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Abstract. Re-investigation of the type material of beraunite from the Hrbek Mine, Svatd Dobrotivd, Czech
Republic, proved the identity of beraunite and eleonorite. Based on this study, the mineral eleonorite
was discredited, and the ideal formula of beraunite was redefined from Fez+Feg+(PO4)4(OH)5~6H20 to
Feg+(PO4)4O(OH)4 - 6H,0. Beraunite from Hrbek Mine usually forms prismatic crystals flattened on {100};
elongated along b axis, striated on {100} || b, up to 0.2 x 0.5 x 3mm, often in radial clusters up to 6 mm
in size in association with black goethite, olive-green to dark green dufrénite and yellow to orange ca-
coxenite. Beraunite is hyacinth red, dark red, or red-brown and has a light orange-red streak; crystals are
translucent, with a vitreous luster. The symmetry of the structure was found to be lower (Cc) than re-
ported in the past (C2/c); this has been proven by the crystal structure refinement, Rops =2.7 % for Cc and
~ 8% for C2/m. Refined unit-cell parameters obtained from powder X-ray diffraction data of the original
material of Friedrich August Breithaupt are a = 20.653(2), b =5.1433(6), ¢ = 19.241(2) A, B =93.560(9)°,
and V =2039.9(2) A3. Calculated density is 2.961 gcm™>. Beraunite is optically biaxial (+), o = 1.768(2),
B =1.781(3), y>1.805, 2Vmeas = 69(4)°, and 2V, is not possible to calculate. Dispersion of optical axes is
strong, r>v. The orientation is ¥ = b, X ~ a, and Z = c. Pleochroism is strong; Z (brown-red) > Y > X (both
brownish yellow). The empirical formula of the original beraunite sample calculated on the basis of P =4 apfu
is (Feg%Alo‘152n0.01)5,92(PO4)4_0000,99(OH)3_77 -6H,0. The 3’Fe Mossbauer spectrum of beraunite neotype
(National Museum, Prague) from type locality implies that all iron atoms in beraunite structure are exclusively
trivalent, located at the M site with different next-nearest-neighbor configurations. There is no spectral evidence
for Fe>* or iron in some impurities (e.g., limonite).
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1 Introduction

Basic iron phosphates of the transition metals (particularly
those of Fe?t, Fe3T, Mn?*, and Mn>*) belong to the most
perplexing substances in the mineral kingdom (Moore, 1969,
1970). Although they have been known for a long time and
have a relatively simple chemical composition, their detailed
study brings a number of surprises. A typical example is be-
raunite, known in science for almost 2 centuries. The study
of the original material of beraunite from the type locality
Hrbek Mine, Svatd Dobrotivd, Czech Republic, deposited in
collections of Technische Universitit Bergakademie Freiberg
(Germany) and National Museum Prague (Czech Repub-
lic), proved the identity of the minerals beraunite and
eleonorite (Fe}*(PO4)sO(OH)4 - 6H0). Because the name
beraunite (Breithaupt, 1840, 1841) has a priority, we con-
sider the name eleonorite (Nies, 1877, 1880; Chukanov et
al., 2017) to be redundant and proposed to abolish it. The
proposal 21D approved by the CNMNC of the IMA dis-
credited eleonorite and accepted the formula of beraunite
as Feg+(PO4)4O(OH)4 -6H,0. A structurally related mixed-
valence iron phosphate F62+Feg+(PO4)4(OH)5 -6H,0 has

been approved as a new mineral ferroberaunite (IMA no.
2021-036; Tvrdy et al., 2021).

2 Occurrence

The type locality of beraunite is the long-abandoned mine
Hrbek in the Central Bohemian Region, Czech Republic.
Hrbek was one of the small mines supplying Ordovician sed-
imentary iron ore (limonite and hematite) to the ironworks
in Svatd Dobrotiva (formerly St. Benigna) in the manor of
Zbiroh (formerly Zbirow). These iron ores are geologically
part of the Teplda—Barrandian unit of the Bohemian Mas-
sif. Major mineralogical discoveries come from the peak pe-
riod of mining in the early 19th century. In fissures of the
limonite ore, beraunite occurred alone or accompanied by
other phosphates, such as cacoxenite (described as a new
mineral species from there by Steinmann, 1826), dufrénite,
strengite, wavellite, and delvauxite (Velebil et al., 2018). The
name beraunite is derived from the district town of Beroun,
from its old German version, Beraun (Breithaupt, 1840). The
type locality provided a relatively large number of specimens
at the time, which became part of many historical mineralog-
ical collections. Despite a number of publications on berau-
nite and beraunite-related minerals, the type material has not
yet been the subject of modern research, surprisingly.

An original Breithaupt’s specimen of beraunite from
Hrbek Mine (labeled as FR) was recently discovered in the
Mineralogical Collection of the TU Bergakademie Freiberg
under the inventory number 21519. The aforementioned
no. 21359 (e.g., Anthony et al., 2000) is incorrect, as it refers
to another piece from Hrbek included later in the collec-
tions by Friedrich Kolbeck (in 1928). As it was not possible
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Figure 1. Original specimen of beraunite, in paragenesis with
cacoxenite and wavellite. Hrbek mine, Svatd Dobrotiva (St. Be-
nigna), Beroun, Bohemia, Czech Republic. Mineralogical Collec-
tion of the TU Bergakademie Freiberg, inv. no. 21519 (sample FR).
10.5 x 5 cm. Photo A. Massanek.

to obtain enough sample for Mdssbauer spectroscopy from
the original Breithaupt’s material, another specimen from the
type locality was included in our study, too. This neotype
specimen (labeled as NM) is stored in the Mineralogical Col-
lection of the National Museum in Prague under the number
PIN 18943 and comes from the original finds in the 19th
century (Boficky, 1867).

3 Appearance, physical properties, and optical data

The original beraunite specimen 10.5 x5 x 1.5cm in size
(sample FR; Fig. 1) was given to the then curator and pro-
fessor of mineralogy at the Bergakademie Freiberg (Freiberg
Mining Academy), Friedrich August Breithaupt, from the
Geheimer Kabinettsrath (Privy Council member) Gottlieb L.
Heyer in 1831 (Fig. 2). Breithaupt recognized that an un-
known mineral was present on the specimen and labeled it as
a red radial mineral accompanied by cacoxenite and /asion-
ite (wavellite). Due to the ambiguous mineral designation on
the label, the piece was later classified under cacoxenite, so
that it has long remained unrecognized as a type material for
beraunite in the mineralogical collections.

The reddish beraunite crystals occur mainly as radial to
coarse-grained fissure fillings on massive brown iron ore.
Almost only cleavage surfaces can be seen on the approxi-
mately 1-2 mm large crystals (Fig. 3). The associated miner-
als are dark brown to golden-yellow cacoxenite and reddish
wavellite.

Studied beraunite from the collection of the National Mu-
seum in Prague (sample NM) forms rich crystal aggregates
on fissures and encrusting cavities in massive limonite (sam-
ple size 8 x 5 cm; Fig. 4). Beraunite usually forms prismatic
crystals flattened on {100}, elongated along the b axis, stri-
ated on {100} || b, up to 0.2 x 0.5 x 3 mm, often in radial
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Figure 2. Original label of the original beraunite specimen written
by Friedrich August Breithaupt in 1831. “Rothes strahliges Mineral
mit Kakoxen, Lasionit auf einem dichten Brauneisenerz; von Hrbek
in Bohmen. 1831 v. [von] Hn [Herrn] Geh. Kab. R. [Geheimen
Kabinettsrath] Heyer erhalten. Br [Breithaupt].”

