (ground) sample. The first three endothermic effects, observed in fluorapophyllite
by the majority of authors, e.g., [11,38,43,45,47,62,63], are due to dehydration and may be
interpreted as follows:

(1) The effect at 330 ◦C, which has a small shoulder toward low temperatures and
is associated with a weight loss of 6.01 wt.%, corresponds to the removal of 1 molecule
p.f.u. of the weakly bounded water [47]. The XRD analysis of the cooled product shows
the persistence of an apophyllite-type structure, as observed by [47] for the “partially
dehydrated fluorapophyllite”.

(2) The effect at 371 ◦C, associated with a loss-in-weight of 4.99 wt.%, seems to cor-
respond to the removal of three other water molecules p.f.u. [47] and to the structural
breakdown. The resulting product is amorphous.

(3) The third effect, at 448 ◦C, marks the loss of the remaining water coupled with the
dehydroxylation. It corresponds to a loss-in-weight of 5.25 wt.%. The resulting product is
still amorphous. The first and third exothermal effects were both recorded in the range of
temperatures reported by [54] as characteristic of fluorapophyllite terms: 310–334 ◦C and
430–450 ◦C, respectively.

(4) The fourth effect, recorded at 634 ◦C, is due to the depletion of NH3. The loss-in-
weight recorded on the TGA curve is irrelevant since the process is combined with the
oxidation of ammonia. The total weight loss is 16.24 wt.%.

The exothermal effect, recorded on the DTA curve at 833 ◦C, expresses the recrystal-
lization of a breakdown product.

11. Infrared and Raman Behavior

Considerable interest was devoted to the study of both infrared ([3,8,11,40,54,63–67])
and Raman ([3,11,65,66,68–70]) factors of fluorapophyllite-(K). Therefore, the attribution of
the bands in the spectra in Figures 8 and 9, which depict representative FTIR and Raman
spectra, respectively, was considerably facilitated and is attempted in Table 8.
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recorded in the high (top) and low-to-medium (bottom) shift regions.

Table 8. Positions and assignments of the FTIR and Raman bands recorded for selected samples of
ammonium-bearing fluorapophyllite-(K) from Valea Aleului (1).

Structural Group Vibrational Mode
Wavenumber (cm−1)

Character, Intensity (2)

FTIR Raman

H2O H-O-H stretching 3566 3566 3561 s, sh

H2O, (NH4)+ H-N-H stretching, 3 γ
(OH) overtone 3367 3369 - m, b

H2O H-O-H stretching 3027 3028 - s, b

H2O 2 δ (OH) overtone 2386 2387 - w, b

H2O 2 γ (OH) overtone 2284 2285 - w, b

H2O H-O-H “scissors” bending 1693 1694 - m, sh

H2O H-O-H “scissors” bending 1683 1680 - m, shd

H2O H-O-H bending 1551 1549 - w, b

(NH4)+ H-N-H in plane bending 1384 1384
1419

w, sh
1345

(OH)− δ (H-O-H) (in plane)
bending 1192 1193 - m, shd

(SiO4)4−, (OH)−
ν3 antisymmetric
stretching, γ (OH) 1126 1127 1156 s, sh
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Table 8. Cont.

Structural Group Vibrational Mode
Wavenumber (cm−1)

Character, Intensity (2)

FTIR Raman

(SiO4)4− ν1 symmetric stretching 1095 1096

1070

s, sh

(SiO4)4− ν3′ antisymmetric
stretching 1051 1050 vs, shd

(SiO4)4− ν3′′ antisymmetric
stretching 1014 1014 vs, sh

H2O H-O-H (water) libration 988 989 849 s, shd

(SiO4)4− ν2 out-of-plane bending
(O-Si-O)