Figure 3. Dark red crystalline aggregates of beraunite associated
with brown to yellow cacoxenite. Mineralogical Collection of the
TU Bergakademie Freiberg, inv. no. 21519 (original beraunite spec-
imen; sample FR). FOV 15 mm. Photo A. Massanek.

clusters up to 6 mm in size in association with black goethite,
olive-green to dark green dufrénite, and yellow to orange ca-
coxenite (Fig. 5).

Beraunite is hyacinth red, dark red, or red-brown and has
a light orange-red streak. Crystals are translucent, with a vit-
reous luster. The mineral is brittle, with a Mohs hardness
of 3. Cleavage is perfect on (100). It dissolves well in HCI
(35 %), dissolves slowly in H3PO4 (85 %), and does not dis-
solve in HNOj3 (65 %; room temperature; 24 h observation,
1 mm fragments; sample NM).

Density measured by the flotation method using two
different mixtures of liquids (diiodomethane and ace-
tone; 1,1,2,2-tetrabromoethane and dioxane) and the Mohr—
Westphal scale is 2.88 (+0.01) gcm ™3 (sample FR) and 2.91
(£0.01) gcm_3 (sample NM). The density calculated from
the empirical formula and unit-cell parameters from single-
crystal diffraction is 2.961 gecm ™.
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Figure 4. Neotype specimen of beraunite from the Hrbek Mine,
Svata Dobrotivad (St. Benigna), Beroun, Bohemia, Czech Repub-
lic. National Museum Prague, P1N 18943 (sample NM). 8 x 5cm.
Photo L. Vrtiska.

Figure 5. Dark red beraunite crystal clusters with yellowish-brown
hemispheres of cacoxenite. National Museum Prague, PIN 18943
(neotype specimen, sample NM). FOV 1 mm. Photo L. Vrtika.

Optical measurements were performed on the original be-
raunite specimen (sample FR). Beraunite is optically biaxial
(+), « = 1.768(2), B =1.781(3), y>1.805 (not exactly de-
termined due to the lack of a suitable highly refractive lig-
uid), 2Vmeas = 69(4)°, and2 V¢ is not possible to calculate.
Nevertheless, the direct measurement of «, 8, and 2V an-
gle allowed us to calculate the refractive index yc,1c. = 1.809.
Dispersion of optical axes is strong, r>v. The orientation is
Y =b, X =a, and Z = c. Pleochroism is strong; Z (brown
red) > Y > X (both brownish yellow).

4 Chemical composition
The chemical composition of beraunite was determined

on polished and carbon-coated fragments mounted in an
epoxy cylinder using a Cameca SX 100 electron microprobe
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(Department of Mineralogy and Petrology, National Mu-
seum Prague). The instrument was operated in wavelength-
dispersive mode at an accelerating voltage of 15keV, beam
current of 5nA, and beam diameter of 7 um. The following
X-ray lines and standards were used: K « lines: P (apatite), Al
(Al,03), Fe (hematite), and Zn (ZnO). Other elements with
Z>9 were sought but not detected. Counting times were 10—
20s on peak and half of this time for each background posi-
tion. The raw intensities were converted to the concentrations
automatically using the procedure for improved quantitative
microanalysis (PAP) (Pouchou and Pichoir, 1985) matrix-
correction procedure. Water could not be analyzed directly
because of the very small amount of material available; the
H,O presence was confirmed by Raman spectroscopy and its
amount calculated by the stoichiometry of the ideal formula.

Analytical data for beraunite are given in Table 1. In the
cationic position of the studied samples, Fe3* dominates
in the range from 5.45-5.69 apfu (sample NM) to 5.67-
5.92 apfu (sample FR). In addition to iron, studied beraunites
contain a small amount of Al (0.21-0.47 apfu in sample NM;
0.10-0.19 apfu in sample FR) and minor contents of Zn (up
to 0.05 apfu in sample NM; up to 0.03 apfu in sample FR).
Anion position contains only P.

The  empirical formula  of  beraunite (FR)
calculated on the basis of P=4apfu is
(Feg,JSéAlo.lsZno.m)5.92(P04)4.0000.99(0H)3477 -6H,0.

The empirical formula of  beraunite (NM)
calculated on the basis of P=4apfu is
(Fe§§7A10.31Zno.oz)5.90(PO4)4‘0000‘99(0H)3.69 -6H,0.

The ideal formula of beraunite is
Feg+(PO4)4O(OH)4 - 6H,0, which requires Fe,O3 52.82 %,
P205 31.29 %, H,0 15.89 %, and total 100 %.

5 Mossbauer spectroscopy

The transmission >’ Fe Mossbauer spectrum was collected at
room temperature using a conventional Mossbauer spectrom-
eter (MS2006 type based on virtual instrumentation tech-
nique; PechouSek et al., 2012) in transmission geometry
(constant acceleration mode) with a >’Co (in Rh matrix) ra-
dioactive source (1.85GBq) and fast scintillation detector
with an YAIOj3: Ce crystal. Carefully hand-picked crystals
of beraunite were ground under isopropyl alcohol to avoid
possible iron oxidation. The hyperfine parameters were cali-
brated against a rolled metallic iron («-Fe) foil at room tem-
perature. The spectrum was fitted by Lorentz functions using
the CONFIT2000 software (Zak and Jiraskové, 2006). The
experimental error is +0.02mm s~! for the hyperfine pa-
rameters and & 3 % for the relative spectral areas.

The room temperature >’Fe Mossbauer spectrum of neo-
type NM beraunite from type locality Hrbek (Fig. 6) was fit-
ted with three Lorentzian doublets. The isomer shifts for all
three doublets close to or below 0.5 mms~! (Table 2) imply
that all iron atoms in beraunite structure are exclusively in
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Figure 6. Mossbauer spectrum of beraunite from Hrbek (sam-
ple NM).

the form of Fe37, located at the M site with different next-
nearest-neighbor configurations. There is no spectral evi-
dence for Fe>* or iron in some impurities (e.g., limonite).
The spectrum, as well as derived hyperfine spectral parame-
ters, is identical to eleonorite of Chukanov et al. (2017). Iron
exclusively in trivalent form has already been stated in the
original description of beraunite by Breithaupt (1840, 1841),
and subsequently by Bofticky (1867).