789 788 m, sh

764 764 m, sh

(SiO4)4− ν4 in-plane bending
(O-Si-O) 599 600 597 m, sh

(SiO4)4− ν4′ in-plane bending
(O-Si-O) 534 535 546 s, sh

(SiO4)4− ν2′ out-of-plane bending
(O-Si-O) 500 500 486 vs, sh

(SiO4)4− ν4′′ in-plane bending
(O-Si-O) 473 474 443 vs, sh

413 412
424

m, sh
401

357 357 339 m, sh

lattice vibrations (?) 298 291 w, sh

265 266 232 w, shd

- - 166

- - 140

- - 108
(1) Assumptions according to the authors referred to in the text; (2) character of the bands on the FTIR spectrum: s
= strong; m = medium; w = weak; vs = very strong; sh = sharp; b = broad; shd = shoulder.

The analysis of FTIR and Raman spectra reveals some particularities, as follows:
(1) There are three bands clearly recognizable on the infrared spectra in the OH-

stretching region between 3000 and 4000 cm−1, in perfect agreement with the structure
determination (see before). Two hydrogen bonds imply the water molecules in the structure,
generating two absorption bands in the theoretical range of 2838–3663 cm−1 [71]. According
to the bond distance–frequency correlation equation of [71], the nominal frequencies of
these bands must occur, for OH...O distances of 2.765 and 3.392 Å issued from the structure
refinement but calculated for O-H-O angles of 180◦, at 3345 and 3590 cm−1, respectively.
The two bands in the spectrum in Figure 8 specifically occurring at 3367 and 3566 cm−1,
respectively, could be consequently assumed to be the OH-stretching vibrations involving
hydrogen-bonded water molecules. In the Raman spectrum, a band located at 3561 cm−1

(Figure 9, top) materializes the OH stretching. Its presence was considered indicative
for the hydroxyl-bearing apophyllite-group minerals [70]. The presence of a sole band
on the Raman spectrum (i.e., that at 3561 cm−1) is, on the other hand, characteristic of
fluorapophyllite-(K) [68].

(2) The broad absorption band recorded at ~3030 cm−1 in the infrared spectrum,
assumed by [40] to be a water stretch, seems to be due to an ammonium stretch vibration
combined with an OH stretch, and expresses a third hydrogen bond.
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(3) Bands at ~2385 and 2285 cm−1 were also observed on the infrared spectra of fluor-
and hydroxyapophyllite-(K) (e.g., [8,64,66]) and correctly assumed to (OH) modes. As
in most of the compounds with asymmetric hydrogen bridges [64,72], these bands must
represent overtones of the OH-bending modes. Judging by their spectral position and
shape, the medium-to-strong absorption band at ~1125 cm−1 could be assigned to the
bending motion γ (OH) (out-of-plane) of the Si-OH bond. The 3 γ (OH) and 2 γ (OH)
overtones must consequently occur near the values recorded for the bands at ~3365 cm−1

and ~2285 cm−1, respectively. The other (OH) bending, δ (in-plane), must be expressed by
a band expressed like a shoulder, at ~1190 cm−1, with the band at ~2385 cm−1 representing
its second-rank overtone.

(4) The presence of two distinct H2O sites, as indicated by the results of the crystal
structure analysis (see before), explains the pronounced splitting of the H-O-H bending
motions of molecular water: The bending at ~1695 cm−1, expressed by a sharp band with a
visible shoulder at ~1680 cm−1, and the broad and weak band centered at ~1545 cm−1. The
shouldered band at ~1695 cm−1 could be assumed to be strongly hydrogen-bonded water
molecules, whereas the band at ~1640 cm−1 is due to weakly hydrogen-bonded water.

(5) The weak but sharp absorption band at ~1385 cm−1 is due to the ammonium ion
(e.g., [73]), which was detected in ammonium-bearing fluorapophyllite-(K) (i.e., [3,54])
and expresses its in-plane bending mode. The band is double degenerate on the Raman
spectrum (Table 8).