6 Raman spectroscopy

The Raman spectra of studied samples were collected in
the range of 3600-50cm™' using a DXR dispersive Ra-
man spectrometer (Thermo Scientific) mounted on a con-
focal Olympus microscope. The Raman signal was excited
by an unpolarized 633nm He-Ne gas laser and detected
by a CCD detector (size 1650 x 200 mm, Peltier cooled to
—60°C, quantum efficiency 50 %, and dynamic range 360-
1100 nm). The experimental parameters were 10x objective,
2s exposure time, 950 exposures, 50 um pinhole spectro-
graph aperture, and 8 mW laser power level (estimated res-
olution 5.3-8.8 cm™!, estimated spot size 1.3 um). The spec-
tra were repeatedly acquired from different grains in order
to obtain a representative spectrum with the best signal-to-
noise ratio. The possible thermal damage of the measured
point was excluded by visual inspection of the exposed sur-
face after measurement, by observation of possible decay of
spectral features at the start of excitation, and by checking
for thermal downshift of Raman lines. The instrument was
set up by a software-controlled calibration procedure using
multiple neon emission lines (wavelength calibration), mul-
tiple polystyrene Raman bands (laser-frequency calibration),
and standardized white-light sources (intensity calibration).

https://doi.org/10.5194/ejm-34-223-2022
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Table 1. Chemical composition of beraunite from Hrbek.
Mean Sample NM Mean Sample FR
1 2 3 4 5 6 1 2 3 4 5 6
Fe, 03 50.40 50.19 50.76 49.73 51.28 51.19 49.24 51.95 52.03 51.18 52.95 51.91 52.05 51.55
Al,O3 1.77 1.60 1.60 2.13 1.37 1.21 2.69 0.85 0.91 1.09 0.55 0.77 1.01 0.78
ZnO 0.21 0.29 0.42 0.14 0.09 0.09 0.23 0.12 0.17 0.20 0.06 0.00 0.00 0.27
P,05 32.18 32.18 32.06 32.25 32.05 32.36 32.15 32.06 32.18 32.10 31.79 32.10 32.07 32.09
H,O* 16.02 15.89 16.13 15.96 16.08 15.94 16.13 16.04 16.11 15.93 16.21 15.94 16.12 15.91
Total 100.57 100.15 100.97 100.21 100.87 100.79 100.44 101.00 101.40 100.50 101.56 100.72 101.25 100.60
Fe3+ 5.569 5.545 5.629 5.483 5.689 5.624 5.445 5.762 5.749 5.669 5.922 5.750 5.771 5.712
Al 0.306 0.277 0.278 0.368 0.238 0.208 0.466 0.148 0.157 0.189 0.096 0.134 0.175 0.135
Zn 0.023 0.031 0.046 0.015 0.010 0.010 0.025 0.013 0.018 0.022 0.007 0.000 0.000 0.029
M 5.898 5.854 5.953 5.865 5.937 5.842 5.936 5.922 5.924 5.880 6.025 5.883 5.946 5.876
P 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
OH 3.693 3.561 3.859 3.596 3.810 3.527 3.809 3.767 3.773 3.639 4.075 3.650 3.838 3.629
H,O 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000

* HpO could not be analyzed directly because of the minute amount of material available and was calculated on the basis of 6H,O, from the ideal composition of beraunite-related minerals and on
the basis of neutral charge balance (OH). Coefficients of the empirical formula were calculated on the basis of P =4 apfu.

Table 2. Parameters of the Mossbauer spectrum of beraunite (NM sample).

Doublet  Isomer shift Quadrupole splitting Line width ~ Relative area

(mms~1) (mms~1) (mms~1) (%)
1 0.51 1.04 0.36 42
2 0.21 0.86 0.28 26
3 0.44 0.63 0.29 32

Spectral manipulations were performed using the Omnic 9
software (Thermo Scientific).

The experimental Raman spectra of beraunite from both
samples from the Hrbek mine are close to each other
(Fig. 7); small differences are probably caused by the dif-
ferent orientations of studied grains. Raman bands at 3554
and 3517 (3554 and 3525 FR)cm™! are assigned to the v
OH stretching vibrations, and a broad band with a max-
imum at 3311 (3334FR)cm™! is connected with vibra-
tions of structurally distinct and differently strong hydrogen-
bonded water molecules. The weak broad band at 1621
(1628 FR)cm ™! is related to the vy (8) bending vibrations
of water molecules. Bands at 1162, 1131, and 1067 (1157,
1137, and 1063FR)cm ™! are attributed to the v3 (PO4)*~
triply degenerated antisymmetric stretching vibrations and
that at 1013, 996, and 933 (1025, 991, and 937 FR)cm ™! to
the vy (PO4)3~ symmetric stretching vibrations. The band at
690 (676 FR)cm™! is assigned to the Fe3*... O-H bending
vibration. The v4 (8) (PO4)3~ bending vibrations are con-
nected with the bands at 607 and 571 (602, 569 FR) cm ™!
and the vy (8) (PO4)3~ bending vibrations with the bands at
456 and 406 (462, 436, 399 FR) cm™ L. According to Frost
et al. (2014), bands in the region 390-280 cm™! (382, 344,
297 NM; 371, 300 FR) may be related to the metal-oxygen
stretching vibrations. The bands observed below 250 cm™!

https://doi.org/10.5194/ejm-34-223-2022

(242, 205, 155, 129, 102 NM; 242, 200, 154, 95 FR) may be
described as external or lattice vibrations.

7 Infrared spectroscopy

An infrared spectrum of the beraunite neotype sample
(Fig. 8a) was recorded by the attenuated total reflection
(ATR) method with a diamond cell on a Nicolet iS5 spec-
trometer. Spectra over the 4000-390cm™! range were ob-
tained by the co-addition of 32 scans with a resolution of
4cm™! and a mirror velocity of 0.4747 cms™!. Spectra were
co-added to improve the signal-to-noise ratio.

In order to obtain IR absorption spectra of other samples
of beraunite-group minerals used for comparison (Figs. 8b,
¢ and 9), their powders were mixed with anhydrous KBr,
pelletized, and analyzed using an ALPHA FTIR spectrom-
eter (Bruker Optics) in the wavenumber range from 360 to
3800cm™!, at a resolution of 4cm™!. A total of 16 scans
were collected for each spectrum. The IR spectrum of an
analogous pellet of pure KBr was used as a reference. The as-
signment of absorption bands was made in accordance with
Chukanov et al. (2017) and Aksenov et al. (2018).

Bands in the ranges of 2900-3600 and 1620-1630cm™!
correspond to O-H stretching vibrations of HyO molecules
and OH™ groups and to H-O—H bending vibrations of H>O,

Eur. J. Mineral., 34, 223-238, 2022
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Figure 7. Raman spectra for beraunite from Hrbek (split at
2000cm™1); spectra are vertically shifted for comparison.
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Figure 8. Infrared spectra of (a) beraunite neotype, (b) beraunite
(Feg%/\lo.l8Mn(3).469)26403(P04)3.920(0H)4.34 -5.98H,0  from
the Rotldufchen mine (Chukanov et al., 2017), and (¢) Mn-rich be-
raunite  (Mng £ Zng 13Mgo 04Fed b,)5:5.98(PO4)4(H20,0H,0)
from Waidhaus, Upper Palatinate, Bavaria, Germany (Aksenov et
al., 2018).

respectively. Bands in the ranges of 980-1160, 930-970,
570-680 (partly), and 420500 (partly)cm™! are assigned
to v3(F2) asymmetric stretching, vi(A;) symmetric P-O
stretching, v4(F2) O-P-O bending, and v;(E) O-P-O bend-
ing vibrations of POi_ anions, respectively. Strictly speak-
ing, bands in the ranges of 400450, 450-500, and 480-
600cm~! are resonance modes also involving V/Fe3t-0O-
and V! Al-O-stretching vibrations (Chukanov and Chervon-
nyi, 2016). As a result, the substitution of divalent cations
with trivalent ones results in high-frequency shifts of most
bands in these ranges.

Eur. J. Mineral., 34, 223-238, 2022
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Figure 9. Infrared spectra of (a) dark Dblue fer-
roberaunite Fes 26Aly 74(PO4)4.00(OH)5 - 6H,O from
Levedniemi, Sweden; (b) green fibrous zincoberau-
nite Zng 92Feq 71Alp 21Crg.10(PO4) 4.00(0OH)s - 6H,0
from Hagendorf, Bavaria, Germany; and (c) inter-

mediate  member of the  tvrdyite—beraunite  series

Cag,05-0.08Zn0.34—0.50Mng.04—0.97Mg0—0.05Fe3.85-3.99
Aly 44-1.66Cr0.06(PO4)4.00(OH)s - 6H>O from Hagendorf.

In the IR spectra of all beraunite-group minerals con-
taining divalent cations, bands in the range of 3560-
3572cm™! are observed. These bands are assigned to OH™
groups coordinating Fe>*, Mn?*, and/or Zn>*. Correspond-
ing M**...O-H bending bands are observed in the range of
670-880 cm™~!. Bands in the ranges of 3560-3572 and 860
880 are absent in the IR spectra of beraunite samples that do
not contain admixed bivalent cations. Bands in the range of
670-680 cm ™! are absent in bivalent cation members and are
present in samples without bivalent cations. In the IR spectra
of Mn”*-rich beraunite in which the M1 site has a mixed
occupancy (Fe3t4+ Mn?*), a doublet 355543568 cm™! is
observed (Fig. 8c). The bands in the ranges of 800-810
and 3500-3555cm™! are due to Fe’T...O-H bending and
stretching vibrations involving OH™ groups coordinating
with Fe¥*.

A specific feature of beraunite is the presence of very weak
absorptions at ~ 1390 and 2930-2990 cm™!, which may be
due to vibrations of P-OH and HT (Chukanov, 2014). The
presence of trace amounts of HPOZi and dynamic equilib-
rium HPO2™ < PO~ +H™* are typical for hydrous phos-
phates. This assumption is in agreement with a minor deficit
of cations in the empirical formula of the original beraunite
sample.

https://doi.org/10.5194/ejm-34-223-2022
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Table 3. X-ray powder patterns of beraunite from Hrbek (samples NM and FR) compared with data for eleonorite from the Rotldufchen

mine.

Hrbek (sample NM) ‘ Hrbek (sample FR) Rotldufchen mine
Tobs. dobs. dealc. ‘ Tobs. dobs. dealc. h k I Iobs. dobs.
100.0 10.3113 10.2938 | 100.0 10.3085 10.3065 2 0 0 100 10.41
19.3 9.6105 9.5934 14.3 9.6085 9.6018 0 0 2 38 9.67
11.4 7.2559 7.2473 8.3 7.2571 7.2537 2 0 =2 29 7.30
0.3 6.8150 6.8094 2 0 2 1 6.84
4.6 5.1500 5.1469 4.1 5.1524 5.1533 4 0 0 4 5.162
9.5 4.8125 4.8110 8.2 4.8125 4.8123 1 1 1 31 4.816
0.6 4.6640 4.6581 4 0 =2
2.5 4.4575 4.4556 2.5 4.4571 4.4592 2 0 -4 13 4.424
33 4.4009 4.3993 3.1 4.4024 4.4010 1 1 2
0.8 4.1159 4.1153 0.8 4.1146 4.1175 3 1 0 5 4.085
0.8 4.0546 4.0550 1.0 4.0525 4.0571 31 -1 4 4.051
2.2 3.7328 3.7318 1.2 3.7339 3.7342 3 1 2 9 3.737
0.8 3.6263 3.6237 4 0 -4 1 3.630
0.4 3.5220 3.5212 0.4 3.5219 3.5231 31 =3
33 3.4854 3.4843 2.1 3.4842 3.4861 1 1 -4 13 3.481
154 3.4333 34313 14.0 3.4358 3.4355 6 0 0 18 3.432
2.9 3.4040 3.4033 2.8 3.4051 3.4058 3 1 3
3.5 3.2989 3.2967 2.8 3.3008 3.3004 6 0 -2 3 3.304
1.2 3.2142 3.2142 0.9 3.2172 3.2168 5 1 0
10.3 3.1986 3.1978 32 3.1998 3.2006 0 0 6 18 3.197
2.1 3.1712 3.1687 2.4 3.1743 3.1728 6 0 2
1.4 3.1423 3.1451 32 3.1481 3.1478 5 1 1 11 3.153
3.5 3.1102 3.1093 1.7 3.1121 3.1118 2 0 -6
10.0 3.0672 3.0671 6.6 3.0699 3.0695 3 1 4 34 3.071
1.0 2.8781 2.8770 0.4 2.8792 2.8798 6 0 —4 3 2.872
0.8 2.8610 2.8605 31 =5
0.8 2.8171 2.8174 0.4 2.8187 2.8200 5 1 3 3 2.821
0.5 2.7956 2.7956 4 0 -6
1.7 2.7326 2.7324 2.2 2.7351 2.7343 5 1 -4 10 2.722
3.2 27114 2.7110 2.1 2.7117 2.7127 1 1 -6
0.3 2.6122 2.6120 5 1 4 1 2.614
6.2 2.5732 2.5734 2.7 2.5774 2.5766 8 0 0 9 2.574

4.3 2.5722 2.5717 0 2 0
0.8 2.5522 2.5530 0.7 2.5551 2.5555 7 1 0
1.2 2.5263 2.5253 0.6 2.5282 2.5271 5 1 =5 1 2.525
0.7 2.4844 2.4836 0 2 2 2 2.483
0.4 2.4781 2.4786 2 2 -1
0.7 2.4163 2.4166 7 1 =3 3 2.416
0.9 2.4063 2.4055 2 2 2
0.9 2.3300 2.3281 7 1 3 2 2.331
0.2 2.3225 2.3243 5 1 -6
0.9 2.3057 2.3061 0.7 2.3077 2.3080 7 1 -4 5 2.306
0.6 2.3005 2.3002 0.5 2.3013 2.3010 4 2 0 1 2.251
0.7 2.2280 2.2278 0.8 2.2296 2.2296 4 0 -8 2 2.227
0.5 2.2227 2.2228 0.3 2.2243 2.2238 4 2 2
2.4 2.1070 2.1067 0.7 2.1075 2.1082 3 1 -8 6 2.105
1.0 2.0951 2.0970 4 2 -4
0.3 2.0675 2.0668 9 1 =2 4 2.063
2.6 2.0589 2.0588 1.3 2.0611 20613 10 O 0 2 2.048
0.6 2.0383 2.0372 5 1 7 2 2.036
0.6 2.0036 2.0039 0.4 2.0048 2.0047 0 2 6 6 2.000
0.8 1.9958 1.9966 0.6 1.9978 1.9978 6 2 2
0.3 1.9687 1.9687 5 1 =8 2 1.967
0.7 1.9195 1.9226 0.2 1.9247 1.9239 31 -9 6 1.919
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Table 3. Continued.
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Hrbek (sample NM) ‘ Hrbek (sample FR) Rotldufchen mine
ITobs. dobs. dealc. ‘ Iobs. dobs. dealc. h Kk I Iobs. dobs.
1.7 1.9182 1.9172 1.6 19186 1.9182 6 2 —4
0.4 1.8785 1.8788 0.3 1.8807 1.8807 5 1 8 2 1.885
0.2 1.8770  1.8773 9 1 4
0.7 1.8647 1.8647 0.5 1.8660 1.8663 3 1 9 2 1.864
0.6 1.7821 1.7818 1 1 10 1 1.780
0.7 1.7424  1.7422 04 1.7431 1.7430 2 2 -8 1 1.746
0.9 1.7210 1.7210 6 0 -—10 2 1.719
0.6 1.7136  1.7156 05 17175 17178 12 0 0 2 1.708
0.5 1.7013  1.7017 0.6 1.7025 1.7029 6 2 6
0.8 1.6834  1.6839 10 0 6 2 1.686
0.8 1.6834  1.6835 11 1 —4
0.2 1.6813  1.6818 7 1 -9
0.8 1.6714  1.6709 12 0 2
0.5 1.6490 1.6484 12 0 —4 1 1.656
1.3 1.6070  1.6071 10 2 0 6 1.614
1.5 1.5991 1.5989 0 O 12 2 1.602
0.7 1.5338 1.5336 6 2 8 5 1.537
0.9 1.5327 1.5321 2 2 =10 1 1.520
0.4 1.4939  1.4942 0.8 1.4962 1.4959 8§ 0 10 2 1.498