(6) The bands in the range of 1100–900 cm−1 could be assigned to the stretching
of silicate groups in the structure. The corresponding modes, including the bending
vibrations, active in both Raman and infrared, are depicted in Table 8 and correspond to
the assumptions of [11,68]. The silicate anion seems to have 9 vibrational modes, namely
1ν1 + 3ν3 + 2ν2 + 3ν4. If the assignments in Table 8 are correct, and none of the quoted
absorption bands are due to lattice vibrations, this band multiplicity is consistent with a
Cδ punctual symmetry of the (distorted) silicate anion, which agrees with the structure
described before.

12. Genetic Considerations

The crystallization of fluorapophyllite-(K) from Aleului Valley is an expression of the
late hydrothermal activity associated with the intrusion of Pietroasa pluton. Textural and
chemical particularities indicate that the mineral formed at a late hydrothermal magmatic
stage, postdating talc, and it crystallized from a volatile F-rich and low-viscosity fluid
phase, which can also accommodate ammonium. Genesis at relatively low temperatures,
i.e., 250–350◦ as estimated by [11], is supported by the co-crystallization with pectolite.
During the first, prograde evolution of the host endoskarn, a paragenesis consisting of
wollastonite + K-feldspar + diopside defines the peak thermal conditions. The exoskarn is
magnesian, defined by a peak association consisting of forsterite + spinel [10]. Resumed
to the endoskarn zone, subsequent retrogressive reactions induced by F-rich, aqueous
fluids from the magmatic source conduce to the formation of talc on diopside and the
crystallization of fluorapatite. Later-stage fluids have essentially the same composition
and conduce to the crystallization of fluorapophyllite-(K). The source for K and Ca is
the feldspar, whereas F is expelled by the magmatic body. Pectolite, intergrown with
fluorapophyllite-(K), fixes the Na in excess, as a solid solution between fluorapophyllite-(K)
and fluorapophyllite-(Na) could not be imagined, due to the differences in structure and
symmetry between the two mineral species (see before).

13. Conclusions

Ammonium-bearing fluorapophyllite-(K) from Aleului Valley endoskarn was formed
during a low-temperature retrograde stage of the skarn system evolution when late F-
bearing affected the pre-existing mineral parageneses. The late fluorinate solutions could
easily accommodate ammonium, resulting in an ideal structural formula for the mineral of
[Kx(NH4)1−x]Ca4(Si8O20)[Fy(OH)1−y]·8H2O type. In fact, almost all the terms defined as
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fluorapophyllite-(K) contain low amounts of ammonium as a substitute for K+ (e.g., [54,67]).
Apparently, the presence of NH4F in solution accelerates the crystallization and decreases
the number of crystal defects, as in the case of zeolites [74].

In spite of the difference in the ionic radii between the eight-fold coordinated (NH4)+

and the eight-fold coordinated K+, the presence of small amounts of ammonium as a
substitute for K+ does not substantially affect the fluorapophyllite-(K) structure, as it was
determined by refinement based on X-ray diffraction, a phenomenon already observed [67].
The small amounts of lower ionic radii Na+ that also substitute for K+ could explain
this behavior.

On the other hand, the presence of ammonium in the mineral structure explains
the decomposition in four steps observed in the differential thermal analysis, as already
mentioned [63]. The analysis of data from vibrational spectroscopy provided support for
the high symmetry in the P4/mnc space group, in spite of the reduction in the symmetry of
SiO4

4− ion from Td to Cδ.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/min13111362/s1, Table S1: Representative electron-microprobe analyses of
pectolite, Aleului Valley; Table S2: X-ray powder data of a selected sample of fluorapophyllite-(K) from
Aleului Valley: Sample 212; Table S3: X-ray powder data of a selected sample of fluorapophyllite-(K)
from Aleului Valley: Sample 213.

Author Contributions: Conceptualization, Ş.M., D.-G.D., C.S.G., F.H. and F.D.B.; formal analysis,
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