Rotliufchen mine! — data published by Chukanov et al. (2017) for dark red beraunite (eleonorite); they alsp observed
diffraction lines 3.976/1, 2.146/1, 1.976/2, 1.821/1, 1.793/2, 1.579/1, 1.569/2 plus 10 lines below 1.480 A.

8 X-ray powder diffraction

Powder X-ray diffraction data for both beraunite samples
(FR, NM) were collected on a Bruker D8 Advance diffrac-
tometer (National Museum, Prague) with a solid-state 1D
LynxEye detector (width 2.05°) using CuK,, radiation and
operating at 40kV and 40 mA. For minimizing the back-
ground of the scan, the powder sample was placed onto the
surface of a flat silicon wafer from acetone suspension. The
powder pattern was collected using Bragg—Brentano geom-
etry in the range 3-70° 26, in 0.01° steps with a counting
time of 8s per step. Positions and intensities of reflections
were found and refined using the Pearson VII profile-shape
function with the ZDS program package (Ondrus, 1993), and
the unit-cell parameters were refined by the least-squares al-
gorithm implemented by Burnham (1962). The experimental
powder pattern was indexed in line with the calculated val-
ues of intensities obtained by the PowderCell 2.3 program
(Kraus and Nolze, 1996) from the results of our crystal struc-
ture study of beraunite (see below).

The experimental patterns of both samples (Table 3) are
comparable and agree very well with the X-ray pattern cal-
culated from the results of our single-crystal study and pub-
lished data for eleonorite from Rotldufchen mine (Chukanov
et al., 2017). Experimental intensities are partly affected by
the preferred orientation as well as by the small amount of
material available for the study (especially in the case of the
FR sample). The refined unit-cell parameters are compared
in Table 4 with the published data.

Eur. J. Mineral., 34, 223-238, 2022

9 Single-crystal X-ray diffraction

For the single-crystal diffraction experiment, a short-
prismatic brownish-red single crystal was separated from
the fragment of the original beraunite specimen (FR), ex-
amined under a polarizing microscope and mounted on a
glass fiber. The diffraction experiment (see Table 5 for de-
tails) was performed at room temperature with a Rigaku
SuperNova single-crystal diffractometer equipped with the
Atlas S2 CCD detector and a microfocus MoK, source.
Data reduction was performed using CrysAlisPro Version
1.171.39.46 (Rigaku, 2019). The data were corrected for the
Lorentz factor and polarization effect. Absorption correction
(empirical scaling using spherical harmonics) was applied in
Jana2006 (Petiicek et al., 2014). A single-crystal X-ray ex-
periment revealed a monoclinic unit cell (Table 5).

Initially, the structure of beraunite was solved from
the X-ray data using the intrinsic phasing algorithm of
the SHELXT program (Sheldrick, 2015) in the C2/c
space group, as was indicated by the space-group test
(Rint =0.0331 for 2222 reflections with I1>3¢ (I) from av-
eraging). The subsequent refinement using the full-matrix
least-squares algorithm of the Jana2006 program revealed the
same general model as has been provided for the beraunite-
related structures (Fanfani and Zanazzi, 1969; Moore and
Kampf, 1992; Chukanov et al., 2017; Aksenov et al.,
2018; Tvrdy et al., 2020). With the complete model in the
C2/c space group, including anisotropic atomic displace-
ment parameters for all atoms and apparently visible po-
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Table 4. Unit-cell parameters for beraunite.
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a[A] b [A] c[A] BI°1 Vv [A3]
Hrbek FR st [1]  20.6507(6) 5.1377(2) 19.2152(5) 93.523(2) 2034.82(11)
Hrbek FR P2 [1] 20.653(2) 5.1433(6) 19.241(2)  93.560(9) 2039.9(2)
Hrbek NM P2 [1] 20.627(2) 5.1426(8) 19.224(2) 93.578(11) 2035.3(4)
Rotldufchen st [2] 20.679(10) 5.148(2) 19.223(9) 93.574(9) 2042.5(16)
Rotliufchen P2 [2]  20.694(6)  5.143(1)  19.236(7) 93.52(2) 2044(2)

st— single-crystal X-ray diffraction data; PZ— powder X-ray diffraction data; [1] this proposal; [2] Chukanov et al. (2017).

Table 5. Details for the data collection and refinement of the structure of beraunite.

Crystal data

Chemical formula

FegH16027P4

My 907.1

Crystal system, space group Monoclinic, Cc

Temperature (K) 298

a,b,c(A) 20.6507(6), 5.1377(2), 19.2152(5)
B () 93.523(2)

Vv (A3) 2034.82(11)

z 4

Radiation type Mo K«

w (mm~1) 461

Crystal size (mm)

0.04 x 0.04 x 0.01

Data collection

Diffractometer Rigaku SuperNova CCD

Absorption correction Empirical (using intensity measurements) Jana2006
Tinin»> Tmax 0.891, 1.000

No. of measured, independent, and observed [/ >30 (I)] reflections 15639, 4951, 4239

Rint 0.031

(sin 0/ max (A~ 0.696

Refinement

R [F?>30(F?)], wR(F?), §
No. of reflections

No. of parameters

No. of restraints

H-atom treatment

A pmax> APmin (€ A_3)
Absolute structure

Absolute structure parameter

0.027, 0.062, 1.04

4951

383

20

All H-atom parameters refined

0.50, —0.58

2350 of Friedel pairs used in the refinement
0.05(2)

sitions of the H atoms in the difference Fourier maps, it
was not possible to reach significantly reasonable indices of
agreement (Rops = 0.0788, wRops =0.2186; R,y = 0.0906,
WRa1 =0.2222, GOFgps =2.70, GOFy; =2.55; 2220 ob-
served 1>30 (I), and 2549 all unique reflections). Such
suspiciously high R values and namely the goodness-of-fit
value, along with the higher values of the difference Fourier
electron density (largest peak of 1.71 ¢ A=3) and its distribu-
tion (namely “doubled” symmetrical peaks nearby O atoms
which should belong, otherwise, to OH groups, thus partially
occupied H sites at best), made us convinced that the real

https://doi.org/10.5194/ejm-34-223-2022

beraunite structure belongs to the lower-syngony group. The
attempt of the refinement in the non-centrosymmetric space
group Cc (treated in the refinement as twinned by merohedry
— inversion twin; PetfiCek et al., 2016) led to a tremendous
improvement of the fit; the drop was about 4 %. The final
refinement, including all H atoms flawlessly located from
the difference Fourier maps, smoothly converged to the final
Robs =0.0270 for 4239 unique reflections of 71>30 (1) with
a GOF,ps = 1.14; the highest peak that resides in the electron
density was 0.50 e A=3, only. The details for the refinement
are given in Table 5. Atom coordinates, atomic displacement
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Table 6. Atom coordinates and displacement parameters (as isotropic or equivalent; /°\2) for the structure of beraunite.

Atom x/a y/b z/c Uk, /Ueq
Fel (M1) 0.50074(11)  0.01427(19)  0.49595(10) 0.00731(16)
Fe2_1 (M4_1) 0.60628(10) 1.03671(16) 0.41018(9) 0.0085(2)
Fe2_2 (M4_2) —0.60762 —1.02150 —0.41345 0.0062(2)
Fe3_1(M3_1) 0.45976(10) 0.27275(16) 0.32992(9) 0.0071(2)
Fe3_2 (M3_2) —0.45263 —0.26043 —0.32508 0.0072(2)
Fed (M2) 0.74997(11)  0.7646(2)  0.49850(10)  0.00877(16)
P1_1 0.39636(12) 0.4926(3) 0.47330(11) 0.0050(4)
P1_2 —0.39479 —0.4653 —0.47326 0.0051(4)
P21 0.59394(12)  0.5475(3) 0.31658(11)  0.0074(4)
P2_2 —0.59073 —0.5264 —0.31860 0.0061(4)
(0)] 0.5043(3) 0.0973(5) 0.2527(3) 0.0104(8)
021 0.5221(2)  0.5573(8)  0.3268(2)  0.0101(11)
022 —0.5183 —0.5293 —0.3349 0.0115(12)
03_1 0.4282(2) 0.2639(8) 0.5164(2) 0.0076(11)
03_2 —0.4286 —0.2487 —0.5185 0.0088(11)
04_1 0.3241(2) 0.5029(8) 0.4838(2) 0.0084(11)
04_2 —0.3226 —0.4728 —0.4868 0.0077(11)
05_1 0.5099(2)  0.0751(8)  0.3994(2)  0.0096(11)
052 —0.5051 —0.0215 —0.3964 0.0077(10)
06_1 0.6299(2) 0.3498(8) 0.3641(2) 0.0101(11)
06_2 —0.6294 —0.3319 —0.3656 0.0109(11)
07_1 0.6232(2) 0.8151(8) 0.3336(2) 0.0093(12)
072 —0.6188 —0.7988 —0.3347 0.0109(12)
08 1 042632)  07521(7)  0.50192)  0.0071(11)
08_2 —0.4233 —0.7311 —0.4937 0.0119(12)
09_1 0.6905(2) 1.0285(8) 0.4613(2) 0.0094(12)
09_2 —0.6908 —1.0065 —0.4635 0.0100(12)
010_1 0.6050(2) 0.4840(8) 0.2398(2) 0.0121(12)
010_2 —0.5998 —0.4623 —0.2427 0.0109(12)
o11_1 0.7466(2)  0.9248(9)  0.5977(2)  0.0162(13)
o112 —0.7467 —0.9071 —0.5982 0.0138(13)
012_1 0.4094(2) 0.4661(8) 0.3969(2) 0.0107(11)
0122 —0.4034 —0.4110 —0.3974 0.0154(12)
O13_1 0.3896(2) —0.0275 0.3227(3) 0.0181(14)
013_2 —0.3820 0.0342(9) —0.3212 0.0184(14)
0O14_1 0.7339(3) 0.6513(12) 0.7150(3) 0.0353(19)
014_2 —0.7288 —0.6538 —0.7166 0.0331(18)
Hloll_1 0.7891(11) 0.986(8) 0.612(3) 0.0195*
Hlol1_2 —0.774 —1.052 —0.610 0.0165*
H109_1 0.694(3) 1.171(7) 0.493(2) 0.0112*
H109_2 —0.696 —1.182 —0.478 0.012*
H2o011_2 —-0.737 —0.833 —0.6417 0.0165*
Hlol4_1 0.752(2) 0.497(7) 0.735(3) 0.0423*
Hlol 0.500(3) ~0.075 0.265(2) 0.0124*
Hlol3_1 0.399(3) —0.181 0.348(2) 0.0217*
H2013_1 0.377(2) —0.065 0.2756(10) 0.0217*
Hlo5_2 —0.507 0.133(5) —-0.371 0.0092*
H2o014_1 0.6910(11) 0.657(10) 0.729(3) 0.0423*
H2014_2 —0.7605 —0.523 —0.723 0.0397*
Hlo13_2 —0.3494 0.052(11) —0.353 0.0221*
H2o11_1 0.743(2) 0.758(5) 0.619(2) 0.0195*
H2013_2 —0.393 0.203(5) —0.307 0.0221*
Hlol14_2 —0.6888 —0.565 —-0.715 0.0397*

* Refined with the isotropic displacement parameter. M denotes the metal cation site labeling according
to Moore and Kampf (1992), taking into account the independency (expressed as M4_1 and M4_2) of
the particular site due to symmetry lowering C2/m — Cc in beraunite.
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Table 7. Selected interatomic distances (A) and polyhedral measures for beraunite.

Fel-03_1 2.029(5) Fe2_1-03_2ii 2.161(5) Fe2_2-03_1Y 2.153(4)
Fel-03_2i 2.021(5) Fe2_1-05_1V 1.997(5) Fe2_2-05_21 2.123(5)
Fel-05_1 1.902(5) Fe2_1-06_11V 1.913(4) Fe2_2-06_21 1.908(4)
Fel-05_2iil 2.087(5) Fe2_1-07_1 1.9104) Fe2_2-07_2 1.923(5)
Fel-08_11 2.053(5) Fe2_1-08_2Y 2312(5) Fe2_2-08_1Vi 2.150(5)
Fel-08_2ii 2.042(5) Fe2_1-09_1 1.946(5) Fe2_2-09_2 1.918(5)
<Fel-® > 2022 <Fe2 1-® > 2.040 <Fe2 2-® > 2.029
VEelo 10.58 A3 VEe2 10 10.81 A3 VEe2 20 10.70 A3
ECoNFpe1 o 5.748 ECoNge2 19 4970 ECoNfge2 20 5.188
Distortionge | ¢ 8.165 Distortionpez_ 1® 53.009 Distortionp62_2q> 31.188
Fe3_1-0O1 2.007(5) Fe3_2-Olix 1.973(5) Fed4-04_1% 1.994(5)
Fe3_1-02_1 1.951(5) Fe3_2-02_2 1.937(5) Fed4—04 2il 1.966(5)
Fe3_1-05_1 1.929(4) Fe3_2-05_2 2.092(4) Fe4-09_1 1.936(4)
Fe3_1-010_2Viii  2.048(5) Fe3_2-010_1iX 2.027(5) Fe4-09_ 2% 1.965(4)
Fe3_1-012_1 1.973(5) Fe3_2-012_2 1.933(5) Fe4-Ol11_1 2.081(5)
Fe3_1-013_1 2.116(5) Fe3_2-013_2 2.100(5) Fe4-011_2%i 2.062(5)
<Fe3_1-® > 2004 <Fe3 2-® > 2010 <Fe4—d > 2.000
VEe3 1o 10.67 A3 VEe3 20 10.78 A3 VEead 10.65 A3
ECONEe3 10 5767 ECONEe3 26 5.723  ECoNFe4 5.836
Distortionge3 1¢ 9.912  Distortionge3 2 ¢ 11.612  Distortionges ¢ 7.048
P1_1-03_1 1.559(5) P1.2-03_2 1.547(5)
P1_1-04_1 1.521(5) P1.2-04_2 1.529(5)
P1_1-08_1 1.557(5) P1_2-08_2 1.526(5)
P1_1-012_1 1.515(5) P1.2-012.2 1.503(5)
<Pl _1-® > 1538 <Pl 2-® > 1.526
P2_1-02_1 1.511(5) P2_2-02.2 1.547(6)
P2_1-06_1 1.527(5) P2_2-06_2 1.538(5)
P2_1-07_1 1.528(5) P2.2-07_2 1.538(5)
P2_1-010_1 1.542(5) P2_2-010_2 1.517(5)
<P2_1-® > 1.527 <P2_2-9 > 1.535

Symmetrycodes:ix,yfl,z;iixqtl,y+l,z}l;i“x+1,y,z+l;i"x,y+l,z;Vx+l,y+2,z+1;"ixf Ly—1,z—1;
My —1,y=2,z—=1"M x4+ 1, -y, z4+1/2; % x =1, -y, z—1/2; X x+1/2, y+1/2, ;¥ x+3/2, y +3/2, z+ 1. ECoN —
effective coordination number (Hoppe, 1979); distortion — octahedral distortion (Brown and Shannon, 1973).

parameters, and site occupancies are given in Table 6 (the
atom names denoted as X_1 or X_2, where X is the corre-
sponding atom, refer to an original single site in the holoedry
model), selected interatomic distances in Table 7, hydrogen-
bond geometry in Table 8, and bond-valence analysis in Ta-
ble 9.

10 Crystal structure

Beraunite possesses a well-known type of structure, which is
widespread among the basic phosphates of ferrous and ferric
iron (Moore, 1969, 1970). Characteristic fundamental build-
ing blocks are trimers of face-shared M1 and M4 octahe-
dra, where the inner [M 104(OH1);,] octahedron occupies the
4a site, and the outer [M404(OH1)(OH2)] octahedra occupy
the 8 f sites, for the C2/c structures. The trimers are further
linked via two isolated [P104] tetrahedra along the b direc-
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tion, and along the c, they are connected by corner-sharing
with [M303(OH),(H,0)] octahedra and [P20y4] tetrahedra,
which results in heteropolyhedral layers (Fig. 10). These lay-
ers are then linked via M2 octahedra, forming a framework
containing wide channels running parallel to b and hosting
H,O. The seven octahedra structural blocks (triplets with
corner-shared octahedra) are referred to as the & clusters by
Moore (1969, 1970).

The above-given description and structure symmetry were
considered valid for all beraunite-like minerals, including
those containing all iron as trivalent (Chukanov et al., 2017;
Aksenov et al., 2018).

For the currently investigated type specimen of beraunite,
the symmetry of the structure was unambiguously found to
be lower (Cc) than for the other members reported in the
past (C2/c). It bears the following consequences. The M1
distorted octahedron was found to contain Fe3*t04 p0,0H},
(where P denominates O linked to POy, and i represents
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Table 8. Hydrogen-bond geometry (A, °) in the crystal of beraunite.

D-H...A D-H(A) H...AA) D...AA) D-H...A(®)
O11_1-Hlol1_1...06_2% 0.96(3) 1.95(3)  2.897(6) 170(4)
O11_2-Hlol1_2...06_1*¥ 0.95(4) 2.08(4)  2.890(6) 142(3)
09_1-H109_1... 042V 0.96(4) 1.90(4)  2.769(6) 149(4)
09_2-H109_2... O4_1Vi 0.95(2) 1.83(3)  2.741(6) 159(5)
O11_2-H2011_2...014 2 0.95(3) 1.733)  2.667(7) 170(4)
014_1-Hlol4_1...014_2xxi 0.94(4) 2.02(4)  2.954(8) 169(4)
Ol-Hlol...02_1! 0.92(2) 226(3)  3.129(5) 156(4)
013_1-Hlol3_1...012_1} 0.95(4) 2.043)  2.984(6) 172(4)
013_1-H2013_1...07_2%xV 0.94(2) 2243)  3.147(7) 161(4)
05_2-Hl105_2... 02_21 0.93(3) 1.89(3)  2.812(6) 170(3)
05_2-Hlo5_2... 07_21V 0.93(3) 247(5)  2.928(6) 1103)
014_1-H2014_1...010_ 1XxVi 0.94(3) 1.94(3)  2.818(7) 154(5)
014_2-H2014_2...014_ 1Xxvii 0.94(4) 225(5) 2.977(8) 134(4)
013_2-Hlol13_2...011_ 1Y 0.94(4) 234(4)  3211(7) 153(4)
O11_1-H2011_1...014_1 0.95(3) 1.95(4)  2.683(7) 132(3)
013_2-H2013_2...010_ 1X¥Viil  0.94(3) 1.84(3)  2.759(6) 164(5)
014_2-Hlol4_2...010_2xxix 0.94(3) 1.953)  2.806(7) 150(4)

Symmetrycodes_:ix, y—1,zV x,y+l,z;_"x+l,y+2,z+1;"ix—],_v—],z—l;"ﬁx—l,y—z, z_—l;"ix+3/2,
V43/2, 24+ 15 x —=3/2,y-3/2, 2 — ;¥ x +3/2, =y — 1/2, 24+ 3/2; %V x4 1, —y — 1, 2+ 1/2; ¥V x, —y 4+ 1,
24 1/2; V0 x 370y 1/2,7—3/2; XV x [ —y 41,7 —1/2; X x, —y — 1,z —1/2.

Table 9. Bond-valence analysis for the structure of beraunite (values in valence units, vu).

Fel Fe2 1 Fe2 2 Fe3_l Fe3 2 Fed PI_1 P2 P21 P22 YBV—-H }YBV+H

01 0.51 0.56 1.07 2.07
02_1 0.60 1.33 1.93 1.98
022 0.62 1.21 1.83 1.93
03_1 0.48 0.34 1.18 2.00 2.00
032 0.49 0.33 1.20 2.03 2.03
04_1 053 130 1.83 1.95
04_2 0.57 1.27 1.84 1.94
05_1 0.69 0.53 0.64 1.85 1.85
052 0.41 0.37 0.40 1.19 2.16
06_1 0.66 1.27 1.94 2.00
06_2 0.67 1.24 1.91 2.00
07_1 0.67 1.27 1.94 1.94
07_2 0.66 1.24 1.89 1.93
08_1 0.45 0.34 1.19 1.98 1.98
08_2 0.46 0.22 1.27 1.95 1.95
09_1 0.61 0.62 1.23 2.14
09_2 0.66 0.58 1.23 2.16
010_1 0.48 1.23 1.72 1.92
010_2 0.46 1.30 1.76 1.85
Ol1_1 0.42 0.42 2.29
O11_2 0.44 0.44 2.30
012_1 0.56 1.32 1.88 1.95
012_2 0.63 1.34 1.97 1.97
013_1 0.38 0.38 223
0132 0.40 0.40 2.29
014_1 0.00 2.03
014_2 0.00 2.12

> BV 299 3.02 3.03 3.14 310 3.16 498 508 510 4.99

Bond-valence parameters taken from Gagné and Hawthorne (2015).
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Table 10. Comparative data for beraunite and related minerals.

235

b

Name actually valid ~ Beraunite? Ferroberaunite Zincoberaunite Tvrdyite
Previous name Eleonorite Beraunite

Idealized formula Fe2 T (PO4),O(0H), - 6H,0 Fe2+Fe§+(Po4)4(0H)5 -6H,0 ZnFe§+(Po4)4(0H)5 -6HyO  Fe?TFe3* Al3(PO4)4(OH)s - 6H,0
Site M 1 Feot Fe?*+ Zn Fe?*

Site M4 Fe3t Fe3t Fe3t Fe3t

Sites M2+M3 Fe3t Fe3t Fe3t Al

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group Cc C2/c C2/c C2/c

aA) 20.6507(6) 20.8708(3) 20.837(2) 20.564(4)

b (A) 5.1377(2) 5.1590(8) 5.1624(4) 5.1010(10)
c(A) 19.2152(5) 19.2263(3) 19.250(1) 18.883(4)

B () 93.523(2) 93.3186(17) 93.252(5) 93.68(3)
Volume (A3) 2034.82(11) 2066.7(3) 2067.3(3) 1976.7(7)

z 4 4 4 4

Optical Biaxial (+) Biaxial (—) Biaxial (—) Biaxial (—)
o 1.768 1.736 1.745 1.650

B 1.781 1.765 1.760 1.671

y >1.805 1.786 1.770 1.677

2V 69° (meas.) 68° (meas.)/71° (calc.) 80° 56°

Density 2.961 (calc.) 2.907 (calc.) 2.938 (calc.) 2.834 (calc.)
References this paper Tvrdy et al. (2022) Chukanov et al. (2016) Sejkora et al. (2016)

4 Beraunite — defined on the basis of the present study of the original beraunite specimen sample; at the same time, eleonorite is discredited. b Ferroberaunite — new name for mixed-valence iron member

(Tvrdy et al., 2021).

Figure 10. Crystal structure of beraunite viewed perpendicular to
the crystal elongation. The heteropolyhedral slabs are connected by
the M2 octahedra; water molecules located in channels are hydro-
gen bonded (dashed lines). P tetrahedrons are purple, O atoms red,
and H atoms grey. The unit cell is outlined.

O atoms of the further linkage within the trimer). Those
(05, 0OHy,) represented by a single atom in C2/c (see, for
instance, OH1 of Aksenov et al., 2018; or Oy of Tvrdy et
al., 2020) are now represented by two independent atoms
in Cc and labeled as O5_1 and O5_2. Bond-valence calcu-
lations clearly indicated (Table 9) that the O5_1 site has a
value of 1.869(17) vu acceptable for 0%, while the 05_2
site has a considerably lower bond valence of 1.214(9) vu.
Thus, the value is characteristic for the OH group (Brown,

https://doi.org/10.5194/ejm-34-223-2022

2002). This finding is in line with the fact that all sites in
beraunite studied are occupied by the ferric iron, and the de-
mand for electroneutrality then requires the presence of one
deprotonated O atom and one OH group within the M1 octa-
hedron (Fig. 11) instead of two OH groups. This leads to an
overall composition of the structural unit in beraunite given
as {Feg(PO4)40(0OH)4 }0. The desymmetrization of the struc-
ture is governed by the occupancy of the octahedral M sites
(all Fe is trivalent) and a consequent change of the H-bonding
system (transferring the electro-valence charges within the
structure).

11 Discussion

In view of recent conclusions on the structure of berau-
nite obtained from the type specimen, the status of the min-
eral eleonorite, Fngr (PO4)40(0OH)4 - 6H,O (Chukanov et al.,
2017), has been now questioned again. Eleonorite has been
known for a long-time (Nies, 1877, 1880; Streng, 1881;
Palache et al., 1951), but, as Chukanov et al. (2017) also
stressed it has always had an ambiguous status. Chukanov
et al. (2017) stated that already at that time it was ‘“con-
sidered to be an oxidized variety of beraunite”. We have
to re-emphasize that beraunite was already described by
Breithaupt in 1840 (Breithaupt, 1840), therefore more than
30 years before eleonorite. According to Breithaupt (1840,
1841), beraunite from the type discovery is “dunkel hy-
acinthroth” (dark hyacinth red) in color and when exposed to
the sun transforms to reddish brown. Eleonorite in crystals is,
according to Chukanov et al. (2017), red-brown. Chukanov
et al. (2017) do not provide any reference for their state-
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(@ Cc

05_1

M1 =Fe1 (Fe*)
M4 = Fe2 (Fe*)

(b) c2/c

0O5x.¥:2)

M1 =Fe1 (Fe?)
M4 = Fe2 (Fe®)

05(1—)(‘ 1-y, 1-2)

Figure 11. Octahedral trimers in beraunite (a) and ferroberau-
nite (b). Symmetry operations are given for the centrosymmetric
structure. M1 is occupied by Fe3t (beraunite) and Fe2t (ferrober-
aunite). P tetrahedrons are purple and H atoms grey. H atoms in the
case of the centrosymmetric structure have a reduced occupancy
of 0.5.

ment that beraunite “is typically green, dark blue-green or
greenish-grey and is characterized by much lower refrac-
tive indices than that of eleonorite”. The first description
by Breithaupt (1840) and the character of the original be-
raunite specimen studied both do not contain evidence for
green or dark blue-green beraunite; the same applies to ab-
solutely all samples from the type locality stored in collec-
tions of Technische Universitit Bergakademie Freiberg and
of the National Museum in Prague. It is apparent that berau-
nite from the type locality was formed by direct crystalliza-
tion and not by oxidation of another mineral (earlier consid-
erations about pseudomorphoses after vivianite were refuted
as early as in the 19th century; Frenzel, 1873, Streng, 1881).
Re-investigation of the type material of the beraunite from
Hrbek Mine proved the identity of beraunite and eleonorite.
Based on this study, the mineral eleonorite was discredited.
Looking at the structure refinement of eleonorite provided
by Chukanov et al. (2017), we should pay attention to the
R values (R;~6%) and a suspiciously low GOF (< 1),
higher residual density (1.02e A=3), and the fact that their
model has to involve a partially occupied H site (H sites re-
mained undefined in that study). Their model actually in-
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cludes the OHI1 site considered half O and half OH occu-
pied. All those facts suggest that the structure they present is,
in fact, an average structure of the real non-centrosymmetric
beraunite structure.

The comparative data for beraunite and related minerals
are given in Table 10. To avoid nomenclature duplicity, the
structurally related dark-green-colored phosphate that con-
tains Fe?T in M1, currently referred to as beraunite, has
been recently approved as the new mineral name ferrober-
aunite (Tvrdy et al., 2021). This mineral was identified in the
mid-20th century due to the development of X-ray diffrac-
tion in structural mineralogy, i.e., more than a hundred years
later than the mineral beraunite was defined (Frondel, 1949;
Moore and Kampf, 1992).

Data availability. Crystallographic data for beraunite are available
in the Supplement.
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